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Abstract

Local surface plasmon resonance (LSPR) in metallic nanostructures gives birth to a
collection of optical and electronic phenomena, steaming from processes that occur during the
excitation and subsequent damping of the plasmon energy, stored in the oscillating electron
cloud. Plasmonic effects are attributed to radiative and non-radiative effects. In the latter case,
the plasmon-induced local electric fields and high-energy “hot” electrons create new pathways
in the context of energy transfer and utilization, such as photocatalysis. In this context, a
photoexcited plasmonic nanoparticle can change the landscape of a chemical process and
initiate reactions that would otherwise be thermodynamically and/or kinetically blocked, using
visible- or ultraviolet light. This opens up new possibilities for tuning the selectivity and
efficiency of photoinduced processes, e.g., such as photocatalysis and photothermal
phenomena. In hybrid systems {plasmonic/semiconducting interface}, the multidimensional
degrees of freedom, raise challenges on the understanding and control of the photophysical
processes. To this front, the desired properties can -in principle- be controlled by engineering

the nanostructure’s characteristics and environment.
In the present PhD thesis, three particle configurations were developed and studied:

Q) core@shell Ag@SiO2 nanoaggregates, where the Ag core particles of controlled
size were encapsulated in an amorphous SiO> layer of controlled thickness.

(i)  Visible-light active Ag/TiO2 nanocomposites, where TiOx Magneli suboxides
(Ti30s, TisO7) are formed in the Ag/TiO: interface.

(i)  NaTaOsz and Ag/NaTaOsz nanostructures of controlled phase composition and

particle size.

All the aforementioned nanostructures have been produced by Flame Spray Pyrolysis
(FSP), a single-step synthesis technology with industrial scalability. For the case of Ag@SiO>
nanoaggregates, the fundamental plasmon-driven mechanisms were disentangled and studied.
Firstly, the temperature rise due to plasmon-driven photothermal mechanism was monitored
and correlated to the interparticle distance of Ag core particles. Then, we used Mie theory for
the theoretical analysis, where we suggest the use of the fractal dimension of the Ag@SiO-
nanoaggregates as a geometrical parameter, determining the dominant photothermal

mechanism (local or collective thermal effects).



In the following, a novel method has been developed for in-situ monitoring of the hot-
electrons transferred from photoexcited Ag@SiO, nanoaggregates, based on the use of
Electron Paramagnetic Resonance (EPR) spectroscopy. Cré*-ions were used as multi-electron
acceptors, resulting in EPR-detectable Cr>* and Cr3* species. Moreover, the plasmon-enhanced
Cr®* photo-reduction in the presence of Ag@SiO, renders the plasmonic hot electrons
beneficial for environmental remediation using sunlight. The optimal performance was
parametrized, in terms of SiO.-shell thickness, excitation wavelength and the underlying

plasmon mechanism was investigated.

To study the {plasmon-semiconductor} interface, two types of nanocomposites have
been engineered using FSP: {Ag/TiO.} and {Ag/NaTaOz}. For the {Ag/TiO} case, the effect
of Ag-TiO; association was studied in detail varying Ag and TiO. particle size. In addition,
black {Ag/TiOx/TiO2} nanocomposites were studied. We found that black, visible-light active
{Ag/TiOx/TiO2} can act as an electron-storage nanodevice, under post-illumination dark
conditions. The photoinduced and post-illumination electron-transfer events were investigated
in the context of “dark catalysis”. The efficient storage of surface electrons was attributed to
the presence of the distorted TiOx suboxide nano-islands in the Ag/TiO: interface, thus the
improved dark photo-reduction of Cr®*, which was used again as a chemical probe. Lastly,
NaTaOs and Ag/NaTaOsz nanoparticles were successfully produced using FSP in a single-step
process, thus engineering the smallest NaTaOz particle size, reported so far (14 nm). The
dynamics of photo-stimulated electron/hole pairs was thoroughly explored using EPR
spectroscopy. Larger NaTaOz particles (26 nm) yield significantly lower photo-induced
carriers due to rapid recombination phenomena. The interplay of size effect and detection of
photo-excited carriers by EPR (i.e., improved carrier migration) is inherently related to high

photocatalytic performance in Hz production from water splitting.

Overall, the present PhD research provides new insights in the plasmonic photophysics
of FSP-made Ag nanoparticles and the {Ag/TiO2} and {Ag/NaTaOs} nanocomposites. This
study provides key-understanding on the synergy between plasmon-driven mechanisms and
interfacial carrier dynamics, with a special focus on the utilization of plasmonic catalysis for

efficient sunlight energy conversion to chemical activity.



[TegiAnym

O ovvtoviopdg tomikot empaveiakod mAacpoviov (LSPR) oe petaAlikéc vovodoué,
elvat VPEMG YVOOTO TG TAPEXEL U0 GVLAAOYT VEDV OTTIKMV KOl NAEKTPOVIOK®V POIVOUEVOV,
pio dtadtkacio mov amoppéet amd T S1€yepon Kot TV EMoKOAOVON amdsPeon TG TAAGHOVIKNG
EVEPYELOG TTOL €Vl AmOONKELVIEVN GTI GLAAOYIKY] TAAAVTOGT TOV NAEKTPOVIOKOD VEPOVS GTO
EKAOTOTE WETOAMIKO oouotidlo. To TAACUOVIKE @OVOUEVH  KOTIYOPLOTOOUVTOL GCE
aKTIVOPOANTIKA Kot Un-okTvoBoAnTikd. Xt de0TEPN TEPITTMON, TO TAAGUOVIKA ETAYOUEVA
nAextpikd medior kol To MAEKTPOVIO. LVYNANG evépyelng (yvmotd g hot miextpovia)
ONULOVPYOLV VEES 000V Y10 TNV LETAPOPE Kot EKUETAAAEVOT) EVEPYELNS, OTIMG GTNV TEPIMTOON
NG POTOKATAAVONG. X aVTO TO TAAIGL0, £VA TAAGLOVIKO VAVOSMUATION VIO @OTIGHO, ival
Kavo vo, petafaidel TNy mopeio piog ynUIKng dlepyaciog Kot vor ETLTOYOVEL OVTIOPAGELS LE
amodOGELS, TOL BEPUOSLVOUIKE glval pn €QIKTEC, aSlOTOUDVTOG TO TO VIEPLOIEG KAl OPUTO
oaopa. ‘Etol mpoxvntovv véeg mbavotreg yio TNV emapkr pOHOMIOT TG EKAEKTIKOTNTOG Kot
OTOTEAEGLOTIKOTNTOS QOTOEMAYOUEVOV OlEPYACIOV. X VPPOKA CLGTHUATO (JETPAVELL
TAOGHOViov/MuIaywyoD), ot moAvdidotatol Babuol ehevBepioc, Kabiotovv amortnTiKn TV
KOTOVONOT KOl TOV EAEYXO TOV POTOPLGIKAOV OEPYACIDOV. X€ 0VTO TO PHETMOTO, Ol EMOLUNTEG
010mTeg umopoHv va eleyyBovv pe axpifea, emeEepyalovtog To YOUPOKTNPIOTIKE Kol TO

nePPAALOV TNG EKAGTOTE VAVOOOUTG.

Xmv mapovca OaTpiPr), TPES OPOPETIKEG VAVO-ETEPOSOUES avamTUYONKAY Ko

peAetnonkov:

I.  Navoovooouatduata Ag@SiO2 oe popeoroyia mupHVAU@KEADPOVS, OTTOL Ta.
copatiow Apyvpov eheyyopevov peyébovg evBviakmbnkav ce éva ALopeo
otpopa [uptriog eleyyduevov mayovg.

Il.  Novoovovoro AQ/TIO2 gvepyd oto 0patd QAGHO, AOY® TOL GYNUATIGLOD
vro&ewdiov Titaviov, yvwotd ¢ ¢@dacelg Magneli (TisOs, TisO7) ot
dempavelan Ag/TiO;.

I, TlepoPoxitiég vavodopuég NaTaOs kot Ag/NaTaOs eleyyopevng choToong Kot
pey€boug.

Oleg ov mpoavagepbeioeg vavodopuég moapnydnoov pe v teXVOAOYio TLpOALON
yekacpob eroyog (Flame Spray Pyrolysis - FSP), pia evog fripatog texvoloyio cuvleong e

duvatotnto Bropunyavikng avafaduiong. oty tepintoon tov Ag@SiO2 cuecmHOTONATOV,

Vi



01 TAAGLLOVIKOL punyovicpol peretnonkay Eexympiotd. [lpdTov, n Bepuokpaciok’ avénon Adym
QMOTOOEPUIKOD PNYOVIGUOD HETPHONKE KOl GLGYETIOCTNKE HE TNV AmOCTACT, UETOED TOV
vavooopotdiov Apydpov. I'a ) Bempntikny avdAiven, ypnoorotooue ) Oempia Mie, 6mov
TPOTEIVOVLE TN YPNOT TNG PPAKTOA SIUCTUCTG TMV VOVOGVCOOHUOTOUATOV OC LUio YEOUETPIKN
TopaueTpo, mov Kabopilel tov kvpilapyo ewtobepuikd unyoviond (Tomkd 1 cLAAOYIKA

Oepuikd eavopeva).

21 cuvéela, pia Tpototumn uébodog avamthydnke yio v in Situ Kotauétpnon tov
«hot» nAektpoviov Tov mapdyoviol Kol petagépovial omd To emtodieyepuévo Ag@SiO:
VOVOGLGGMUATOUATO, TOV PacileTonl 6T QACUOTOCKONTION NAEKTPOVIKOD TOPOUOYVITIKOD
ocvvtovicpov niektpoviov (EPR) Xvykekpyéva, ypnowomomoape 16vra  eEachevoig
Xpopiov (Cr) o¢ amodékteg niektpoviov pe amotéleopa to. EPR-gvepyd Cro* xon Crét
species. Emm\éov, 1 TAOGHOVIKE VIGYVEVT poToavaymyn Tov Cr®* mapovsio tov Ag@SiO;
copotdiov, kabietd to hot nAektpovio m@Era Yo TepPAALOVTIKES EPAPUOYES HE YPNON
nMakod eotoc. H Pértiom) oamddoon TopapeTpomombnke avo@opikd HE TO TEYOG TOV
KeAOQOVG Si02, T0 UAKOG KOUATOG S1EYEPONC KOl SLEPELVINONKE O VITOKEIUEVOG UNYOVICUOG

TAOGLOVIOL.

Mo mv perém g demedvewng {Thacpoviov/nuaywyov}, 6vo €idn vavoshvletwv
dopdv mapryOnoav pe ypnon FSP, AQ/TiO2 wxar Ag/NaTaOs. Xtnv mepintoon v
vovooivhetov Ag/TiOx/TiO2, peletnnke n aAinienidopaon Ag-TiO2 yio petafariiopevo
uéyeboc copatidiov. Emmiéov, perethnkay «poadpecy {Ag/TiOK/TiO2} vavooivieteg dopéc,
OOV UITOPOVV VO AEITOVPYNGOVY G GLOKELT omobdnNKevoNG NAEKTpOViwVY, VIO GLVOTKES
oKoTadwL aeol &yel mponynbel owtiopds. Ta @otoemaydpeva @avOUEVO ULETOPOPAS
nNAekTpovimv dtepeuvnnkay 6To TAAIGLO TNG «OKOTEWNG OTOKATAAVON ). H amoteleopatikn
ATOONKEVOT TOV EMPAVELLKDOV NAEKTPOVIOV 0m0d0ONKE GTNV TOPOVGIK TOV VOVO-TAELLO®V
vrno&ewiov tov TiOx ommv mapapopeouévn oemedvelr Ag/TiOz, pe amotéAecpo 1T
Bedtiopévn avaymyn tov Cr*, 1o omoio ypnotpomomnke Eavé g ynuikdc aviyveutic. Téhog,
1o mepoPokitikd vavooopatidle NaTaOs wor Ag/NaTaOz mopnyOnoav pe emroyio
Ypnoonowwvtag v texvoAroyion FSP, og evog Pruatog ovvlheon, Kotaokevdloviag To
Hkpotepo pEyebog copatidiov NaTaOz, mov £xet avapepbel péxpt otryung Piproypapika (14
nm). H dvvoapkn tov eotodieyeppévov (evymv niektpoviov/ondv depeuviinke dteodikd
ypnoponowdvrag eocuatockonio EPR. Ta peyaddtepa copatioie NaTaOs (26 nm) tapéyovv
ONUOVTIKA  YOUNAOTEPOVG (QOTOETAYOUEVOVG QOPEC AGY® TOV  QUIVOUEVOV  TO)ELg

emavacvvoeons. H oAAnienidpaon tov peyéBovg kot g aviyxvevons pTodlEYEPUEVOV

vii



eopéwv pe EPR (dnladn Pedtiopévn HETaVAGTEVOT POPER GTNV ETLPAVELL. TOV COUATISIO)
oeTIleTO EYYEVMOC UE TNV LYNMAN QOTOKOTOAVTIKY amodoon otnv mopoywyn Hz amd

OGN TOL VEPOU.

SOUTEPACUATIKG, T TOPOVGO OOUKTOPIKN EPELVO TOPEXEL VED YVOON GTOLG
TAOCUOVIKODG OOTOPLCIKOVS UNYAVIGHOVG Y10 VAVOS®UOTIOo Apydpov Kol SEMQAVELEG
TAocpoviov/nuaymyob tapayfévia oe eAOYEC. Ze avtd T0 TANIG10, dlepguvatar deEodkd N
OUVEPYEWD HETOED TOV TAUCUOVIKA ETOYOUEVMOV HNYOVICUOV KOl TNG OLVOUIKNG T®V
OLEMPOVEIOKDOV QOPE®VY, UE 10W0HTEPT EUQEOCT, OTNV EKUETOAAELGN TNG TANCUOVIKNG
KOTAALONG Y10 OMOTEAEGUATIKY] HETOTPOMY| TNG MAWKNG EVEPYEWNG GE MOEMUN YNHKN

dpacTnploOTNTO.
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Chapter 1

Introduction

1.1. Nanoplasmonics

Periods in history have been given names based on the primary materials employed by
those civilizations. We can safely assume that 20th century prefaces the "Nano™ Age. With
"nano" deriving from a Greek prefix signifying something very small, Richard Feynman's
renowned speech -in December 1959- provided the groundwork for the scientific field today
known as nanotechnology and fueled man's elation to understand and control matter in the
nanoscale (10° nm).! It took over three decades for the scientific community to realize
Feynman's dream due to the lack of appropriate characterization instruments and
methodologies. Phenomena like the quantum-size-effect and surface-confinement, can change
the classically anticipated bulk properties.>® Nowadays, these properties have been extensively
utilized in a wide range of novel applications in numerous scientific fields, correlating the usage

of sophisticated nanostructures with civilization’s technological progress.*®

1.1.1 Local Surface Plasmon Resonance

Metallic nanostructures display vivid optical qualities steaming from their nanoscale
features. Silver (Ag) and gold (Au) colloids have been employed extensively from ancient
times for their color-hues, such as in stained glass or the renowned Lycurgus cup, where the
color shift is based on the type of incident-light, as seen in Figure 1.1.%” When light is

transmitted through the glass, it looks red, while when light is scattered on the surface, it



appears opaque green. This behavior in metals is triggered by the collective oscillation of the
free electrons stimulated by incident electromagnetic waves. In the electrodynamic picture, the
Coulomb forces induced by external electric fields and the restoring forces induced by positive
ions in the metallic lattice compel electrons to oscillate.

Figure 1.1. (a) Stained glass in Notre Dame Cathedral, Paris. (b) Lycurgus cup displaying the
transmitted (green) and reflected (red) light. Copyrights belong to British Museum.

Energy is stored in this coherent oscillation in the form of quanta known as plasmons.®
The highest energy gained occurs when the plasmon frequency is in resonance with the
frequency of the incident’s electric field.® This mode is known as surface plasmon when it
occurs at the interface between a metallic surface and a dielectric surrounding medium.
Changes in oscillation frequencies are caused by factors that alter these boundary conditions,
such as metal size, shape, and dielectric constants. To avoid misunderstanding, in the case of a
bulk plasmon the electronic excitation occurs over the whole 3D volume of the metal, while a
surface plasmon refers in the 2D interface.’ When the electric-charge displacement is restricted
to the nanoscale, however, other phenomena emerge such as concentrated photons, which are
defined by the term Local Surface Plasmon Resonance (LSPR). Figure 1.2 exemplifies a LSPR
scheme, where the metallic nanostructures that exhibit these phenomena are referred to as
Plasmonic NanoParticles (PNPs).1%* When the particle size is smaller than the mean free path
of the material.
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Figure 1.2. LSPR scheme depicting the 3 plasmon cases: (i) the bulk plasmon (3D) in a metal.
(ii) the surface plasmon (2D) confined in a metal/dielectric interface. (iii) The local plasmon
resonance (0D), where the metallic particle’s dimensions are much smaller than the incident

wave’s wavelength.

To describe each LSPR-induced phenomenon, a description of the fundamental physics is
required to fully comprehend the reason for these extraordinary optical capabilities exhibited

by metallic nanoparticles.

Among existing theories, Mie theory is, so far, the most successful in describing the
plasmonic photoexcitation and response by a single metallic nanosphere, thus, hereafter we

focus on Mie theory.



1.2 Plasmon-driven Phenomena in Nanoscale

Figure 1.3. A schematic depicting the plasmon-driven mechanisms regarding the scale they
occur. The LSPR-induced energy dampens through radiative phenomena outside the particle
(light scattering) and non-radiative phenomena inside the particle (hot-carrier generation) and
on the particle-particle interface (thermal effects, electric fields, and charge transfer to near

acceptors).

1.2.1 Phenomena Outside the Particle (Light Scattering — Mie Theory)

1.2.1.1 The General Concept of Light Scattering

Scattering is the phenomenon according to which, light interacts with particles and
changes its direction of propagation. The amount and type of scattering depend on the size and
composition of the particles, as well as the wavelength of the light. Two well-known types of
scattering are Rayleigh scattering and Mie scattering, which are named after their respective
discoverers, Lord Rayleigh and Gustav Mie.
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Figure 1.4. Schematic depicting the light scattering upon a homogeneous sphere varying size.
The Rayleigh and Mie scattering are dependent on particle’s size and wavelength of incident

light. These phenomena explain the blue color of sky and the sunset colors.

Rayleigh scattering occurs when the size of the scattering particle is much smaller than
the wavelength of the incident light. This type of scattering is responsible for the blue color of
the sky during the daytime. When sunlight enters the Earth's atmosphere, the shorter blue
wavelengths are scattered more than the longer red wavelengths. This scattering causes the
blue light to spread out in all directions, giving the sky its characteristic blue color. At sunrise
and sunset, the Sun's light has to travel through more of the atmosphere, which causes more
scattering of the blue light, and leaves the longer red and orange wavelengths to dominate, thus

leading to the warm hues we associate with those times of day, as shown in Figure 1.4.

Mie scattering, on the other hand, occurs when the size of the scattering particle is
comparable to or larger than the wavelength of the incident light. This type of scattering is
responsible for the white appearance of clouds and the blurring of images when viewed through
fog. In Mie scattering, the scattered light is more evenly distributed across all wavelengths,
resulting in a diffuse and uniform appearance. The degree of scattering also depends on the
size and concentration of the scattering particles. During a sunset, the atmosphere also contains
particles such as dust, pollution, and aerosols, which can scatter light, further enhancing the
colors of the sunset. These particles are generally larger than the air molecules and can cause

Mie scattering, which scatters all colors of light equally, leading to a more vibrant and colorful
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sunset, combined with Rayleigh scattering. Mie theory is also important in other fields such as
atmospheric science, where it is used to study the properties of aerosols, and in biology, where

it plays a role in understanding the scattering of light in cells and tissues.

In summary, Rayleigh and Mie scattering are two important types of scattering that occur
when light interacts with particles of different sizes. Rayleigh scattering occurs when the
particle size is much smaller than the wavelength of the incident light, while Mie scattering
occurs when the particle size is comparable to or larger than the wavelength. Understanding
these phenomena is important in a range of fields, from atmospheric science to biology. In this

thesis, we focus on scattering phenomena described by Mie theory.

1.2.1.2 Dielectric function
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Figure 1.5. (left) The imaginary part of dielectric function of Au, depicting the losses in the
visible region due to interband transitions. (right) The electron motion in a metallic lattice:

Drude motion due to LSPR and interband/intraband transitions due to photon absorption.

Metals are essential in the study of plasmonics, mainly due their "free" electron density
in their valence bands. Their response to incident electromagnetic waves can be described by
the dielectric function. In bulk metals, the Drude model entails that the optical response can be
approximated by evaluating the influence of an external electromagnetic-stimulus on a single
free electron and then multiplying by the total number of electrons.'? Assuming the external

force could be expressed by a simple electric field, Newton's law is applied:
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,where E _ Eoe‘i“’t

vo is the so-called Drude damping constant. Then, the dielectric function can be written as:

2

£(e) = e(re) +ig(im) =1- ——>
@ +1y,0

(1.2)

2 . ..
, where wj = "€ /gome is the plasma frequency of the electrons inside the metal structure, n
is the free electron density, e is the electron charge, eo is the vacuum permittivity, me is the
electron effective mass and vo is the damping constant.® For the case of the free electron gas

in the limit yo<w, yo equals to the plasmon bandwidth I'. Characteristic values for the common

plasmonic metals are listed in Table 1.1.

Table 1.1. Characteristic parameters of plasmonic metals.

) i Interband
Plasmon frequency Work function Damping constant

Material transition energy
wp (eV) (eV) y (eV)
(eV)
Silver 9.01 4.26 0.05 33
Gold 8.93 5.10 0.14 2.4
Aluminum 14.98 4.28 0.10 1.5
Copper 11.01 4.65 0.06 35

The damping term in the dielectric function (eq. 1.2), as described by the imaginary part,
is attributed to interband transitions and scattering losses (Figure 1.5), mainly due to the
presence of crystal impurities and relaxation events.!* These damping mechanisms are

described by the damping constant yo and expressed via Matthiessen’s rule as

1 1 1 1

Yo :Zt_:t +t +t (1.3),
Y e—e e—ph e—d

where tee, tepn, and teq are the relaxation times of electron-electron, electron-phonon, and

electron-defect!®, respectively. When the particle size is smaller than the mean free path of the



material, the electron-surface backscattering dampens LSPR because the particle boundaries

confine the electron mobility. As a result, the damping constant has a radial dependence:

y(r) =y + AUTF (1.4,

where r is the particle radius and A is a dimensionless empirical constant on the order of unity.®

1.2.1.3 Mie equations

When the dielectric constants of a given particle and its environment are known, the
phenomena of light scattering must be analyzed to calculate the plasmonic response. Faraday
was the first -in 1857AD- to use Maxwell's electrodynamic theory, to explain how light
interacts with the gold particles, resulting in a vivid ruby red color!’, see for example Figure
1.1. However, an analytical solution remained elusive until 1908 when Gustav Mie solved the
Maxwell equations with the appropriate boundary conditions for a single, homogeneous,
dielectric sphere.’® Mie theory calculates size-dependent scattering and absorption cross-
sections, and has numerous applications in fields such as nanotechnology, meteorology,
astrophysics, and biology.'® As seen in Figure 1.4 when the particle size is much smaller than
the wavelength of the incident wave (d = 5 nm), the scattered light distribution corresponds to
electric dipole radiation. The Mie effect manifests itself in changes in light distribution as

particle size increases.

Mie equations for a spherical particle: for the case of a spherical particle, the wave equation

in spherical coordinates

(V2 +k*) D=0 (1.5)

has several independent scalar potential solutions:

@5, (r,0,0) = ¢, (kr)P, (cos 0) (1.6)

Wheren=1, 2, ..,0oand m =0, £1, ..,=n. {n represents either spherical Bessel functions j» or
spherical Neumann functions yn or spherical Hankel functions h,. Pnm(cos0) are the Legendre

polynomials.

Assuming the radial vector 7 = r#, we consider a pair of spherical harmonics Menm and Nenm

associated with @ as:



M enm = v X (q)enmr) (1.7)
N =k VxM (1.8)

Then, the incident and scattered waves propagating on the z-axis and polarized on the x-axis

can be calculated in terms of spherical harmonics:

e = B3 e M (k) -iNE ) 1)
L Ml LRI w10
Er = B2 M, ) i NG, ) 11
o = S O D M, ) + 0N, ) w1

Then, applying Maxwell’s boundary conditions at the particle surface considering the

symmetry of a sphere, scattering coefficients a, and b, can be calculated as

o = Va(wa (M) —my (2)ya (M) (113)
& OV (M) —m&, (P, (my)

b = M (e (M) — v, (1), (M7) (1.14)
m&, (2w, (my) =&, (v, (My)

where yn(X) = Xjn(X), xn(X) = Xyn(X) and &n(X) = xhn(X) are Ricatti-Bessel, Riccati-Neumann and
Riccati-Hankel function respectively as shown in eq 1.6.

The parameter m = np/nm includes the complex refractive index of the particle and the refractive
index of the surrounding medium.

X is the size parameter x = kmR, where kw is the wavenumber of the incident wave.

Bessel functions ensure the electric field’s continuity at the origin of the reference frame
centered in the spherical particle and Hankel functions represent the outgoing spherical waves.
The infinite sum over n corresponds to the radiating multipolar field expansion of order n, with
n =1 being the dipole mode. The extinction, scattering and absorption cross sections are
calculated as:



()

Oext = zk—le (2n+1)NRe(a, +b,) (1.15)

I &
Oy = k—fnz_l:(Zn 1) (a,f* +]b,[) (1.16)
Oabs = Oext ~ Osca (2.17)

Expressions 1.15, 1.16, 1,17 are the Mie equations that connect the light-matter interactions for
the case of an isolated nanosphere.
In the present thesis, Mie equations have been implemented in MATLAB package MNPBEM

and the computer code is presented in Appendix A.

1.2.1.4 Dipole Approximation

The electric field is assumed to be constant for particle sizes much smaller than the
wavelength of the incident light, and retardation effects are ignored. In this case, the particle is

thought of as an electric dipole, and its polarizability scales with particle diameter d as follows:

— d3 Ere (CO) ~ Eim 1.18
M @, -

In the dipole approximation, g,,s~0.,: < I[a(w)] and scattering events are negligible since
the particle size is small. The multipolar excitations are restricted only to dipole mode (n=1),
thus the exact solutions of eqs 1.15-1.17 are:

10
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A Mie resonance occurs when the denominator of eqs 1.19-1.20 takes the lowest value, thus

Ere (a)) = _ng (1.21)

This means that at a given wavelength, the Mie cross sections are maximum. This results in a

spectral response, as shown in Figure 1.6.
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Figure 1.6. Absorption and scattering cross sections varying wavelength. The wavelength

where the peak is observed, corresponds to plasmon resonance wavelength.

Thus, according to Mie theory, LSPR is affected by particle size as well as the dielectric
properties of both the particle and the surrounding medium.
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1.2.1.5 Effect of Particle Size and Surrounding Medium
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Figure 1.7. Cross sections for a single (a) 20 nm and (b) 100 nm Ag particle. The spectra are
simulated by MNPBEM Matlab package and the optical data sets for silver, shown in Appendix
A.

Figure 1.7 depicts the absorption of 20 nm Ag particles versus 100 nm particles. The
larger the particle size, the higher the scattering cross section of light. Furthermore, losses are
reduced when particle dimensions exceed the electron mean free path (for example, 40nm for
silver, see Table 1.1). Another effect of increasing size is a red-shift of the plasmon resonance,
as shown in Figure 1.7. Particles that have grown in size can no longer be considered dipoles.

The electric field's phase may differ across the particle volume, resulting in
nonuniformities in charge distribution on the particle surface; thus, retardation effects must be
considered.?®?! Aside from the resonance red-shift, Figure 1.9a shows that increasing particle
size induces additional plasmon bands, because multipolar modes of higher order arise (dipolar

and quadrupolar).??

Dipole term: The electric field around a spherical particle can be expressed as a series of
spherical harmonics, which are solutions to the Laplace equation. The first term in the series
corresponds to the monopole, which represents the total intensity of the field. The second term
corresponds to the dipole, which represents the directional component of the field. The third
term corresponds to the quadrupole, which represents the variation of the field intensity with
direction. The dipole term is the dominant term in the field expansion for small particles, where
the size of the particle is much smaller than the wavelength of light, shown in Figure 1.8a. This

is because the dipole term is proportional to the size of the particle, while the quadrupole term

12



is proportional to the square of the particle size. The dipole term is also dominant for particles

that are highly polarizable, such as metallic particles.

Quadrupolar term: The quadrupole mode becomes increasingly important as the size of the
particle approaches the wavelength of light, see Figure 1.8b. This is because the variation in
the intensity of the field becomes more significant as the particle size increases. The quadrupole
term is also dominant for particles that have an anisotropic shape, such as prolate or oblate
spheroids. In summary, the dipole and quadrupole terms in Mie theory describe the directional
and intensity components of the electric field around a spherical particle, respectively. The
dominance of each term depends on the size and shape of the particle, as well as its
polarizability.
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Figure 1.8. Extinction cross section of single Ag nanoparticle of (a) 20 nm and (b) 100 nm.

The spectrums are deconvoluted in dipolar and quadrupolar modes.

When the refractive index of the surrounding medium is increased, redshifts of LSPR
peaks are also expected, as shown in Figure 1.9b.232% As previously stated, cross sections reach
their maximum value under the resonance condition of eq 1.21, demonstrating the effect of the

dielectric medium on interfacial electronic oscillations.
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Figure 1.9. (a) Extinction cross sections of Ag particles varying in diameter (d) of the particle.

(b) Extinction cross sections of Ag particles, for varying refractive index (n) of the surrounding

medium.

1.2.1.6 Mie Theory Limitations

Particle Shape: Although Mie solutions to Maxwell’s equations give satisfactory

interpretation of plasmon resonance, for an isolated homogeneous spherical particle. Many

practical applications require deviation from the spherical shape since the particle morphology

displays higher sensitivity in resonance tuning than the particle size engineering.
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Figure 1.10. (a) Extinction spectra of a gold nanorod, displaying the transverse and
longitudinal modes. (b) Extinction spectra of gold nanorod varying aspect ratio. Increasing
aspect ratio, the resonance peak is red-shifted. (Taken from this work®). (c) Electric field
contour for a plasmonic dimer consisted of Ag nanospheres of 30nm. Hot spots are observed
in the interparticle nanogap. (d) Extinction spectra of aggregated Ag nanoparticles. (Taken

from this work?®).

Because the elongated shape induces plasmon-resonance tuning to the near-infrared region
where human tissues are transparent, gold nanorods are a well-known plasmonic system in

biomedical applications, as shown in Figure 1.10a-b.?"28

Nanoparticle Aggregates: Furthermore, because of the trapped scattered photons in
close proximity, plasmonic dimers (two neighboring metallic particles) generate enhanced
electric fields confined in the interparticle nanogaps.?® These fields concentrated in "hot spots,”
are the reason that PNPs are used as "antennas" in a variety of applications to enhance incoming
electromagnetic waves and accelerate chemical transformations, as presented in Figure 1.10c.
Mie theory, aside from the dimer ideal, cannot explain the plasmonic response of plasmonic
aggregates, where intense plasmonic coupling between PNPs strengthens LSPR phenomena.

Figure 1.10d depicts the plasmonic spectra of Ag aggregates with varying particle size. When
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the interparticle nanogap is decreased, nonuniformities in charge oscillation induce additional
red-shifted plasmon bands, in a similar way by increasing particle size.?® When the nanogap is
increased until each particle is considered isolated, the plasmon resonance is similar to that
predicted by Mie theory.

1.2.2 Phenomena Inside the Particle

LSPR in metal nanostructures give rise to a collection of optical and electronic
phenomena, processes that occur during the excitation and subsequent damping of the plasmon
energy stored in the oscillating electron cloud. Plasmonic effects are attributed to radiative and
non-radiative effects.® In the case of the former, LSPR relaxes and re-radiates light into the
far-field and/or the metal nanostructures act as a secondary light source (antenna) that
concentrates light in particle surface and enhances local electric fields in close proximity. In
the case of the latter, the plasmon dephasing causes photon absorption that deposits electronic
energy and results to highly energetic electrons with energy above the Fermi level, the so-called
“hot” electrons.3*? In this context, all the possible pathways of these hot carriers and routes of

the plasmon-energy dissipation will be distinguished in the following sections.
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1.2.2.1 Hot Carriers
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Figure 1.11. A schematic depicting the allowed electronic transitions in Ag, i.e., the
plasmon-energy damping channels

Considering an electron cloud following Fermi-Dirac distribution, Figure 1.11 depicts
the carrier dynamics and plasmon decay pathways when an external electric field interacts with
a PNP. Because LSPR decay is a multi-step non-radiative event, a detailed step-by-step
explanation of the plasmon energy transfer is necessary to comprehend the plasmon-driven
mechanisms. In classical picture, the charge displacement results to a coherent oscillation of
the electron cloud following Drude model. However, in the quantum mechanical picture, the
quantization of the electric field must also be considered.®® Under such perspective, the PNPs
are illuminated by discrete photons with energy hw. Furthermore, photon absorption in this
light-matter interaction is impossible because such transitions require additional momentum
through inelastic scattering (eg. with a defect or a phonon) or occur in a confined system with

boundaries (back-scattering events), as shown in Figure 1.11.343
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Figure 1.12. Hot Carrier Relaxation Events. (from left to right): The absorption of light photons
deposits energy into electronic distribution and stimulates electron-holes pairs above the Fermi
level. Subsequently, the hot carriers relax and equalize their temperature with the lattice
vibrations in a few ps. The relaxation of hot lattice is achieved via phonon-phonon interactions,
where stored energy in the vibrational modes is dissipated from the nanoparticle to the

surrounding medium as generated heat leading to temperature rise.

After this introduction to the dynamics of charge carriers in a metal, the effects of
quantum confinement in small particles should be introduced. The first immediate consequence
of this transition is that the current created by the driving field will accumulate electric charge
at the surface of the particle. In the classical picture, these charges would accumulate solely at
the surface of the particle, but in realistic systems the charges at the interface extend into a non-
zero volume inside the metal, screened and in interaction with other mobile charges. Therefore,
decreasing the particle size, the quantum effects at the surfaces become more relevant over the
plasmon dynamics.®® Specifically, they contribute to plasmon dephasing, with the coherent
collective oscillation of the carriers in the metal decaying into incoherent electronic excitations.
This is observable through the broadening of the plasmonic peak in small NPs, with an

increased plasmon decay rate scaling as the inverse of the size, expressed by eq 1.4’

Ue

Vsurf = AE

18



Regarding the classical description, the surface-induced damping arises from the collisions of
electrons with the boundaries of the particle, while quantum-mechanically speaking, the
boundary discretizes the electronic states inside the metal. Then, the surface allows a breaking
of the momentum conservation by discretizing the electronic states in the particle, a process
known as surface-assisted plasmon decay or Landau damping.®®% This anelastic scattering
allows the excitation of nonthermal hot electrons with energies ranging in the interval Er < Exe
< Er + ho, even in crystals with no defects and assuming an absence of electron—phonon
interaction.*® Thus, the generation of hot carriers can be controlled by modifying the size and
shape of the metallic particle.***® Another factor that correlates to surface confinement, and
hence the stimulation of hot carriers is the presence of intense electric fields in particle’s
boundary vicinity, also known as hot spots (will be explained in further details in the next
section).** When this local field distribution is concentrated in sharp features the nanostructure
may have or in nanogaps for the case of coupled PNPs, the plasmonic fields amplifies

significantly the population of nonthermal carriers.*>4’

The excitation of hot carriers in metallic nanoparticles depends on the lossy nature of
LSPR process. Hence, one should comprehend all the non-radiative decay mechanisms

expressed by the plasmon lifetime in similar fashion with eq 1.3:%8

7/plasmon - 7/Drude + yinterband + 7/surf + 7/HotSpots + 7/rad (1.22)

yorude 1S the term for the electron-electron and electron-phonon interaction following the
classical electrodynamic picture of coherent charge oscillation. yinterband is the term for the direct
optical transitions (typically from the d to sp band for the case of noble Ag & Au), which is not
included in the classical model. The previously described surface and hot spots effects are
included in ysurf and yHotspots respectively. Contrary to the other terms, yrad is the term for

radiative losses, where light is re-emitted in the far-field.

When this stored plasmon energy is not shared to other systems with any of the
aforementioned pathways, the following relaxation events dampens the plasmon resonance

until the energy is dissipated as heat (shown in Figure 1.12):4950
e Electronic thermalization

The free electrons in the metal's valence band can be thought of as an electronic gas with a
Fermi-Dirac distribution (Te = 0 K). The absorption of light photons deposits energy into

19



electronic distribution and stimulates electron-holes pairs above the Fermi level (see Fig. 1.9).
Because the generated hot electrons and holes are highly energetic, the initial electron and hole
distribution is non-thermal and far from the Fermi-Dirac distribution anticipated for charge
carriers at a given temperature. As a result, electron-electron interactions redistribute the extra
energy, bringing the electronic plasma to an equilibrium state at a high temperature within
some hundreds of fs.>* Silver and gold exhibit relaxation times of 350 fs and 350 fs,

respectively, in the case of noble metals.
e Hot carrier relaxation

The following stage involves the conversion of electronic energy to vibrational energy via
electron-phonon interactions.® The two-temperature model (TTM) may represent the hot
electron-phonon coupling, in which the electronic gas and the crystal lattice are two connected
subsystems with distinct temperature distributions. TTM is valid owing to the difference in
heat capacity between the systems. According to conventional electron-phonon relaxation
times, the hot carriers relax and equalize their temperature with the lattice vibrations in few ps.
As aresult, the equilibrium inside the particle has been restored, as the electron gas temperature
matches the crystal lattice temperature, and internal thermal homogeneity has been achieved.>
When entering the quantum size domain, it is fascinating to investigate the hot carrier
interactions under the size confinement. The particle size influence in the timescale of electron-
phonon interactions was demonstrated by Hartland et al.*® and Link et al.>* Furthermore,
Nordlander et al. demonstrated that the hot electron generation rate is particle-size dependent

as well.
e Heat dissipation

The relaxation of hot lattice is achieved via phonon-phonon interactions, where stored energy
in the vibrational modes is dissipated from the nanoparticle to the surrounding medium as
generated heat leading to temperature rise in particle vicinity. The timescale of heat dissipation
is on order of a few hundred ps and will be further elaborated in “Thermoplasmonics” Section.
During the external thermalization, the temperature of the electron gas and the lattice gradually
decreases and the whole system recovers to its original (ground) state prior to the excitation.
For a long time, the absorption and this subsequent temperature rise were considered to be side
effects in the LSPR, however this optical loss can be utilized giving birth to a subfield called
thermoplasmonics.>® The purpose of this field is to employ metal nanostructures under
illumination as controlled nano-sources of heat, leveraging the quick conversion of light energy
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Non—equilibrium population of
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into heat and opening the door to new emergent applications. As a result, understanding the
dynamics of plasmon-induced hot carriers and energy transfer via carrier interactions is critical,

in order to utilize the full potential of PNPs.
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Figure 1.13. lllustration scheme hot carrier excitation and transfer. (a) was adapted from this

work>®. (b) was adapted from this work.*®

During the plasmon non-radiative decay several types of excited electrons coexist inside
the particle, characterized mainly by the energy distribution. The common kind are the
electrons that carry the current of the plasmonic oscillation and have small energies above the
Fermi level, known as Drude electrons, while the counterpart holes reside below Fermi level,
as shown in Figure 1.13a. The carrier population that extends to energies up to the total photon

energy ho above/below Fermi level is attributed to hot electrons/holes respectively, i.e. the
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surface-induced nonthermal carriers that cannot be described by Fermi-Dirac behavior of the
electron cloud.®” The origin of these energetic carriers in metallic nanostructures is typically
encountered in intraband transitions, where electron-surface scattering events allow photon
absorption.®® If left unexploited, the nonthermal hot carriers rapidly relax back to Drude
electrons while raising the electron cloud to a higher electronic temperature, as explained

above. In this context, Govorov et al. calculated the generation of nonthermal carriers as:*®

1 e’EZ
P ® 5 7% (h) I|E(r)| ds

(1.23)

where E(r) is the electric field inside the metallic particle.

This work alongside Manjavacas et al., highlighted the influence the particle size has in
the hot-carrier generation rate and energy distribution. Specifically, Figure 1.13b demonstrates
that despite larger Ag particles excite more electrons, they are low-energy, Drude-like carriers.
By decreasing particle size, surface effects dominate and plasmon decays into high-energy
electrons, although the population of hot carriers remain low compared to Drude carriers.*-4
In the case of 2 nm particles, the overall carrier population is lower than that of the larger
particles but the relative concentration of hot and Drude carriers is almost equal. Moreover, eq
1.23 reveals that hot-carrier generation depends on the electric fields on the particle surface.*®
Specifically, hot spots formed in coupled PNPs and/or sharp features in PNP shape, increase

the number of hot electrons drastically.*>%-°1

Despite the engineering of the PNP characteristics for higher generation of hot carriers,
they must be transferred to the immediate environment so that this stored energy can contribute
to chemical reactions. Thus, other important parameters to the successful charge transfer is the
carrier migration and injection to a near electron acceptor.®? The latter can be consisted of (i) a
molecule adsorbed in the metal’s surface and/or (ii) a semiconductor in contact with metal. In
this context, two major distinct routes have been established for harvesting these hot carriers:
the (i) indirect electron transfer and the (ii) direct electron transfer to the desired
adsorbate/semiconductor (will be further described in the following section).
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1.2.3 Phenomena in the Particle-Particle Interface {Metal-Metal}

1.2.3.1 Near-field Enhancement (Hot Spots)

As mentioned above, the conduction electrons in a metallic nanoparticle collectively
behave as a coherent electronic cloud when stimulated by an incident electromagnetic wave.
The Coulomb-induced charge displacement causes the polarization of the particle, with charges
accumulating at the opposite ends of its structure. This oscillating behavior is maximum at
resonance, resulting in a near-field amplification near the charged area, i.e., the particle's
surface. Thus, the capacity of PNPs to efficiently concentrate light is required for these
localized high electric fields in the particle proximity. As a direct LSPR-induced mechanism,
near-field enhancement is highly sensitive on particle morphology and plasmonic coupling. As
the shape becomes more intricate, the local fields around sharp features are remarkably
enhanced, as shown in Figure 1.14a.5%% Nanostars exhibit intense electric fields even in the
single-particle level, because the curvature of these features increase the surface charge density
in this region. The local fields in the nanogaps between coupled particles, the so-called "hot
spots”, are significant because they result in significant increases of the near-field
enhancement.** Based on this, plasmonics has evolved into a distinct study area in which
nanoparticle shapes may be built and modified to achieve the required field augmentation at

specific sites, using the plasmon hybridization principle.®®

Regarding plasmonic nanoensembles, the first experimental evidence of these enhanced
fields was when Raman scattering was greatly amplified by the presence of a metallic
substrate,% which later attributed to LSPR giving birth to Surface-Enhanced Raman Scattering
(SERS).%" For the case of spherical particles, the analytical solution for the magnitude of the

electric field outside the particle, is given by:%8

Eout(xl Y, Z) = Eoz_an[is—?’—:(X)’z-l- yy-l— 22)] (1.24)
r r

where o is the polarizability in eq 1.18. In Raman scattering, the applied field induces an
oscillating dipole in the molecule on the surface. When this dipole radiates, there is a
probability for a vibrational transition to occur resulting to a different re-emitted frequency.

Because the initial photon absorption is proportional to the electric field intensity near the
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molecule, LSPR-induced enhanced local fields can greatly amplify this process. Thus, the

SERS enhancement is relative to the initial intensity of the incident wave as:®°

Eoul'[En]

out

=

EF — (1.25)

EF factor directly correlates to hot spots intensity (Figure 1.14b), establishing SERS as an
excellent tool to study and quantify the plasmon-induced near-field enhancement in the PNPs

surface.’®

SERS enhancement x10°
0.2 0.4 0.6 0.8 >1

Figure 1.14. (a-b) Hot spots mapping varying SiO> shell thickness of Ag@SiO- particles (taken

from this work’?). (c-d) SERS enhancement for the case of a sphere, rod, star and the dimer.

1.2.3.2 Thermoplasmonics

Until the early 2000s, photothermal effects were regarded as undesirable side effects in
the plasmonics field. The pioneering work of Halas group at photothermal cancer therapy
established thermal effects as a beneficial plasmon-induced mechanism.”>”® It is already
mentioned that when the ’free’ electrons are excited on resonance, the part of the plasmon
energy that is not radiated through light scattering is dissipated through Landau damping (non-
radiatively), causing a dramatic temperature rise in particle’s vicinity and making possible heat
control in nanoscale.’* Even in resonance, metals are not ideal optical conductors, so due to

their lossy nature the imaginary part of their dielectric function implies the generation of
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resistive heat (photon-electron interactions) and its dissipation through lattice oscillations
(electron-phonon interactions).” This mechanism gave birth to the new sub-field of

Thermoplasmonics, where Guillaume Baffou established the fundamental physics.>> 76"

1.2.3.2.1 Fundamental Physics of Plasmonic Heating

To understand better this process, let’s consider a metal nanoparticle of complex
dielectric function &(w), that is illuminated by monochromatic light at a frequency o = 2xnc/A
where E(r,®) is the complex amplitude of the incident electric field. Since the electronic
excitation resembles a current in the metal, heat is generated by Joule mechanisms, the heat

power density is proportional to distance r and time t and given by:

d(r) =393 () *E()] (129

where J(r) is the generated complex current density inside the nanoparticle. Using the relations

J*(r) = -iwP(r) and P = gog(w)E, eq 1.26 can be rewritten as:

a(r) =22 e ()] Ef (1.27)

Then, the total generated heat delivered by a nanoparticle, is simply the integrated heat

density over a specific volume and given by:

Q=" (@) dr|E (1.28)

It is clear that heat generation is proportional to the square of the electric field outside the
particle, emphasizing the significance of Mie's hot spot distribution and intensity. The
problem of heat calculations is primarily geometrical in nature. Mie equations simplify the
calculation for simple geometries such as spherical nanostructures, and the heat power can

be expressed:
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Q=0 (1.29)

where cabs is the Mie-derived absorption cross section and | is the irradiance of the

incident radiation I = n,,cgq|Eq|?/2.

The temperature profile under continuous-wave illumination can be investigated
once the heat power originating from the Joule mechanism is determined. Supposing a
uniform medium, the resolution of the heat diffusion equation is used to determine the

temperature distribution T(r):

pc,dT (F,t) —kVT (F,t) = q(F, 1) (1.30)
where p is the density of the material, cp is the heat capacity at constant pressure, k is the
constant thermal conductivity and T(r, t) is the equilibrium temperature as a function of
space and time. Eq 1.30 indicates that the generated heat is highly dependent on the heat
capacity and the thermal conductivity of the material. In the case of metal nanostructures,
the thermal characteristics are defined by the 'free’ electrons according to the Fermi-Dirac
distribution. As a result, a part of the absorbed photon energy can be stored in the lattice
as vibrational energy known as phonon. Although this work focuses on continuous-wave
illumination that simulates solar irradiance, pulsed illumination allows for the study of hot
electron dynamics because the time scale of pulsed energy is in the same range as the time
scale of electron-electron and electron-phonon relaxations. Except of diffusion, convection
is a heat transfer mechanism as well. Convection takes place when the plasmonic
nanoparticles are dissolved in a liquid medium causing thermal-induced fluid convection.
However, this kind of convection cannot distort the temperature homogeneity due to its

weak Rayleigh number.

Under continuous illumination, eq 1.30 is expressed by the Poisson (Laplace)

equation inside(outside) the metallic nanoparticle:

—q(r)/k, r<R

0, r>R

For the case of a spherical particle of radius R, simple calculations lead to this temperature

profile:
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AT o +T,, r<R
AT(r) = (1.32)
R
ATyp —+T,, r>R
L r
where AT(r) is the temperature rise, T is the ambient temperature and
Q Gabs I (1-33)

AT = =
47kR  4r7kR

Despite heat density can be non-uniform within a metallic particle, in this case the
temperature is constant because of the much larger thermal conductivity of metal
compared to that of the surrounding medium.>® Excluding the thermal properties of the
metal, the temperature rise is highly dependent on the absorption cross-section, particle

morphology and the illumination wavelength and intensity.

1.2.3.2.2 Sample Geometry

In thermoplasmonics, the PNPs are usually utilized in two geometries:

e NPs dispersed in liquid mediums, representing a 3D geometry.

e NPs deposited/attached on a substrate, representing a 2D geometry.

Egs 1.33 can be applied in the former case, as the solution resembles a uniform medium of
constant thermal conductivity ks. The latter case is more complex because of the two
surrounding media adding non-uniformity in the system. According to Figure 1.15, applying
the image method and replacing the temperature and the generated heat power with the electric

potential and the electric charges respectively, the elevated temperature equals as follows:

- Q (1.34)
T(F) =
()= ek

where K is the average thermal conductivity

k, +K, (1.35)
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The key-assumption is that the embedded particles are not exactly at the interface, but rather
they are exposed to the upper medium and not within the substrate, simplifying the analytical

calculations.

Image Method

Figure 1.15. Temperature estimation using the image method.

1.2.3.2.3 Collective Thermal Effects

Aside from the metal's thermal characteristics, temperature rise is greatly reliant on
absorption cross-section, particle shape, and light wavelength and intensity. However, in
the practical case of a plasmonic nanoparticle ensemble, photothermal efficiency takes into
account the influence of particle interactions. The pioneering independent works of
Govorov and Baffou established the contribution of collective heating when an ensemble
of PNPs are illuminated.”®®? The temperature rise of N nanoparticles of radius R is
estimated as:

_ N
L N S 136)
47K, R T ark ‘rj - rk‘

Eq. 1.36 interprets that the temperature variation arises from two contributions: [i] a self-
contribution and [ii] a neighboring contribution from the N-1 particles.8! Assuming, a
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uniform irradiation beam, the total AT for such an ensemble of NPs deposited in a planar

substrate is given by a closed expression:

2
AT(p)=AT,, +AT, =2 4 Cul 1 g 2yp'y  aan
dzk r k. zDp J7zD

where km is the thermal conductivity (W/mK) of the medium surrounding the particle,
p the interparticle distance (m), I(A) the irradiance of the illumination, D beam’s diameter

(m) and r the distance from the heat source.

A way to predict which regime is dominant, Baffou inserted a dimensionless factor

o (1.38)
where N is the number of particles in the illuminated area, R the particle radius and m the
dimensionality of the sample geometry (eg. m=2 for deposited particles in planar substrate,
m=3 for dispersed particles in solution). If {>> 1, the temperature rise is locally confined
around the particle, which is acting as an isolated heat source, thus the first term of eq 1.38
dominates. If { << 1, thermal collective effects arise where neighboring contribution takes
place, resulting in a uniform heat density and temperature homogenization despite the
discrete nature of the heat nanosources.®! In this case, a bulk heating of the surrounding
medium occurs and can be measured by a macroscopic observer. The usage of { parameter

is exemplified in Figure 1.16.
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Figure 1.16. Temperature distribution of a 2D periodic lattice of PNPs of (a) { = 0.06 and (b)
¢ = 3.3. (Taken from this work).%

Considering the kinetics of the temperature variation, the time-temperature profile of
a point source in surrounding medium of thermal diffusivity Ds can be expressed using a

Green’s function formalism:

2

Q ¢t 1 r . 1.39
T(r,t) = J'O 5T P o) (139)
Cpp ( T S ) S
Inserting the error function
2 (x (1.40)
erf(X)=—=| e du
\/; Io
the temperature profile can be expressed in a packed form as:
r
AT(r, p,t) = AT(r, p)[1—erf ( )] (1.41)

J4Dt
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where AT(r,p) is given by eq. 1.37, Ds is the medium’s thermal diffusivity Ds=«/(pcp)
(m?/s), p is the material’s density and cp is the specific heat capacity. As erf(1) = 0.84, the

parameter

r2

T =—-
4D,
corresponds to the time when the temperature rise is 84% of the equilibrium temperature,

(1.42)

thus is the timescale of the temperature evolution.3*# Notice that according to eq. 1.41-
42, the distance from the heat source r and the surrounding medium’s thermal properties
determine the macroscopically observed AT Kinetics. For instance, nanoscale heating
equilibrates during 100 ns, while in the case of significant collective thermal effects, bulk

heating timescale is T ~ min, as shown in Figure 1.17.
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Figure 1.17. Timescale of temperature evolution depending on the distance from the heat
source. The orange and blue zones correspond to the temperature rise occuring in nanoscale

and bulk environment respectively (Adapted from this work®).
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1.2.4 Phenomena in  the  Particle-Particle  Interface {Plasmonic

Metal/Semiconductor Junction}
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Figure 1.18. Band bending of n- (left) and p- (right) type semiconductor conduction and
valence bands in contact with a metal and the associated formation of Schottky barrier after

equilibrium in the interface.

When a PNP and semiconductor come into contact, an energy barrier, namely Schottky
barrier, is formed in the metal/semiconductor interface and the nonthermal hot carriers can be
injected in the semiconductor via a new pathway. In the context of plasmonic catalysis, the
Schottky barrier facilitates the electron/hole separation prolonging each carrier lifetime and
preventing back-transfer events. At the same time, the active sites on the semiconductor surface
operate as charge carrier traps and contribute to chemical activity.® Figure 1.18 illustrates a
metallic and semiconducting structure before contact under equilibrium. The
metal/semiconductor coupling induces a Fermi level alignment depending on the type of

semiconductor (n- or p- type), as depicted in Figure 1.18.

Specifically, the electrons in the CB and VB of a n-type semiconductor (eg. TiO2) near
the interface are forced to be transferred in the metal (eg. Ag). This charge flow depletes the
electron density of the semiconductor near the interface and negatively charges the metallic

surface until equilibrium (aligned Fermi levels), activating an electric field due to the induced
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voltage. The space charge region where semiconductor’s electron density is decreased is called
depletion layer.8” In the depletion layer, the charge flow induces a distortion of the surface
states, i.e. an upward band bending arise, compensating for the electron loss. For the case of
Ag/TiO> heterostructure, the band bending causes an energy threshold in the interface known
as Schottky barrier. Using Mott-Schottky equation, the Schottky barrier can be estimated as:

(DSB :Wm —Xs (1.43)

where W, is the metal’s work function and ys the semiconductor’s electron affinity.®” This
barrier is a parameter of paramount importance for using efficiently metal/semiconducting
nanohybrids in plasmonic catalysis. Schottky barrier acts as a filtering frontier where only the
highly energetic electrons can overcome and provides a selectivity depending on the excitation
wavelength. Moreover, Schottky barrier hinders recombination events, as there is not any
available hole in semiconductor’s VB for the injected electron.®88 On a similar note, a charge
flow is induced in the case where a plasmonic metal comes in contact with a p-type
semiconductor, however the electrons flow from the metal to semiconductor, increasing
electron density in CB near the interface. This space charge region is called accumulation layer
and the generated interfacial electric field causes a downward band bending until Fermi level
alignment, as illustrated in Figure 1.18. An important note in this case is the formation of an
energy barrier for the hot-hole transfer. For instance, the hot holes that reside in the deep d-
band, excited by interband transitions, possess the sufficient energy to overcome this barrier

and accumulate the semiconductor’s VB, contributing to oxidizing reactions.*

Thus, the engineering of Schottky barrier height is pivotal so that efficient hot-carrier
transfer is allowed but with limited back-transfer probability.® Numerous studies demonstrated
the successful generation of nonthermal hot electrons, stimulated with the proper energy via
Landau damping, to overcome the interface barrier and be “trapped” in the semiconductor’s
CB, driving chemical reactions.®>1% The pioneering observation of successful hot electron
transfer from a PNP to a semiconductor was reported by Tian and Tatsuma, where Au
nanoparticles generated hot electrons that were injected in TiO2 CB with efficiency ~ 12%.1%
Among following works, Wei and co-workers demonstrated a superior performance in visible-
light-driven H> evolution using Au/TiO: heterostructure, attributing the enhanced activity to
the beneficial Schottky barrier (~ 1.1 eV).2%” This charge transfer involves a sequential two-
step process: (i) the generation of high-energy electrons, stimulated by the dissipation of the

plasmon energy via Landau damping and (ii) the efficient injection to the coupled
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semiconductor before recombination. Although the process namely plasmon-induced indirect
electron transfer (PIIET), generates a large number of nonthermal carriers, the injection
efficiency is deficient. Rapid electron-electron interactions thermalize the hot electrons and
diminish the transfer probability to a near acceptor, thus it is essential more transition pathways

to be utilized.

As mentioned in the section 1.3.1, the limitations of conventional plasmon-induced
indirect electron transfer (PIIET) require further optimization of the electron injection route. In
light of this, an analogous process as CID provides a more efficient one-step transfer channel
bypassing the energy loss via carrier interactions.%® In this case, plasmon decay induces a direct
excitation of an electron to the semiconductor’s CB, indicating the overlap of metal and
semiconductor’s energy states.!® In the same way with PIIET, band bending provides the
separation of electron-hole pairs and since there are no holes in the semiconductor’s VB under

visible light, the electron’s lifetime is prolonged significantly.

Wu et al. reported the first experimental evidence of plasmon-induced direct electron
transfer (PIDET), by modifying a Au/CdSe interface.’® The broadening of Au LSPR to
infrared region indicated the coupling of Au and CdSe electronic states. They highlighted that
the LSPR-independent high QY values up to 24%, revealed that electrons are directly excited
to CdSe CB, thus PIDET being the dominant plasmon-driven mechanism. However, the rapid
back-transfer of these electrons back to metal reveals the insufficient height of Schottky barrier.
On a similar note, Camargo et al. provided a complete carrier-kinetic landscape for the case
Au/CdSe and confirmed the mixing of energy levels.!

Theoretical studies predicted PIDET as the dominant plasmon-driven process using Ag-
based nanosystems as well, such as Ag/CdSe and Ag/TiO> by modifying the
metal/semiconductor interface.!?14 Furthermore, Song et al. reported hot-electron transfer
efficiency up to 54% for Ag/TiO2 heterostructure. They revealed that by decreasing Ag particle
size, the injection efficiency is mitigated with both PIIET and PIDET contributing to the
beneficial carrier migration to TiO2 CB.!*® Moreover, Collado et al. explored the CO; reduction
selectivity towards CH4/CH30OH under UV and visible wavelength respectively and attributed

the performance on the formation of hybridized Ag-O orbitals in the Ag/TiO2 interface.®

Therefore, the recently utilized PIDET mechanism is already established as a solid way
to enhance electron interfacial transfer in metal/semiconductor junctions. However, despite the

constantly increasing literature, 4117118 the comprehension of plasmon-mediated hot carrier
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generation and charge transfer kinetic in such interfaces remains a complex task, requiring a
thorough distinguishment of the involved mechanisms in order to optimize the performance of

plasmonic photocatalysts.®

1.3 Plasmonics in Interface: Indirect/Direct Electron Migration in

Metal/Adsorbate & Metal/Semiconductor Systems

Despite engineering the PNP characteristics for higher generation of hot carriers, they
must be transferred to the immediate environment so that this stored energy can contribute to
chemical reactions. Thus, another important parameters to the successful charge transfer is the
carrier migration and injection to a near electron acceptor.5? The latter can be consisted by (i)
a molecule adsorbed in the metal’s surface and/or (ii) a semiconductor in contact with metal.
In this context, two major distinct routes have been established for harvesting the hot carriers:
the (i) indirect electron transfer and the (ii) direct electron transfer to the desired

adsorbate/semiconductor.
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Antenna

Adsorbate Metal Semiconductor

Figure 1.19. Type of plasmon-induced mechanism regarding the attached species. Indirect and
direct electron transfer in (i) a metal/molecule interface and (ii) a metal/semiconductor
interface. (iii) Plasmon-induced resonant energy transfer (PIRET) in antenna-reactor interface

where the intense electric fields drive self-excitation of the catalytic metal.

1.3.1 Plasmon-assisted Catalysis by Near-Field Enhancement

The excitation of a PNP by light at the suitable wavelength alters the surrounding
electromagnetic environment significantly. A PNP collects energy from incident radiation and
transmits this energy, localized in the form of an augmented electric field, to other material
systems near the PNP's surface. Plasmonic nanostructures can therefore connect and transmit
with surrounding molecules or structures via near-field enhancement. Excited nanostructures

that interact with their environment are referred to as nanoantennae, serving as a light
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controller. In the same fashion with SERS, near-field enhancement can induce chemical

transformations and accelerate catalytic reactions.

As mentioned above, these amplified electric fields have an impact in the hot-carrier
generation rate as well.*> Additionally, near-field enhancement facilitates the successful direct
electron transfer to near acceptors such as adsorbates and semiconductors.!® In this context,
Seemala et al. demonstrated improved O dissociation using Ag nanoparticles, where LSPR-
induced electric fields promotes the direct excitation to the adsorbed 02.*2° Similarly, Linic
group used SERS to demonstrate the decomposition of methylene blue (MB) employing Ag
nanocubes. Again, the hot spots drive the direct transition to LUMO of MB.*2! Similar
selectivity in electronic transitions has been verified in other systems as well, using near-field
enhancement to control the chemical pathway.*?>12¢ On the other hand, Tesema et al. observed
that electric fields alone do not induce demethylation of MB, but excitation of the MB
absorption band is required. Thus, the local fields supports the self-excitation of MB from
HOMO to LUMO, driving the demethylation.'?” Sotiriou et al. utilized core@shell Ag@SiO:
nanoaggregates to accelerate proton-coupled electron transfer (PCET) for the first time.1?8 In
the presence of locally intense hot spots, the plasmon energy is dissipated to the vibrational
modes of gallic acid (GA), distorting the GA-OH bond and amplifying the PCET via bond
dissociation.

However, conventional plasmonic metals, such as Ag, Au and Cu display poor catalytic
activity. By combining plasmonic and catalytic metals, the plasmonic “antenna” can couple
light to catalytic “reactor”. In this antenna-reactor complex, the LSPR-induced local fields
drive a plasmon to the catalytic metal resulting to enhanced optical absorption of the
nonplasmonic particles in the hot spot vicinity.*?® The first successful design of Al-Pd
nanodisks as an antenna-reactor system was provided by Halas’ group and demonstrated
enhanced H> dissociation rate due to the concentrated energy in the Pd proximity. The same
group studied the optimal design of antenna-reactor structures, as well as the influence the PNP
size, geometry and the distance of catalytic metal from the hot spots region have on the
enhanced light harvesting.**® The innovative concept of harvesting light for catalytic metals
utilizing PNPs led to more sophisticated designs of antenna-reactor complexes and more
challenging chemical reactions, such as formic acid dehydrogenation*3*3* and carbon dioxide

conversion, 135136
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Figure 1.20. (a) Photocatalytic rate dependence on particle size and field enhancement. (b)
Electric field distribution in the Ag@SiO2-Pt proximity. The larger Ag particles promote
enhanced local fields in Pt surface but scatter more photons, inaccessible for reactions. Taken

from this work.'%°

1.3.2 Catalysis by Electron-Transfer in Plasmonic Metal/Adsorbate Interface

Despite the poor catalytic activity of plasmonic metals such as Ag and Au, PNPs can act
as the light controller and electron supplier to adsorbate molecules accelerating chemical
transformations.®*”13 The surface-assisted plasmon dephasing results in the stimulation and
transfer of high-energy nonthermal electrons that induce the activation of the adsorbed species
via vibrational excitation. When the kinetic energy is sufficient, these hot electrons are injected
to lower unoccupied orbital of the adsorbate (LUMO). It is important to highlight that low-
energy Drude electrons cannot overcome the interfacial barrier, thus they are transferred to the
adsorbate. A constantly expanding literature has showcased the enhanced chemical activity in

adsorbed species, induced by the excitation of hot holes™*1% and hot electrons. 4515

Among them, the pioneering work of Halas group demonstrated the plasmon-mediated
dissociation of adsorbed H: species.!®® Using Au nanoparticles under visible light, the kinetic
energy of the excited nonthermal carriers overcomes the large activation energies and drives
the catalytic process at room temperature. Initially, the nonthermal hot electrons are injected
into antibonding orbitals of H> molecule, however due to the short lifetime, they are transferred
back to Au. The H-H bond stretching induced by the accumulated vibrational energy leads to
H> dissociation. Furthermore, the same group provided evidence that the dissociation occurs
on Au surface by changing the substrate (TiO2, SiO2)'!, normalizing any charge transfer

between Au and substrate.!®? Also, the fact that Hz species adsorb weakly on Au surface
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indicates that the dominant charge-transfer mechanism is the indirect interfacial transfer

mechanism.

On a similar note, another prominent plasmon-driven reaction is O, dissociation, as
demonstrated for the first time by Christopher and co-workers.*%® They reported enhanced
performance in the oxidation of ethylene utilizing Ag nanocubes. In the same way to H»
dissociation, the hot electrons with the sufficient energy to be transferred to LUMO, dissipate

energy into the vibrational modes stretching Oz bonds and activates the dissociation process.

On a different note, Deligiannakis and co-workers revealed an unorthodox reversible
process where hot electrons hinders a catalytic alkene oxidation by a Mn complex using
plasmonic Ag@SiO; nanoparticles.’® They demonstrated that high-energy nonthermal
electrons, assisted by LSPR-induced electric fields as well, act as reductive agents that provide

a selective “pause” in the catalytic reaction on demand.
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Figure 1.21. (i) Spectrum of dark-field spectroscopy (DFS) of a Au NR where the associated
effects of chemical interface damping (CID) are displayed. (ii) Line width contribution for each

damping mechanism as a function of effective path length. (Taken from this work).*®®

Despite the promising potential of the highly energetic charge carriers to drive
challenging chemical reactions, the most studied indirect charge transfer mechanism exhibits
insufficient yields because of the short carrier lifetime and rapid recombination.>® Recently, a
broadening of plasmon bands in single-particle systems in contact with
adsorbed/semiconducting species is attributed to a new damping process, called chemical
interface damping (CID).%® CID arises from the hybridization between the electronic states of
the metal and the molecular orbitals of the attached species, providing a novel pathway for
direct electron injection in the adsorbate.’®® The conventional indirect electron transfer is a
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lossy two-step mechanism, where Landau damping triggers the generation of nonthermal hot
electrons with energies up to Er + ho and then are injected into the LUMO of adsorbate.
However, the direct electron transfer is completed during the plasmon decay via CID, where
the electron is transferred through the hybridized states. Thus, CID can be inserted in eq 1.22
as a damping term with a similar size dependence as the surface-induced damping.*®!%" This
pathway is considered far more efficient and overcomes limitations such as short carrier
lifetime and e-e interactions. Despite the superior electron transfer efficiency, the engineering
of direct transfer is challenging since the overlap of LSPR resonance and the HOMO-LUMO

transition of hybridized states is required.

Linic group demonstrated that degradation of methylene blue (MB) adsorbed on Ag
nanocubes aggregates is induced by direct charge transfer.'?* Employing SERS, they evidenced
that MB decomposition occur under illumination at 785 nm and not 532 nm. One would expect
increased efficiency for high-energy photons (532 nm), because they excite more energetic hot
electrons that overcome the energy gap between Fermi level and LUMO of MB. These findings
suggest that the electrons follow a CID route via Ag-MB hybridized electronic states, providing
selectivity for particular chemical pathways activated exclusively by CID-induced direct

electron transfer.68

Furthermore, Seemala et al. correlated enhanced O dissociation using Ag nanoparticles
to CID phenomena assisted by surface electric fields. The yield trend does not correspond to
the calculated hot carrier density indicating that the preferred mechanism is the direct electron
transfer induced by CID.' In both aforementioned works, the direct-transfer route is
ostensibly promoted by the local fields that mitigate the energy dissipation in the vibrational

modes of the attached species and alleviates the dissociation process.

Moreover, Christopher and co-workers demonstrated that hybridized metal-adsorbate
electronic states between CO and Pt surface can selectively control CO oxidation via direct
electron transfer to CO-Pt bonds.'®® Thus, CID is an auspicious plasmon-induced pathway for
highly efficient electron transfer that drives chemical activity in the PNP vicinity, overcoming
the bottleneck of the rapidly relaxed non thermal hot carriers. Nonetheless, the verified
evidence of plasmon-driven direct-transfer events in literature remains surprisingly limited,
possibly due to the complexity of the formation of resonant hybridized states and the strong

chemisorption on chemically inert surfaces of plasmonic metals such as Ag and Au.
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1.3.3 An Overview of Plasmonic Catalysis

Despite the exhaustive research photocatalysis have enjoyed this century so far, the
groundwork of its industrial potential is not realized yet, because the cost-to-benefit ratio of
triggering a light-driven chemical reaction usually pales in comparison to a thermal-mediated
process. So far, although the highest efficiency of sunlight energy conversion into chemical
activity was almost exclusively confined to the utilization of UV-absorber TiO»-based
nanomaterials. In order to truly mimic nature’s superior performance, the visible and near-

infrared spectrum has to be utilized as well.

In light of this, the extraordinary optical properties of metal nanoparticles aroused the
interest of scientific community in the context of light harvesting. Such plasmonic
nanostructures act as “antenna”: they can concentrate light in nanoscale volumes, thus arising
locally intense electric fields, an ideal active site for chemical processes to occur. Moreover,
the stored quanta energy in the oscillating charge density during LSPR, can be dissipated via
several mechanisms (as described above) and utilized in different ways.'™ The plasmon-
induced nonthermal hot electrons, if efficiently injected from the metal, can reduce the
activation barrier of a chemical reaction by exciting the chemically attached adsorbates, either
electronically or vibrationally, unlocking the rate-limiting step for challenging chemical
reactions.'’>"2 Using an illuminated plasmonic nanoparticle to change the landscape of a
chemical process can initiate reactions that would otherwise be thermodynamically and/or
kinetically blocked. This opens up new possibilities for tuning the selectivity and efficiency of
heterogeneous photocatalytic processes. Regarding selectivity, the metal/adsorbate strong
interactions enable new electron transfer channels through hybridization of metal’s energy
levels and adsorbate’s orbitals, so that photon energies different than LSPR and/or optical

absorption of adsorbates can be harvested, triggering unique chemical pathways.!"

Equivalently, a light-induced reduction in the activation barrier enables the use of the
same reaction conditions between the light and the temperature driven process with far higher
efficiencies for the illuminated case. In a simplified picture, part of the energy needed for the
reaction to proceed has been provided by the plasmonic photocatalyst, which is capable of
efficiently harvesting photons and injecting the energy into adsorbed molecules (the reactants),
dissipating energy in the vibrational modes and thus inducing bond distortion/dissociation
processes. Hence, beyond light absorption, the nonradiative surface-induced Landau damping

of plasmon energy into electron/hole formation and the efficient carrier migration to the near
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molecule-semiconductor are the key parameters for the plasmonic acceleration of a chemical

reaction.

An alternative route is the coupling of common plasmonic materials (such as Au, Ag and
Al) into catalytic metals (eg., Pt,Pd et al.) to promote the carrier excitation of catalytic metal in
visible wavelengths via the LSPR-induced local electric fields in the PNP vicinity.1™* The
interplay between both plasmonic and catalytic properties and the channeling of energy in
hybrid photocatalysts has received considerable attention over the past few years. Although,
these hybrid plasmon-assisted photocatalysts, also known as “antenna-reactors”, have received
considerable scientific interest, the design of novel hybrid nanostructure’s geometry is required
for optimizing the plasmon-assisted activity. The question of whether the selectivity of these
processes can be externally controlled with the illumination wavelength, i.e. different

electronic transitions, is still in their exciting early stages.

Furthermore, the efficient light absorption in traditional catalysts is an open challenge
and it can be considered the current bottleneck for photocatalysis at industrial levels. The ability
of plasmonic nanostructures to concentrate light in the proximity where chemical reactions
occur and to manipulate the reaction selectivity via controlled photon absorption, might provide
new avenues for driving chemical processes and establish the plasmonic photocatalysis as the
new frontier in catalysis. Transferring this information into traditional catalytic materials and
methods has the potential to completely transform the chemical pathways that we have
discovered thus far. It is noteworthy to mention that the thorough comprehension of such
complex energy conversion pathways and the several degrees of freedom the control of
plasmonic properties induce, necessitates the coalescence of research fields such as

heterogeneous catalysis, physical chemistry, solid-state physics and material science.

In this context, plasmonic catalysis has seen of tremendous interest in the past decade
with numerous interdisciplinary reviews focusing on the implementation of the plasmon-
mediated mechanisms in solar to energy conversion in various fields, such as solar cells'’®,
environmental remediation'’®, H,O splitting*”’, NHs production'’® and photocatalysis in
general'’®181 as well as the design of the proper plasmonic nanostructures for the given
chemical reaction.'® However, despite the bold advancements in plasmonic catalysis, moving
from the “optical” hot spots (hot carriers, field enhancement, energy transfer) to the “chemical”
hot spots (reactant adsorption, CID, reaction activity and selectivity), some critical bottlenecks

need to be tackled. In particular, Cortez and co-workers® provided a comprehensive summary
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of the present challenges in the field with the most important being: [i] the creation of a
theoretical model with a general description of all the possible plasmon mechanisms in
photocatalysis. [ii] the complex degrees of freedom in plasmonic catalysis require the diligent
control of numerous experimental parameters such as plasmonic photocatalyst characteristics
(size, shape, composition, surface chemistry) and illumination settings (excitation wavelength,
absorbed optical power, reactor geometry). In this regard, the [iii] contribution of thermal
effects should be carefully addressed on every occasion by measuring correctly the sample’s
temperature and simulating the illuminating setup under dark conditions considering thermal
gradients, inhomogeneities and collective effects. Lastly, the [iv] development and
implementation of such robust plasmonic systems at relevant industrial levels and [v] the
design of highly efficient plasmonic devices (TRL 6-7) using abundant low-cost plasmonic
materials (eg. Al).

1.3.4 Disentangling the Plasmon-mediated Mechanisms - Currently Standing

Challenges

Driving chemical reactions with plasmonic nanoparticles is a rapidly growing research
field of high economic and industrial impact. The complex plasmonic mechanisms derived by
illuminating metallic nanoparticles as thoroughly described in section 1.2 lower the activation
barriers and drive chemical reactions, which otherwise (in the absence of visible-light
stimulation) are thermodynamically unfavorable, to be activated. However, the multiple
degrees of freedom in these systems render the proper distinguishment of the relative
contributions of each plasmonic mechanism, a challenging procedure. For instance, in the case
of a hybrid plasmonic/semiconducting nanostructure, the contribution of the nonthermal hot
carriers (surface-induced intraband transitions), high-energy interband transitions, resonant
energy excitation and CID effects due to hybridized metal/semiconductor energy levels provide
an intriguing landscape of charge/energy transfer reaction channels. Besides that, if we
consider the contribution of near-field enhancement and thermal effects in these processes as

well, the disentangling problem becomes even further burdensome to resolve.

For starters, the central dilemma can arguably be boiled down to whether the rate
enhancement is caused by the action of these energetic hot carriers or by the plasmon-induced
temperature rise. In this case, the actual involvement of hot carriers has been recently
questioned and initiated a “hot” debate around hot-electron photochemistry and the proper

measurement of the temperature in such experiments. Specifically, the work of Halas’ group*8*
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reported a light-induced reduction of the apparent activation barrier for ammonia
decomposition employing a plasmonic antenna-reactor morphology (Cu-Ru). They designed
experiments under various light intensity, excitation wavelength and temperature and simulated
control experiments in dark conditions at the same temperature obtained under light and they
attributed the lower activation energy to excited Ru-N species, facilitating the N2 desorption
process. However, Sivan et al. found the claims invalid.'® They considered that the
temperature control was insufficient and that the default emissivity value (0.95) set in the
thermal imager was inaccurate based on the employed photocatalyst. They estimated that such
an error would inevitably lead to a temperature offset ~20%, and thus an underestimation of
activation energy of 3 orders of magnitude. In response, the authors attributed the high
emissivity in the porosity of catalyst bed and neglected thermal inhomogeneities due to the
domination of collective thermal effects for the studied system.8

However, due to the rapid development of hot-carrier photochemistry since 2011 and the
interdisciplinary involvement of researchers of different scientific background, the
establishment of a set of fundamental principles is hindered. Thus, such debates and discussions
are usual to arise concerning the report of photocatalytic efficiencies, the origin of hot carriers
and the proper disentangling of the plasmon-driven mechanisms.¥-1% In the case of hot
carriers vs thermal effects, the control experiment of measuring the reaction rate with no light
excitation by simulating the steady-state temperature obtained under light, despite that in
principle is correct, it is difficult to precisely measure the actual catalyst surface temperature.
In light of these bottlenecks, a guide of the best practices has been reviewed in order to properly
distinguish the plasmon-induced phenomena using simple experimental procedures and

avoiding the common pitfalls.188193-1%

Light Intensity: In plasmonic catalysis where near-field enhancement of photochemical
reactions or hot-charge-carrier-assisted redox reactions at the nanoparticle surface occur, the
reaction rate is proportional to the rate of incident photons and therefore to the incident light
intensity. This assumption holds true for CW illumination under moderate light power and may
deviate toward a super-linear dependence for increased power or under fs-pulsed laser
illumination due to multiphoton absorption events. The case of a photothermal process is,
however, different and should not feature such a linear dependence. Within a good
approximation, the temperature rise of a system due to light absorption is also proportional to
the optical power impinging onto the sample. However, the rate constant K of a chemical

reaction typically follows an Arrhenius-type temperature dependence, thus in the case of a

45



photothermal process, the rate of chemical transformation follows an exponential dependence
on the illumination power. These two different dependences of the reaction rate on the incident
optical power offer a simple means to discriminate a hot-electron photochemical events from
photothermal effects by plotting the measured chemical reaction rate as a function of the light
source power. A linear dependence would indicate a charge-transfer-mediated process,

whereas an exponential increase would rather be the signature of a photothermal effect.

However, this experimental practice determining the dominant plasmonic mechanism
can be done only if the optical power is varied across a significant range, typically leading to
variations of the reaction rate over several orders of magnitude. In the first observation of
plasmon-enhanced photocatalysis in 2011 by Linic group, they attributed the observed O>
dissociation to hot electrons using the same procedure.'® Interestingly, Baffou showed that the
same results can be fitted as purely thermal effects. In their study the laser power range leads
to a temperature increase of ~20 K, a variation of 4%.% Ideally, an experimental data set should
be large enough to be fitted with a superposition of exponential (photothermal) and linear
(photochemical) terms. In practice, however, this is often difficult, as such large range of
chemical rates would entail the use of extremely sensitive measurements of reaction rates at
high powers. Specifically, at high optical irradiances, the mechanism of the chemical process
under study might change due to the activation of alternative reaction pathways at high
temperatures or to non-linear optical effects. Under high-intensity illumination and large
temperature increases, convection effects in the gaseous or liquid surrounding medium could
also occur. As convection favors heat removal, this condition could result in a sub-linear
increase of the temperature and a non-exponential increase of the reaction rate with increasing
illumination intensity, despite a purely photothermal mechanism. In addition, varying the rate
of chemical reactions over multiple orders of magnitude may lead to additional complications
due to changes in the catalyst surface coverage, and therefore its activity and selectivity or to
saturation effects due to mass transport limitations. Note that a mass transport limitation would
yield a damping of the chemical rate as a function of the illumination power, not an exponential
increase, so this effect cannot be confused with a photothermal effect. For all the above reasons,
this experimental practice can only be used to discriminate thermal effects from hot carriers for
well-characterized catalytic reactions over stable plasmonic nanomaterials and preferably in

conjunction with additional independent methods.

Excitation Wavelength: In the same spirit with varying incident light power, which is

the absorbed photon energy, i.e. the excitation wavelength matters. A different rate
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enhancement under different wavelengths would not directly imply a plasmonic hot-carrier
driven process, but it would at least give strong evidence for the existence of a photochemical
process. Specifically, it is possible to measure the reaction rate as a function of the optical
power under two irradiation wavelengths, one with energetic photons that can give rise to
nonthermal hot carriers via either interband absorption or plasmon-mediated Landau damping
(surface-collision-induced intraband absorption), and one that cannot account for any hot
carrier effect and which will necessarily only lead to photothermal effects induced by the carrier
relaxation described in Section 1.2. As the absorbance of the sample is generally not the same
for low- and high-energy photons, the line shapes of the “rate versus power” plots at the two
wavelengths will not overlap in principle. However, if the process is purely thermally driven
in both cases, then there should exist a constant factor for which the two plots perfectly overlap.
Another approach that requires adjustable excitation wavelength is the acquisition of a
spectrum of the chemical rate as a mean to possibly reveal a wavelength threshold for a sharp
electronic transition, above which the reaction is drastically damped, by keeping the light
intensity constant. This would be a typical feature of charge excitation/transfer process, which
is the case for hot carriers and not thermal effects, where the chemical rate would typically
follow the plasmonic resonance absorption spectrum. In this context, this procedure provides
the means to distinguish the electron excitation/transfer pathway. Knowing the plasmon
resonance wavelength and the excitation energy/band gap of any adsorbate/semiconductor
attached in the surface of the plasmonic material, one can determine if the enhanced chemical
activity comes from nonthermal hot carriers (surface-induced intraband transitions), interband
transitions or resonance energy transfer to the attached species if LSPR overlaps with the

excitation energy.

Temperature measurement: In  thermoplasmonics, nanoscale temperature
measurements are not always required to estimate the temperature increase in a plasmonic
system. In most experimental conditions, where the illumination spot size is much larger than
the average interparticle distance, the illumination of a large number of particles at the same
time gives rise to collective thermal effects, effectively suppressing nanoscale temperature
inhomogeneities, leading to a macroscopic temperature homogenization. Under these
conditions, if the reactive surface is accessible to be imaged with an infrared camera, infrared
thermal measurements are certainly an excellent approach to monitor temperature variations.
However, as black body radiation depends not only on the temperature but also on the

emissivity of the material, proper calibration of the reactive medium is critical for reliable
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measurements, as mentioned above. In any case, care has to be taken in particular with
plasmonic samples, as metals are IR reflective and have very low emissivity values, typically
on the order of ~0.1, making IR temperature measurements even less reliable. Additionally,
seeking a given emissivity not only assumes its spatial but also its spectral uniformity, which
is not always the case for such substrates. Also, it is important to emphasize that using an
infrared camera is unsuitable for experiments where the photocatalyst is immersed in a liquid.
In this case, the IR camera would probe the temperature of the surface of the liquid rather than
the one at the reactive sites. More generally, the medium between the reactive area and the IR
camera should not absorb IR light. Alternatively, thermal measurements on macroscopic
systems can be performed using thermocouples, which are ideally suited to measure the
temperature in macroscopic bulk samples. An excellent approach has been reported by Liu &
Everitt.1%197 In general, [i] one must ensure that light does not directly impinge on the
thermocouple to avoid heating it directly. [ii] Physically contacting the substrate to a
thermocouple can affect the local heat dissipation, which can in turn prevent reliable
temperature measurements. [iii] The thermocouple has to be placed as close as possible to the
reactive medium and in good thermal contact with it; otherwise, the temperature increase may
be largely underestimated. The problem here is that light-driven plasmonic heating generates a
non-uniform temperature increase within the device, localized on the photocatalyst area. The
temperature increase under illumination is thus underestimated by the remote thermocouple

position.

Despite the plethora of papers that adopts the aforementioned procedures in the plasmon
mechanism discrimination,%19%1% some advanced methods have been reported as well.
Everitt and Liu developed a novel indirect illumination technique, where they coated the
photocatalyst with an inert photothermal Ti2Os layer, that absorbs all the incident light and act
as the heater, providing the same temperature profile as would occur without its presence.
Moreover, Zhan et al. employed electrochemical methods and found that the plasmonic
photocurrent for the case of an Au array can be separated in two components. Utilizing the
procedures mentioned above, they managed to attribute each photocurrent component to photo-
electron and photo-thermal contribution, inserting the photo-electrochemistry in this field as
well.?%® Furthermore, when the characteristics of a plasmonic nanoensemble are known
(particle size, interparticle distance, absorption cross-section, light intensity, thermal
conductivity), the theoretical estimation of the temperature increase can be reliably achieved

using the egs 1.33-1.34. Although this approach is risky, if it is done properly, i.e. considering
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the collective thermal effects, the calculated temperature variation provides a useful estimation
for every plasmon-enhanced photocatalytic reaction. Lastly, plasmonic photocatalysts are
known to provide reaction selectivity, i.e. alter the chemical reaction pathway to one
inaccessible via the conventional temperature increase. Specifically, in the case of multi-
electron-transfer reactions (eg. artificial photosynthesis)*®”2°1:202  jllumination of plasmonic
nanomaterials influences the product selectivity, which implies that new electron transfer
channels are unlocked, either indirectly (hot electrons) or directly (CID). These reaction
pathways are not thermodynamically favored, thus cannot be accessed by heating the reactor.
Hence, reaction selectivity can be another useful tool to distinguish plasmon-driven
mechanisms in complex reactions. Nevertheless, both hot-charge-transfer and thermal effects
are beneficial plasmonic mechanisms and synergistic events are more than welcome. In
contrast to conventional heating, plasmonic heating provides localized heat in photocatalyst’s
active sites and the use of the abundant source of sunlight energy, while the hot carriers offer
improved control over the preferential activation of reaction pathways, thus yielding outcomes

inaccessible with thermal catalysis.

Following numerous proof-of-concept reaction demonstrations, the field of plasmonic
photocatalysis is increasingly focusing on developing a fundamental understanding of the
underlying mechanisms so that experimental results can be correctly interpreted and catalysts
can be tailored for a wide range of chemical reactions. Despite the efforts to disentangle all
conceivable plasmonic mechanisms, there is mounting evidence that a synergistic effect
accelerates photocatalytic reaction rates even more. In recent works, Everitt and Liu recently
reported that the dominant hot-carrier contribution in reactions such as CO2 hydrogenation and
methanation can be assisted by elevated temperatures under specific conditions by recording
precisely the temperature variations and gradients in their reactor.1%197:201.203 ynderstanding
and exploiting the synergistic temperature dependence of nonthermal plasmonic effects is of
special interest since this constitutes a novel and exciting contribution to the well-established
area of heterogeneous catalysis.?°%204-207 Of course, the important photothermal contributions
to a reaction should not be disregarded, since the benefits of illuminating plasmonic
photocatalysts allow the localized heating and create favorable thermal gradients that cannot
be readily achieved in traditional catalysts. However, the promise of plasmonic photocatalysis
ultimately rests in its capability to regulate product selectivity beyond of what is possible, under

the conventional thermal catalysis.
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Figure 1.22. Comparison of thermal vs nonthermal effects in the solar-visible spectral range
(1.7-4.1 eV) produced in nanospheres of each metal with radius R ranging from 5 to 80 nm.
The size of each data point is proportional to the logarithm of that metal’s natural abundance.

(Taken from this work?®).

Silver is probably the most important material in nanoplasmonics. In particular,
exhaustive reviews of plasmonic materials survey and performance benchmark conclude to the
notable superiority of silver in near-field enhancement, far-field scattering and photothermal
effects, when the particle size is increased, for the latter case (see Figure 1.22).208-210 These
LSPR-driven mechanisms are attributed to greater absorption and scattering cross-sections Ag
displays compared to the other conventional choices. In particular, Al is a famous plasmonic
candidate with high efficiency but limited in UV region, while Au and Cu suffer from high
losses under visible light due to the presence of interband transitions (d to sp band), that take
place at 2.6-2.7 eV, dampening LSRP.?° Moreover, Ag possess the highest thermal and
electrical conductivity among them and is almost 50 times cheaper than Au. However, the
oxidation of Ag in aqueous environment causes Ag* leaching that hinders its integration in
bioapplications.?!* Sotiriou et al. demonstrated that the main reason of nanosilver toxicity
comes from the oxidized layer Ag.O surrounding the stable Ag core, thus the proper washing
and the subsequent surface passivation removes the oxidized layer and decreases drastically

the toxicity.?'? Of course the search of meta-materials in plasmonics is still active, with metal

50



nitrides (TiN, ZrF) being the most promising candidates due to tunable plasmon resonance and
low losses in visible and near-infrared region.*>213-21> Again, the main bottleneck is the lower
performance compared to Ag and Au in all plasmon-derived phenomena, hence the
implementation of these materials in functional devices is very beneficial with high

technological impact but performance-wise, further optimization is required.'*

1.5 Synthesis of Plasmonic/Semiconducting Nanostructures by Flame
Spray Pyrolysis

1.5.1 Traditional synthesis of Ag nanostructures

Nowadays, a wealth of methods is available for the synthesis of Ag nanostructures of
controlled size and morphology. One successful route is the chemical reduction of dissolved
Ag" ions to Ag atoms using the proper reducing agents. Numerous reactions such as citrate
reduction, silver mirror reaction, the usage of growth seeds and/or light provide a useful toolbox
for controlling size distribution and shape.?!® Moreover, Ag characteristics can be controlled
utilizing a suitable substrate, however this technique comes with limitations such as anisotropic
growth and the presence of impurities. Another one famous synthetic approach is the
nanosphere lithography, a technique aligned to SERS. Widely used by Van Duyne group,
nanosphere lithography allows a well-ordered 2D nanoparticle array of tunable interparticle
distance and particle size, two crucial parameters for SERS phenomena.?!"?'® Another one
colloidal approach, known mainly for deposition of metals on photocatalytic semiconductors,
is the photo-deposition.?!® Photo-excited electrons generated on the common semiconductor’s
CB, have energy levels above the reduction potential of Ag™ ions (0.7996 vs. NHE) and drive
the reduction to Ag nanoparticles. Despite the user-friendly procedure, photo-deposition is
unable to control particle size, which is increased during continuous illumination, and the co-

existence of Ag and Ag.0 species.?0#
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1.5.2 Flame Spray Pyrolysis

2000s — Lab FSP reactor

2008 - In situ coating reactor
In situ film fabrication

FSP Reactors

Figure 1.23. A brief timeline of flame aerosol processes in particle synthesis: From Ancient

China, to industrial- and lab-scale reactors and flame spray pyrolysis technology (FSP).

To fully harness the promises of plasmonic catalysis, one can understand that the design
and the fabrication of sophisticated robust nanostructures are required. Flame aerosol synthesis
is a potential and versatile approach for engineering nanocatalysts of well-defined properties.
Actually, this synthesis pathway can be traced way back in history timeline, shown in Figure
1.23, where the first flame-made carbon soot was produced in Ancient China.?? In the early
days, flame aerosol technology was utilized only on industrial level to manufacture tons of
basic commodities such as carbon black, titania pigments and fumed silica and alumina, until
the mid-20™" century where its true potential as a novel method for nanoparticles synthesis was
realized.??22%4 Because of the transition from industry level to synthesis of more complex and

sophisticated nanostructures, nowadays flame aerosol synthesis can be classified into two
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categories: [i] vapor-fed aerosol flame synthesis (VAFS) is the gas-phase method employed by
industry “giants” such as Evonik, Cabot and DuPont for the production of tons per year.??*
According to particle formation pathways in flames, the chosen precursors in VAFS (eg. TiCly,
SiCls) do not meet the required volatility and combustion enthalpy for the synthesis of
homogeneous multicomponent nanostructures, hindering the number of available materials.?%®
The improvement of VAFS resulted to the birth of the versatile and scalable flame spray
pyrolysis (FSP), where the metal precursors of choice are mixed with the proper solvents,
forming a liquid solution. On the early stage, the precursor solution (based on salts) did not
provide a self-sustaining flame, a bottleneck that required an additional enthalpic source (H2
supply),??® although the usage of organometallic precursors and combustible solvents at later
stages, provided a precursor fuel of tunable combustion enthalpy and a self-sustaining

process.??’

1.5.2.1 Fundamentals of Flame Spray Pyrolysis Process

Filtration

Aggregation &
Agglomeration

Coagulation & Sintering

Nucleation & Surface Growth

‘l ”‘” l Droplet Spray & Evaporation
0,/CH, Sheath
Dispersion||Precursor  Gas
Gas O, Fuel

Figure 1.24. Modern FSP Configuration using a pressure-assisted gas nozzle & the associated
particle formation process occurring in the jet flame. Insets: Photos of a jet flame,
nanoaggregates and a filter with the collected product powder.
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FSP synthesis enjoys more than two decades of successful cases of tailored
nanostructures designed for catalysis, energy, environmental remediation, health and sensors
since the development of the pilot gas-assisted nozzle by Pratsinis and Madler.?2222° However,
the thorough theoretical landscape of particle formation in flames, despite the fundamental
understanding®®23, is still lacking due to the complex flame environment and the multi-
parameter-dependent process requiring sophisticated in situ measurements.?*? In any case, a
simplified mechanism of nanoparticle formation via FSP is depicted in Figure 1.24. The
precursor fuel is atomized into droplets with a size distribution of a few of micrometers, assisted
by a dispersion agent (usually Oz gas). The history of the formed particles boils down to the
future of these sprayed droplets. So far, two reaction pathways have been proposed: [i] the
droplet-to-particle and [ii] the gas-to-particle formation route. In the latter case, the droplets
undergo a complete evaporation, and the subsequent precursor decomposition triggers the
nucleation of the exposed metallic vapor forming the first nuclei inside the hottest flame field.
The ratio of the solvent’s boiling point to the precursor decomposition point is an important

parameter that defines the formation route.?%
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Figure 1.25. The formation pathways of nanoparticles during flame aerosol processes,

consisted of gas-to-particle and droplet-to-particle formation.

When Thp/Tmp > 1, the organic compounds are fully combusted exposing the metallic
centers while the combustion of solvent provides the desired high temperature for
homogeneous nucleation. When Thp/Tmp <1, the solvent is combusted before the complete
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droplet burning, resulting to particles with inhomogeneous characteristics and the undesired
droplet-to-particle formation route. In any case, if the combustion enthalpy provided by the
precursor fuel is high enough (> 4.7 kJ/ggas) as reported by Jossen et al., the gas-to-particle
formation can still be achieved.?2 In general, the precursor chemistry should meet the criteria
of high volatility, low viscosity and high combustion enthalpy in order to avoid disruptive

droplet combustion and microexplosions resulting to heterogeneous nucleation.?3+-2%

Figure 1.25 depicts a schematic illustration of the mechanisms involved in the
nanoparticle synthesis in a FSP reactor. Upon gas-to-particle route and the subsequent
nucleation, the high temperatures in the flame center (>1300 °C) induce the ensuing surface
growth (monomer condensation) and particle coalescence (also termed as sintering) and force
the primary particles to fuse into a larger one. Coalescence events are extremely sensitive to
temperature, so when the particles are inserted in colder thermal gradients in the flame field,
things change. Coalescence takes longer time to occur, thus coagulation events (i.e. Brownian
collisions) are dominating. These collisions force the particles to bind each other into
aggregates (strong chemical bonds) and, when outside flame field, into agglomerates (weak

physical bonds) until their collection/deposition.

Considering all the above, one can realize that engineering the properties of flame-made
nanomaterials, although the experimental procedure seems rather simple and user-friendly, can
be precarious if its multiparameter character is not considered thoroughly, as summarized in
Figure 1.26. Notably, every researcher should implement every tunable parameter in the
concept of high-temperature-residence-time zone (HTRT), that defines all the significant
particle properties such as primary particle size distribution, aggregation degree, crystallinity,
homogeneous morphology, phase composition, dispersion on a substrate and in general the
reproducible synthesis of dense and robust nanomaterials.?*” For instance, increasing precursor
molarity and/or precursor fuel feed rate drastically affects HTRT and particle size and the
specific surface area due to increased combustion enthalpy and increased nuclei population in
the flame field.??®2%8 On the other hand, the dispersion oxidant rate defines the spraying angle
and the particle in-flight velocity. Increasing dispersion oxidant gas triggers flame constriction
and combustion acceleration, thus HTRT is reduced since the particles stay less in the more
confined high temperature zones inside the flame, hence the particle size is decreased. 2324
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Figure 1.26. A schematic depicting the multi-parameter character of flame spray pyrolysis

process.

1.5.2.2 Flame Spray Pyrolysis as a Versatile Nanoparticle Synthesis Technology

The implementation of nanotechnology into every day routine requires versatile particle
fabrication technologies and robust and functional multicomponent nanomaterials such as
flame aerosol synthesis and flame-made particles respectively. In light of this, FSP provides a
single-step procedure that expands the spectrum of possibilities over the periodical table and a
desired lab-to-industry link. During the last decade, many studies offer an exhaustive coverage
of the theoretical®*>2*° and experimental?*¢-2>2 progress in understanding flame aerosol particle
formation, thus a detailed literature review is out of scope in this thesis. However, due to the
numerous research fields in which flame-made nanomaterials shine, with notable examples
being gas sensing®™3, biomedicine®*, energy storage®®, thermal catalysis®®®,

electrocatalysis?®”28, fuel cells?®°, environment?®%26! and photocatalysis?®2-2%, the versatility
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and scalability provided by FSP, enables the integration of functional nanomaterials in these

applications and deserves a brief summary.?®’

Material-wise, FSP is a well-established synthesis approach regarding the fabrication of
oxides, metal/oxides and mixed heterostructures where all elements participate and react in the
same flame.?%82% |n this case, the metal/oxides can vary from metallic particles deposited on
oxide substrates to heteroatom doping, as reported in numerous works such as Pt/TiO2?™,
Ag/ZnO?, PtPd/AI03%"?, Si:WO3%", Sh: and Pd: Sn02%"* and La:Al,03.2°2" Furthermore,
when the flame is enclosed, the air entrainment and controlled atmosphere allows the synthesis
of pure metallic nanoparticles?”’~%"® and even the introduction of a protecting carbon layer
encapsulating the particle core?®®28 when an additional carbon source is inserted in the
oxygen-lean flame (C2H).?®* In this context, FSP can be a useful toolbox regarding defect
engineering, especially for catalytic and energy applications.?®-2% In particular, when the
reducing conditions in the enclosed flame are amplified in a properly modified reactor, more
oxygen vacancies are generated that act as active sites that can be selectively tailored in the
oxide lattice, facilitating charge-transfer events.?®3

Moreover, FSP-made perovskites have been an elusive project for year as well, since the
rapid reactions and the short time scales in flames do not meet the criteria of the “slower”
stoichiometric ion diffusion in intra-particle level in high temperatures required for the
synthesis of perovskites of high purity.?*® However, perovskite synthesis can be achieved in
enclosed reactors, where the flames are longer and more homogeneous thermal gradients of
high temperature are present. Some recent works reported the successful engineering of FSP
perovskites such as BiVOs®°, La(Mn-Fe-C0)0?%%! LisTis0122°%2%, LayTi,07%%, ITO>®,
BiFe032%42% and NaTaOs where the precursor chemistry is of paramount importance for the

proper heteroatom mixing.

In terms of multicomponent mixing and deposit/support materials, the solid-phase
miscibility induces randomness in the single flame configuration that limits the formation of
complex heterostructures with controlled phase composition. To overcome this bottleneck, a
twin-flame configuration is employed, as illustrated in Figure 1.26.2°" The separate flames
allow for the design of mixed heterostructures with tunable mixing and dispersion and the
independent tailoring of each synthesis parameters such as particle size.?® Furthermore, the
controlled intersection distance defines the mixing point and enables the component’s coupling

in atomic, primary particle and aggregate scale giving birth to uniquely designed
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nanomaterials.?6%276.2%300 On the same note, the delayed introduction of a secondary metal in
the FSP reactor can be achieved by inserting it as vapor outside flame field meeting the formed
particles in flight.3° This configuration enables the formation of core@shell structures in a
single-step process, where the secondary metal forms a layer of controlled thickness
encapsulating the flame-made core particles and act as particle protector and aggregation

tuner 302,303

Furthermore, the versatile FSP synthesis allows for the in situ particle deposition on a
substrate.3%43% The flame aerosol deposition is established by placing the chosen substrate in
a water-cooled holder in a tunable height above the flame. On the same note with HTRT for
the particle formation in flames, the two significant parameters in the flame aerosol deposition
are the height above flame (HAF) where the substrate is located and the deposition time. These
parameters control sintering times, and thus the film’s thickness, porosity and robustness, as

reported in numerous works,3%6-308

Lastly, some recent remarkable works push FSP limits and impact even beyond the
current state-of-the-art. In terms of synthesis, Riad et al. reported the flame synthesis of
quantum dots of TiOz, ZnO, CuO, SnO, embedded in a silica matrix>*®, while Balakrishnan et
al. demonstrated the gas phase engineering of metal sulfides in flame for the first time,
expanding FSP potential to the controlled formation of non-oxides.?!® From theoretical
perspective, Li et al. developed a single droplet combustion process and studied the formation
of SnO; particles.®! Compared to conventional FSP process, this study fills the gap between
precursor decomposition and droplet microexplosions and unravel some long standing
unexplained phenomena in particle nucleation in flames.'? In terms of applications, Sotiriou
group employed sunlight active flame-made nanomaterials both against SARS-Cov-23!2 and
skin diseases®'4, while Louloudi and co-workers reported an unorthodox phenomenon in
oxidation catalysis using plasmonic flame-made nanoaggregates.’®® On the same note,
Deligiannakis group reported the single-step synthesis of NaTaOz photocatalytic perovskites
using a low-enthalpy FSP process. Besides the challenging synthesis of perovskites in flames,
the FSP-made NaTaOz3 particles have the smallest size reported so far in literature (12 nm).
Furthermore, the same group demonstrated enhanced activity of flame-made cobalt oxide
nanoaggregates in oxygen reduction reaction (ORR), by engineering the defects in catalyst’s
surface (Co?*/Co®") and controlling the flame’s reducing character (®>1).31% All these notable
studies strengthen the “roots” of flame aerosol synthesis in industrial market and the

development of robust functional nanodevices expanding the FSP landscape even further.
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1.5.2.3 Flame-made Plasmonic Nanoaggregates

Regarding the flame synthesis of plasmonic nanomaterials, following the pioneering gas

phase production of Ag particles®!®

and the Ag deposition on substrates by flame spray
pyrolysis?’1317 Sotiriou and co-workers laid the foundations for the tuning of plasmonic
properties of nanosilver via controlled morphology employing the scalable flame spray
pyrolysis. In particular, using a modified FSP reactor (more details in Chapter 2), where the in
situ encapsulation of Ag particles by a thin amorphous SiO> layer, provided the risk mitigation
of undesirable Ag* leaching.®*®3% The protective role of SiO2 coating enables the safe
implementation of nanosilver in vivo bio-applications hindering its toxicity.32322 In this
context, Merkl et al. developed Ag/SiO> composites nanofilms via flame aerosol direct
deposition and demonstrated the NIR photothermal®?® and antibacterial properties®3, while Li
et al. utilized similar plasmonic nanocomposites and reported pesticide SERS detection on
fruits surface by engineering the hot spot intensity.** Moreover, Tricoli et al. used flame-made
Au/Bi203 nanoaggregates to amplify CO2 reduction (CO2RR) and optical sensing and
attributed the enhanced performance to the FSP-induced fractal geometry and plasmonic hot

spots.3%

1.6 Motivation and Scope of the Thesis

As thoroughly explained in the sections above, plasmonic catalysis offers a promising
landscape to explore, considering the constantly expanding needs for energy and climate
neutrality. The complex degrees of freedom in such systems due to the presence of numerous
plasmon-driven events requires their proper discrimination. Regarding the charge-transfer
events, all the possible electronic pathways should be considered as well, especially in the case
of a metal/semiconductor/adsorbate, in which the formation of new electron channels due to
overlapped energy states enables the electron migration of variable energy.

On this note, the implementation of these well-established plasmon-induced mechanisms
(hot carriers, CID, hot spots, thermal effects) to plasmonic catalysis (reaction rate, selectivity)
requires the fabrication of sophisticated nanomaterials and the diligent control of their
characteristics (particle size, phase composition, aggregation degree, surface chemistry,
metal/semiconductor interface). In this context, FSP provides a versatile, single-step process
that expands the spectrum of possibilities over the periodic table and links the lab-scale
synthesis plasmonic heterostructures to industrial market.

The present study focuses on the synthesis of plasmonic nanostructures using flame spray

pyrolysis (FSP) of controlled characteristics and properties, the study of plasmon-driven
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phenomena under solar light and their integration in catalytic reactions. Specifically, the aims

of this thesis can be summarized as follow:

[1]. The one-step synthesis and characterization of plasmonic/semiconducting nanoparticles
using FSP, with the notable cases of core@shell (Ag@SiOz), black Ag/TiOx and
Ag/NaTaOs nanostructures.

[2]. Understanding the effect of interparticle distance, i.e. SiO2 shell thickness in the
photothermal performance of flame-made Ag@SiO2 nanoaggregates by tuning the
plasmonic coupling of neighboring Ag cores.

[3]. Develop a method for the quantitative detection of the ultrafast hot electrons using electron
paramagnetic resonance (EPR) spectroscopy and the effect of aggregation degree (i.e.
plasmonic coupling) of flame-made Ag@SiO- on the hot-electron generation.

[4]. The mechanistic insight on the plasmon-enhanced environmental remediation of
hexavalent chromium (Cr®*) under sunlight employing flame-made Ag@SiO;
nanoaggregates.

[5]. The synergistic effect of the distorted flame-made Ag/TiO: interface and the photo-excited
trapped electrons in terms of electron storage and “dark”™ photocatalysis.

[6]. Understanding the photo-stimulated electron/hole pair dynamics in flame-made NaTaO3

and Ag/NaTaOz nanostructures.

1.7 Thesis Outline

Chapter 1 includes an introduction in the fundamentals of local surface plasmon
resonance (LSPR), i.e. the source of all optical/electronic/thermal events in plasmonic
nanomaterials and a thorough summary of all involved charge-transfer-phenomena in the
interface when a semiconductor and/or an adsorbate is attached on the plasmonic particle.
Moreover, the potential of plasmon-assisted chemistry is reviewed, including the current
challenges and debates, and the fundamental set of experimental rules identifying the dominant
mechanism, is fully described. Lastly, the state-of-the-art in flame aerosol synthesis is
summarized, especially the flexibility and potential that flame spray pyrolysis provides in the

engineering of hybrid plasmonic/semiconducting heterostructures.

Chapter 2 describes the characterization methods and techniques. In particular, emphasis
was given in flame spray pyrolysis (FSP), the single-step process employed in this thesis for
the fabrication of the plasmonic-semiconducting nanostructures (Ag@SiO2, Black
Ag/TiOx/TiO2, Ag/NaTaOs). Moreover, the fundamental theoretical framework of electron

paramagnetic resonance (EPR) spectroscopy is provided, plus the description of the
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quantitative EPR (spin standards, calibration curves, EasySpin simulations) and the ROS
detection (spin trapping). Lastly, the rest of characterization methods are briefly described:
Transmission Electron Microscopy (TEM), X-ray Diffraction (XRD), N2 Porosimetry, UV/Vis
spectroscopy, Raman spectroscopy and X-ray Photoelectron spectroscopy (XPS).

Chapter 3 focuses on the plasmon-induced heat generation utilizing core-shell Ag@SiO:
nanoaggregates, i.e. silver nanoparticles coated with a nanometric, amorphous SiO: layer, has
been studied either as liquid suspensions or nanofilms. Non-monodispersed, fractal-like
Ag@SiO ensembles were synthesized by flame spray pyrolysis (FSP), varying particle size
distribution, and SiO.-shell thickness, ranging from 1 up to 5 nm. The particles were
characterized by TEM, XRD, XPS and UV/Vis spectroscopy, while the thermoplasmonic heat-
generation efficiency was monitored in-situ by measuring the temperature rise over the
nanoaggregate ensemble by a thermal imager, under UV-Vis irradiation or ambient solar light.
A systematic investigation of parameters regarding [i] the particle characteristics, [ii] the
surrounding medium and [iii] the irradiation characteristics was carried out. For the ultrathin
SiO; coating tailored herein (~1nm), under focused solar light, Ag@SiO2 nanofilms were able
to produce a significant temperature rise up to Tmax~400°C. The data are analyzed
quantitatively within the theoretical frame of Mie theory as extended by Baffou for multiple
plasmonic nano-heaters, where the fractal dimension of the flame-made Ag@SiO:
nanoaggregates and the occurring collective thermal effects are taken into account. In this
context, we interpret the observed phenomena in terms of the neighboring Ag-Ag coupling
within each fractal, and the dual role of SiO> as the dielectric shell-medium around the metallic
core, as well as the plasmonic separator. Accordingly, a consistent theoretical frame is
provided, that includes a quantitative hierarchy of the physicochemical parameters and
determines the photoinduced heat generation for realistic non-ideal/-monodisperse plasmonic

ensembles.

Chapter 4 provides an in-depth look in the understanding of the complex plasmon-
mediated electron-transfer mechanisms from plasmonic nanostructures to redox-active species.
Electron paramagnetic resonance (EPR) spectroscopy is well established as a state-of-the-art
tool to selectively detect the redox evolution of paramagnetic metals, however its use in
plasmon-driven-charge-transfer processes has not been explored so far. In this chapter, we
present a quantitative study on the mechanism of hot-electron transfer, from plasmonic
Ag@SiO, nanoaggregates, to drive sequential Cr®* reduction towards Cr®*/Cr3*. Employing
flame spray pyrolysis (FSP), core-shell Ag@SiO. nanoaggregates are engineered with varying
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SiO»-shell thickness, in the range 1-5 nm. Using EPR spectroscopy, the Spin-Hamiltonian
parameters for the S = 1/2 {oxalate-Cr°*} and S = 3/2 {oxalate-Cr®*} systems at the
Ag@SiO,/Cr interface are analyzed and used to quantitatively monitor the sequential electron
transfer steps during Cr* reduction. In the absence of the SiO> shell, the oxidative path via the
dark reduction of Cr®* due to oxidation of bare Ag is deducted accordingly. Importantly, we
show that the SiO- shell plays a key role in hot-electron transfer, as the 1 nm shell allows a
predominant hot-electron transfer via a light-induced decrease of activation barrier,
suppressing the oxidative path and excluding photothermal effects.

Chapter 5 provides an introduction in the study of plasmonic-semiconducting interface
and the associated charge-transfer phenomena. In particular, it demonstrates the synthesis of
flame-made NaTaOz and Ag/NaTaOz heterostructures and the study of the photo-induced
electron/hole pairs. NaTaOs perovskites are highly potent photocatalysts, however the direct
detection of photo-generated hole-electron {h*/e’} pairs in NaTaOs nanocrystals remains
elusive. In this chapter, we present an electron paramagnetic resonance (EPR) study of photo-
generated carriers in NaTaOz particles, of controlled composition, crystallinity and particle size
(14 & 26 nm), produced by flame spray pyrolysis (FSP) for the first time in the existing
literature. Based on the EPR-resolved g and A[*!Ta(1=7/2)] tensors, as well as the {h*/e}
formation/recombination dynamics, the lattice vs. surface nature of the trapped {h*/e’} centers
in the 14nm-NaTaOs particles are distinguished. Larger 26nm-NaTaOs particles yield
significantly lower photo-induced carriers due to rapid recombination phenomena. The
interplay of size effect and detection of photo-excited carriers by EPR (i.e. improved carrier
migration) is inherently related to high photocatalytic performance of 14nm-NaTaOz with a
yield of 1.6 mmol H2 g*h™. For the case of Ag/NaTaOs nanostructures, measurements by XRD,
Raman and UV/Vis spectroscopy do not reveal conclusively the interaction between Ag and

NaTaOgz particles.

Chapter 6, on a similar note to Chapter 5, focuses on the plasmonic/semiconducting
interface and, specifically, the case of flame-made black Ag/TiO. nanocomposites. The
Ag/TiO2 nanocomposites are produced using flame spray pyrolysis, tuning both Ag content
and TiO; particle size, with emphasis given to the interfacial contact (loose or tight). In the
latter case, crystalline TiOx suboxide phases (Magneli) are introduced as nano-islands upon
Ag-TiO- contact, distorting the interface, evidenced by TEM, XRD and XPS. Regarding the
electronic structure, the DRS, EPR, PL and electrochemical measurements reveal that photo-

excited electrons can be efficiently “trapped” near the surface, thus prolonging the
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electron/hole separation and their potential chemical activity. Therefore, the interfacial
Magneli phases introduce sub-gap energy states, improving drastically both electron storage
and visible-light activity. In terms of dark photocatalysis, the pre-irradiated black Ag/TiO>
nanocomposites reduce hexavalent Cr®* ions, providing electrons even after 2 hours under dark
conditions, verifying the role of interfacial Magneli nano-islands to trap surface electrons in

active sites under sunlight.
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Chapter 2

Experimental Methods

2.1 Flame Spray Pyrolysis (FSP) Apparatus

Capillary

Sheath Gas | o

Figure 2.27. (left) The FSP apparatus in Lab of Physical Chemistry and Environment,
consisting of a water-cooled, pressure-assisted burner, a collection system, a syringe pump and

the flow rate regulators. (right) A magnified image of the pressure-assisted nozzle.

The FSP apparatus used in the present study is installed in the Nanomaterials’ Lab
(Physics Department, University of loannina), presented in Figure 2.1. Specifically, an
enlarged image of the FSP burner configuration is also shown in Figure 2.1. The aerosol
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formation is accomplished using a gas-assisted atomizer. The precursor fuel is channeled into
the flame through a capillary tube (ID 0.5 mm, OD 0.6 mm), in the middle of the atomizer,
thus creating an annular gap, in which oxygen gas acts as the dispersion gas. Dispersion gas
promotes the precursor fuel’s atomization, thus the aerosol formation. The initial ignition is
accomplished by a pre-mixed O2/CHj4 gas flowing through the annuli surrounding the atomizer,
as depicted in Figure 2.1. Additional Oz supply through the holes, acts as the sheath gas,
controlling and stabilizing the combustion process and the particle flight. The gas pressure drop
across the nozzle tip at the burner was kept constant at 1.5 bar by modifying the nozzle-gap.
The particles are collected as product powder in a glass-fiber filter (Albet) with the aid of a

vacuum pump (Busch).
2.2 Synthesis of Flame-made Plasmonic Nanomaterials

FSP CONFIGURATIONS

In situ Encapsulation Conventional FSP Sequential FSP Twin-Nozzle FSP

Figure 2.28. The FSP Configurations employed in this thesis. The single-step formation of
core@shell nanostructures, the single- and double-nozzle set-up and the sequential deposition

of particles on already formed and collected nano-oxides.

In the present thesis, the plasmonic metal of choice, Ag, was integrated in various
configurations of heterostructures. Specially, employing FSP, these particle morphologies are
manufactured: (i) core@shell Ag@SiO2 nanoaggregates of adjustable SiO> shell thickness and
Ag particle size, (ii) black Ag/TiOx/TiO2. nanocomposites and (iii) Ag/NaTaOs

heterostructures.
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2.2.1Single-step Synthesis of Core@Shell Ag@SiO: Nanoaggregates

Synthesis of Ag core particles: The precursor solution was prepared by dissolving silver acetate
(Sigma-Aldrich, purity > 99%) in 2-ethylhexanoic acid (EHA) and acetonitrile (ACN) (both
Sigma-Aldrich, purity > 97%), at volume ratio 1:1, varying concentrations 0.4—0.5 M. Then,
the solution was fed through a capillary at precursor feed rate of 5—7 mL min™* into the flame
and atomized into fine droplets by 5 L min! dispersed O, gas (Linde, purity > 99%). Pressure
drop across the nozzle tip was maintained at 1.5 bar. A supporting O2/CH4 (5 L mint, 2.5 L
min1) pilot flame ignites the droplets, initiates combustion, and supports the spray flame. The
high temperature inside the flame field triggers the metal vapor to form nuclei through the gas-
to-particle formation.>? Particle coalescence, sintering and agglomeration result in the final
powder collected using a vacuum pump (Busch V40) on glass microfiber filters (Albet).
Nanoparticles were collected by scraping of the powder from the filter.

Synthesis of core@shell Ag@SiO2: The in situ SiO;
encapsulation of Ag NPs was engineered in an enclosed FSP
reactor, originally described by
Sotiriou et al.>*, as depicted in

Figure 2.3. In our study, the Figure 2.29. Ag@SiO2
core@shell nanoaggregates
varying shell thickness.

desired SiO; shell thickness was
adjusted in the range of 1 to 5

nm. Specifically, the flame was enclosed by a metallic tube (9

cle
atior

cm diameter, 20 cm height), to prolong the high temperature

e _BP residence time and thus control the particle size and
Figure 2.30. Enclosed FSP

Reactor consisted of a
metallic tube and a coating holes, 500 um diameter, was placed above the metallic tube,

ring placed above the tube.

crystallinity. A toroidal ring, equipped with 16 equidistant

and used to radially spray the SiO2 precursor vapor on the Ag
particles. 0.5-3 L min~! N2 was used as carrier gas (Linde, purity > 99%) bubbled through
hexamethyldisiloxane (HMDSO, Aldrich, purity 98%), fixed at 10 °C, as shown in Figure 2.3.
The N>-HMDSO stream was injected into the particle in-flight trajectory, along wih an
additional N> stream used to enforce the radial convection of the HMDSO vapor, according to
the methodology developed by Teleki et al.>® As a reference, co-agglomerated Ag/SiO;
materials were prepared in a single-nozzle FSP reactor by spraying a mixture of silver
acetate/HMDSO. The FSP parameters and characteristics of the Ag@SiO> materials are listed
in Table 2.1.
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Table 1. Characteristics of Ag°@SiO, NPs.

. Particle
] ] SiO2-Shell SSA dxrp .
Material*  wt% SiO2 ] diameter**
Thickness (nm)  (m?/g) (nm)
dtem (nm)
1-15 10 1+0.5 29+3 14+0.5 15+3.5
3-15 20 3+1.0 62+5 15+0.5 15+3.5
5-15 25 5+1.0 61+£5 15+0.5 14+4.0
1-25 8 1+0.5 25+3 25+1.0 25+3.5
3-25 20 3+1.0 51+5 24+1.0 25+3.0
5-25 27 5+1.0 56+5 24+1.0 2445.0

*The naming of each material is as follows: [SiO,-Thickness]-[Ag-Size], i.e. the first number indicates the SiO, thickness,
while the second number refers to the Ag® core particle diameter in nm.

**The size distribution and the shell thickness are estimated by TEM images using ImageJ.

2.2.2. Synthesis of Flame-made Visible-light Active Black Ag/TiO:
Ag/TIO@TiOx heterostructures have been prepared by flame spray pyrolysis using

either a single or a dual nozzle configuration shown in Figure 2.2. Precursor molarity, precursor
fuel feed rate to dispersion gas rate (P/D ratio) and the internozzle distance was adjusted
accordingly so that the desired properties of each element can be controlled independently. The
detailed parameters are demonstrated in Table 2.2. Specifically, titanium iso-propoxide (TTIP,
Sigma Aldrich) and silver acetate (sigma aldrich, >99%) were dissolved in ethylhexanoic
acid/acetonitrile (1:1) for the case of the single flame or dissolved in mixtures of
xylene/acetonitrile (2.2:1) and ethylhexanoic acid/acetonitrile (1:1) respectively for the case of
the dual flames. A O2/CH4 premixed gas (3.2/1.5 L min?, Linde >99.9%) provided the
supporting flame and the initial ignition. The powder product was collected, using a vacuum
pump (Busch V40), on a glass microfiber filter (Albet) placed 66 cm above the flame mixing
point. In sequential FSP, the Ag precursor was fed to the flame after the already formed TiO2
particles have been collected and the Ag particles deposition takes place in cooler temperature

gradients outside the hotter flame zone.
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Table 2.2. FSP parameters and particle characteristics of Ag/TiO, heterostructures.

TiO, Mass

'XAg/YTIO, Molarity (M) P/D ratio OyroAg (NM)  dygp TiO, (M) Fraction (%) SSA (m’/g)° Tig/Tig,*
18TiO, 06 5/5 . 18 0 100 0
SN-20Ag/18TiO, 0.6 7/5 6 5 18 83 0.33
SN-50Ag/18TiO, 0.6 7/5 5 5 20 62 0.42
SEQ-50Ag/18TiO, 0.6 7/5 28 18 0 85 0.11
SN-50Ag/11TiO, 0.16 7/5 4 18 20 127 0.4

! XAg/YTiO2: X denotes for Ag content and Y for TiO, particle size respectively. “derived by Scherrer equation for the Anatase peak. >calculated by BET analysis. *derived by XPS
measurements.

2.2.2  Synthesis of NaTaOs and Ag/NaTaOs

Synthesis of NaTaOs by Flame Spray Pyrolysis: The nanoparticles were produced in a single-
nozzle enclosed FSP reactor, as described previously.” The precursor solution contained
Tantalum(V) chloride (anhydrous 99.9%, STREM) and sodium 2-ethylhexanoate (98%, TCI)
of molar ratio 1:1, dissolved in ethanol. The FSP parameters comprised of a dispersion oxygen
flow rate of 5 L/min (Linde 99%) and a precursor flow rate of 5 mL/min. To control the particle
size, the low molarity of 60mM for 14 nm particles was used and a high concentration of
240mM for the 26nm particles. The flame was enclosed by a quartz tube of 20 cm height. The
produced particles were deposited on a glass microfibre filter with a binder (Albet Labscience),
assisted by a vacuum pump (BUSCH) and collected by scraping of the powder. The

nanomaterials were stored in glass vials under an inert Argon atmosphere, until use.

Synthesis of Ag/NaTaO3 by Flame Spray Pyrolysis: Ag/NaTaOs heterostructures have been
prepared by flame spray pyrolysis using a dual nozzle
configuration shown in Figure 2.2 and described in
previous work. Precursor molarity, fuel feed rate to
dispersion gas rate (P/D ratio) and the internozzle
distance was adjusted accordingly so that the desired
particle size of each element can be controlled
independently. For the NaTaOsz case, the setup

parameters are described above, while for Ag, silver

acetate (sigma aldrich, >99%) was dissolved in

Figure 2.31. Double-nozzle FSP
configuration for the synthesis of
Ag/NaTaO:s. demonstrated in Table 2.3. The powder product was

acid/acetonitrile (1:1). The detailed parameters are

collected 66 cm above the flame mixing point.
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Table 2.3. FSP parameters of Ag/NaTaO; heterostructures.

FSP Parameters

i Na+Ta Molarity ~ %wtAg  Flame #1P/D  Flame #2 P/D NaTaO dyap () ~* rg()é\c/B)ap -
13NTO 0.2 0 5/5 - 13 3.95
2Ag/13NTO 0.2 2 5/5 5/5 12 3.95
20Ag/13NTO 0.2 20 5/5 3/5 12 4.1
20NTO 0.6 0 7/5 - 18 4
2Ag/20NTO 0.6 2 7/5 5/5 20 4.05
20Ag/20NTO 0.6 20 7/5 3/5 20 3.96

2.3 Electron Paramagnetic Resonance (EPR) Spectroscopy

2.3.1 Fundamentals Principles

The electron possesses an intrinsic angular momentum, the spin. Electron is a spin S=1/2
particle and in the quantum mechanical description the electron spin can be in two states mg =
+1/2 and mg = — 1/2 . These two states, which are the projection of the electron spin, differ
only in the orientation of the angular momentum in space and not in the magnitude. Postulate
of quantum mechanics states that definite components of the spin can be determined only in a
specific axis. This means that the two spin states can be in only one axis usually around z-axis.
At the absence of interactions between the electron spin with its environment, any choice for
the direction in space of the z-axis is allowed. The electrons spin randomly, and the two states
have the same energy; they are degenerate.

The electron spin angular momentum is associated with the magnetic moment by the

formula;

Me = gusS (2.1)

where up is Bohr’s magneton and g is the Lande factor or simply the g-factor. The energy of
a magnetic moment when a constant magnetic field is applied is given by the scalar product
between the magnetic moment u, and the magnetic field B. Spin comes along the z-axis as
discussed earlier and therefore the scalar product reduces to a single term if the magnetic field
is applied into z-direction. This reads as:

E=—u. B =gluglS-B = glug|B,S; (2.2)
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Since spin (S,) has two states mg = + 1/2 and mg = — 1/2 by substituting in eq. 2.2 we take

the following expression:

1
£, =+ (3) luslBo 23)
A

1\ . T E, =+(1/2)gluslBo

\,\ (

X . '

z - ]

|

E i AE = glug|By

'

KN :

\]/.".' i
< E_=—(1/2)glusl|Bo

B=0 B=0

Figure 2.32. The Zeeman effect. At zero field (B=0) the spin states have the same energy.
Application of static magnetic field (B#0) leads to separation of the two states one with high
energy when the magnetic moment is aligned with the magnetic field and one with low energy

when the magnetic moment is aligned against the magnetic field.
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The splitting of the electron spin energy levels into two levels in the presence of magnetic field

is called the Zeeman effect®. The energy difference between the two states is®:
AE = hv = glug|BoAms = glug|B, (2.4)

It is apparent from eq. 2.4 that without a magnetic field there is no energy difference to measure.

Another thing to mention is that the energy difference depends linearly on the magnetic field.

There are two different ways to obtain an EPR spectrum. We could either keep the
frequency of the electromagnetic radiation constant and scan the magnetic field or we can keep
the value of the magnetic field fixed and scan the frequency. Most EPR spectrometers operate
at a constant frequency in the range of microwaves and scan the magnetic field. Absorption of
energy occurs when the magnetic field “tunes” the spin states so that the energy difference
matches the energy of the applied radiation. The spectrum is plotted as the first derivative of

the absorption versus the magnetic field.

The parameter used as a fingerprint for each molecule would be the g-factor since it’s the
only factor that can remain constant at different frequencies and magnetic fields. It helps

distinguish and identify types of samples. A useful expression is the following:

9= ugBo " By(Gauss) (25)

Zero field splitting (ZFS) describes various interactions of the energy levels of a molecule
or ion resulting from the presence of more than one unpaired electron. In quantum mechanics,
an energy level is called degenerate if it corresponds to two or more different measurable states
of a quantum system. In the presence of a magnetic field, the Zeeman effect is well known to
split degenerate states. In quantum mechanics terminology, the degeneracy is said to be lifted
by the presence of the magnetic field. In the presence of more than one unpaired electron, the
electrons mutually interact to give rise to two or more energy states. Zero field splitting refers
to this lifting of degeneracy even in the absence of a magnetic field. ZFS is responsible for
many effects related to the magnetic properties of materials, as manifested in their electron spin

resonance spectra and magnetism.

The classic case for ZFS is the spin triplet, i.e., the S = 1 spin system. In the presence of
a magnetic field, the levels with different values of magnetic spin quantum number (Ms = 0,
+1) are separated and the Zeeman splitting dictates their separation. In the absence of magnetic

field, the 3 levels of the triplet are isoenergetic to the first order. However, when the effects of
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inter-electron repulsions are considered, the energy of the three sublevels of the triplet can be
seen as being separated. This effect is thus an example of ZFS. The degree of separation

depends on the symmetry of the system. The corresponding Hamiltonian can be written as
— 1
H =D (Sf - 35+ 1)) + E (S7-587), (2.6)

where S is the total spin quantum number, S, , , and are the spin matrices. The value of the ZFS
parameter is usually defined via D and E second-order parameters. D describes the axial
component of the magnetic dipole—dipole interaction, and E the transversal component. In the
next subsection, utilizing EasySpin, a MATLAB toolbox, our goal is to simulate EPR spectra

controlling these E and D parameters in order to obtain the spins of a quantifiable EPR signal.

2.3.2 Quantitative EPR

It is possible to determine the number of spins in a sample without the concurrent
measurement of a reference sample. In this case, the double integrated intensity of the
experimental spectrum and a software calculation are used to measure the number of spins.
The area under the absorption spectrum of an EPR signal is, just as in optical spectroscopy, a
direct measure for the concentration of unpaired electrons. Unlike electronic absorption
spectroscopy, however, there is no extinction coefficient in EPR spectrometry. To correlate
the intensity of the EPR signal with a concentration, a standard is needed. Different standards
can be used. For an example, if an EPR signal presents a radical at g = 2 and B, = 3390 G, we
need a 1/2-spin system standard (e.g. copper nitrate) in order to quantify this signal. By
comparing the spin concentration of the copper standard with the spin concentration of the
signal of interest the concentration of that signal can be determined. To be able to make a
comparison between the EPR signal of interest and a standard it is important that the spectra
to be compared are obtained under the same conditions.

The recorded EPR spectra are first derivatives of the normal absorption spectra. Since
an EPR spectrum is a first derivative, we have to integrate twice to obtain the intensity, i.e.
the area under the absorption spectrum. The equation describing the double integral of an

experimental EPR spectrum and how it relates to the number of spins in the sample is given

by?®
VP B, QnpS(S +1)ns
f (Bl’Bm)
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where ¢ is a constant input to the software from a sample with known number of spins, G the
receiver gain, C, the conversion time, n is the number of scans, P the microwave power in W,
B,, the modulation amplitude in Gauss, Q is the quality factor of resonator, n the Boltzmann
factor for temperature dependence, S with ng are the total electron spin and the number of
spins, respectively, and f (B, B,,) is the spatial distribution of the microwave field and the
modulation field experienced by the sample. Once these values are input to the software’s spin
quantitation parameter file, the double integration of the experimental EPR spectrum is all that
is needed to directly calculate the number of spins in a sample. Equation 3.22 shows the
various parameters that will affect the double integrated amplitude of an experimental EPR
spectrum. The most essential aspect of eq. 2.7 is that double integrated area of an EPR
spectrum is proportional to its spin system as, DI « S (S + 1), which as the ratio of two
different spin systems will later be applied to this thesis as a corrective spin coefficient.

Some spectra are inherently difficult to integrate, because they do not meet the ideal
case of isolated peaks with well-defined flat baselines on either side of the EPR spectrum. If
the signal-to-noise is very low, if there is an overlapping spectrum from other species, or the
background is large and unavoidable, it may be the best to integrate a computer simulated
spectrum by fitting the experimental data. It is important to use a blank tube, since the quartz
walls of the EPR tubes concentrate the field lines in the sample and a slightly different
spectrum will be obtained when just the cavity without a sample inside is measured. Therefore,
the final EPR spectrum is the subtraction of the obtained EPR spectrum from its blank tube
spectrum.

In Figure 2.7, an example of Cr(V) EPR simulated spectrum with its double integrated
area are presented. The simulation was carried out by EasySpin, a MATLAB toolbox, which
will be described thoroughly in the next subsection. The double integration of the simulated
EPR spectrum was done with the help of OriginPro software. Once the area is obtained by the
double integration of the spectrum, the area value can be substituted to a calibration equation
which governs the given spin system, in order to calculate the unknown concentration of
Cr(V). For this case, EPR Cr(V) species is described by a spin system of 1/2, therefore a

calibration of 1/2 spin standard is required, like copper nitrate, Cu(NOs),. The above

methodology concerning the Cr species will be discussed in detail in the chapter 5.
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Figure 2.33. Cr(V) EPR spectrum simulated by EasySpin and the double integrated area.

2.3.3 Method Development of Detection of Hot Electrons in Plasmon-enhanced Cr®

Reduction

Before testing the behavior of NPs and the efficiency of hot carriers with EPR
spectroscopy, a prerequisite calibration of known spin standards compounds for various
concentrations should be done. Cu(ll) nitrate hexahydrate of spin system S=1/2 and Fe-EDTA
of S=5/2 are chosen, and the EPR spectra for certain concentrations are obtained in Figure 2.8a-
b. The EPR signals are double integrated and for each spin system, the corresponding double

integrated area vs. concentration graph is plotted (Fig. 2.8c-d), resulting to a linear fitted

calibration curve as
C=0.503DI — 4.499, for spin system standard of S = 1/2, (2.8)

C=0.892DI + 4.886, for spin system standard of S = 5/2, (2.9)

where C is the concentration in umol L™ and DI is the double integrated area in arbitrary units.
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Figure 2.34. Calibration curves of (c) Cu(ll) nitrate hexahydrate (S = 1/2) and (d) Ferric EDTA
(S =5/2) as spin standards and the corresponding (a), (b) EPR signals.

The quantitative assessment of the electron transfer to Cr", is based on the strict control

of the mass-balance of all Cr species, i.e. Cr®*, Cr>* and Cr®*, as described in the mass-balance

relation

[Crlrorac=LCF T+ [CP T+ [Cr]

The knowledge of Cr®*, Cr®* at a given time of irradiation, provides stoichiometric

accountability of 1-electron and 3-electron transfer events occurred. Accordingly, we have used

two independent spectroscopic methods to quantify Cr®*, Cr®* and Cr3*:

[i] Cr®* was quantified by UV-Vis spectroscopy using a well-known standard method

based on the complexation of the Cr®* jons by 1,5-diphenylcarbazide (DPC).*°
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[ii] Cr®* and Cr3* were identified and quantified using EPR spectroscopy as follows; in
aqueous solutions Cr®* is a low-spin S = 1/2 system'!, detected via a characteristic sharp
derivative-like EPR signal, at g value ~1.9, see example in Figure 2, and theoretical spectrum
(blue line). Cr** is a high-spin S = 3/2 system, detected via a characteristic axial signal, at g
values ~4, see example in Figure 2e, and theoretical spectrum (red line). In our case, EPR
spectra of Cr®* and Cr3" were analyzed by numerical simulation. Specifically, for Cr(V) (S =

1/2) spin system, a spin-Hamiltonian
H = B B-$S. (2.10)
For the Cr(l11) S = 3/2 spin system, a spin-Hamiltonian was used
H = BgS + SD-S. (2.11)

In both Hamiltonians, & is the electron g-tensor. D is the zero-field splitting tensor
describing the spin-spin interaction between the three unpaired electrons of Cr3*. Regarding
quantification, the double integral of the EPR spectrum is analogous to the number of spins in
the sample. The EPR signals were deconvoluted using theoretical simulations and the double
integral of each spectrum was calculated by numerical integration. The proper calibration was
done by measuring EPR active spin standards with known spin concentration, demonstrating
cognates spin relaxations compared to the measured samples. Therefore, Cu(ll) nitrate (S=1/2)
and Fe(l11) EDTA (S=5/2) were utilized as calibration tools. The spin deviation and, hence, the
induced offset between Fe and Cr3* species can be compensated due to similar carrier

relaxations and corrected using eq 2.12°

DI(S; = 3/2) S, (S, + 1)
DIS, = 5/2) S, (S, + 1)

—3 2.12
=3 (2.12)

where DI is the double integrated area of an EPR signal, thus the spin concentration. Those spin
systems can be described by eq 2.9, since both display S>1/2 and hence related dipolar spin-
spin interactions. Eventually, Cr* species are multiplied by the factor of 3, because the Cré* —

Cr®* reduction is an 3-electron event, thus the correction coefficient of Cr3* population is 9/7.

EPR experimental & simulated spectra of Ag@1SiO2 NPs
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Figure 2.35. SF Ag@1SiO, NPs with Cr solution (30 pmol L Cr, 60 pmol L C2H204) under
three different illumination times (10, 30 and 60 min), at pH = 3. The particle concentration is
80 mg L. (a) EPR spectra of Ag@1SiO, NPs. Cr(V) is the only observable EPR signal with
the absence of Cr®, because it is a first-order reaction type. (b) Both experimental and
simulated EPR spectra of Ag@1SiO, NPs. The simulations carried out with the help of
MATLAB package EasySpin. (c) The Cr®* simulations for each illumination time. (d) Double

integrated areas derived from Cr°* simulations.
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Figure 2.36. Microwave saturation study of the EPR signals corresponding to Cr®>* complexes.

Inset: P12 plot revealing that the detected spin interacts with a metallic lattice.

Figure 2.10 shows the microwave saturation study of the EPR signals corresponding to
Cr°* complexes. Concerning the inset, P, is the power required for the half non-saturated
amplitude to be obtained and offers extra insight about the spin-lattice dynamics. The linear
increase of EPR signal in proportion to increased microwave power and the P, ,, value indicate

that the detected spin interacts with a metallic lattice.
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Figure 2.37. EPR spectra of Ag@1SiO, NPs with Cr solution (2000 umol L Cr, 4000 pmol
Lt C2H20a), before the illumination (dark mode) at pH = 3. The particle concentration is 500
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mg L. (a) The experimental EPR spectrum is shown. The Cr®* is only the observable EPR
signal with the absence of Cr*, because it has not reduced to Cr3* yet. (b) Double integrated

area derived from Cr°* simulation.
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Figure 2.38. EPR spectra of Ag@1SiO, NPs with Cr solution (2000 umol L Cr, 4000 pumol
L1 C2H204), at the illumination time of 3 minutes, at pH = 3. The particle concentration is 500
mg L. (a) The experimental EPR spectrum is shown. Both Cr(V) and Cr3* are visible. (b) The
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experimental EPR spectrum with the addition of Cr(V) and Cr(l11) simulations carried out by
EasySpin. (c)(d) Enlargement of (b), emphasizing the Cr(V) and Cr** EPR signals respectively.
(e) Cr(V) simulated EPR spectrum. (f) Double integrated area of Cr(V) simulation. (g) Cr*
simulated EPR spectrum. (h) Double integrated area of Cr3* simulation.
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Figure 2.39. SF EPR spectra of Ag@1SiO, NPs with Cr solution (2000 pmol L Cr, 4000
umol Lt C2H,04), at the illumination time of 10 minutes, at pH = 3. The particle concentration
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is 500 mg L. (a) The experimental EPR spectrum is shown. Both Cr(V) and Cr3* are visible.
(b) The experimental EPR spectrum with the addition of Cr(V) and Cr®* simulations carried
out by EasySpin. (c) Enlargement of Fig. S23b emphasizing the Cr(V) EPR signal with its
simulated. (d) Enlargement of Fig. S23b emphasizing the Cr3* EPR signal with its simulated.
(e) Cr(V) simulated EPR spectrum. (f) Double integrated area of Cr(V) simulation. (g) Cr*

simulated EPR spectrum. (h) Double integrated area of Cr3* simulation.
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Figure 2.40. SF EPR spectra of Ag@1SiO, NPs with Cr solution (2000 pmol L Cr, 4000
umol Lt C2H,04), at the illumination time of 30 minutes, at pH = 3. The particle concentration
is 500 mg L. (a) The experimental EPR spectrum is shown. Both Cr(V) and Cr3* are visible.

(b) The experimental EPR spectrum with the addition of Cr(V) and Cr®* simulations carried
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out by EasySpin. (c)(d) Enlargement of (b) emphasizing the Cr(V) and Cr®* EPR signals
respectively. (e) Cr(V) simulated EPR spectrum. (f) Double integrated area of Cr(V)
simulation. (g) Cr* simulated EPR spectrum. (h) Double integrated area of Cr* simulation.
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Figure 2.41. SF EPR spectra of Ag@1SiO, NPs with Cr solution (2000 umol L Cr, 4000
umol Lt C,H,04), at the illumination time of 60 minutes, at pH = 3. The particle concentration
is 500 mg L. (a) The experimental EPR spectrum is shown. Both Cr(V) and Cr3* are visible.
(b) The experimental EPR spectrum with the addition of Cr(V) and Cr®* simulations carried
out by EasySpin. (c)(d) Enlargement of (b), emphasizing the Cr(V) and Cr®* EPR signals
respectively. (e) Cr(V) simulated EPR spectrum. (f) Double integrated area of Cr(V)
simulation. (g) Cr3+ simulated EPR spectrum. (h) Double integrated area of Cr3+ simulation.
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2.3.4 Spin Trapping

EPR is the technique of choice when it comes to the study of free radicals. The direct
detection of free radicals is usually not possible due to their high reactivity and their transient
nature. In this case, spin trapping is used. Spin trapping involves the addition to the system
under consideration of a small amount of diamagnetic molecule, usually a nitrone or nitroso
compound, which reacts with a free radical to produce a more stable paramagnetic radical
species that can reach EPR detectable levels. The observable radical species is called spin

adduct and the molecule undergoing radical addition is a spin trap.

The most used spin trap is the 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and the a-
phenyl-N-t-butylnitrone (PBN). A typical spin trapping EPR spectrum is shown in Fig. 2.16.
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Figure 2.42. Typical EPR spectrum of DMPO-OH spin adduct on TiO2 nanoparticles. The
hyperfine coupling constants are used to determine the spin adduct.

By determination of the parameters such as hyperfine coupling constant and split between
peaks we are able to determine the type of radical trapped. The hyperfine coupling constants
for the DMPO-OH adduct are'? ay = ay = 14.8 Gaus
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24  Characterization Techniques

Powder X-Ray Diffraction: XRD Diffraction
Patterns of the nanoparticles were obtained with a
D8 Advance Bruker Diffractometer (Fig. 2.4)
using (40kV, 40mA) A =0.154nm Cu K,

radiation with a Lynxeye detector. The sample is

Figure 2.43. D8 Advance Bruker

placed in a silicon holder. All the parameters,
Diffractometer.

including angles wide, angle step, residence time,

rotation of sample holder, are defined by a Bruker software.

N2 Porosimetry: Prior to any measurement, the sample
must be preconditioned to remove physically bonded
impurities from the surface of the powder in a process
called degassing. Samples are usually degassed either
at vacuum conditions or with continuously flowing
inert gas like N at elevated temperatures. The

temperature of the degassing process as well as the

duration are carefully chosen to avoid structural
Figure 2.44. TriStar 3000

changes on the sample. Specific surface area (SSA) Micromeritics instrument

and the pore size distribution of the samples were

determined from the adsorption and desorption isotherms of nitrogen at 196 °C using a
TriStar 3000 Micromeritics instrument. Prior to the measurements, the samples were
outgassed at 150° for 10h, under N2 flow.

Raman Spectroscopy: Raman spectroscopy
measurements were taken using a Horiba
XploRA Plus Raman microscope coupled to
an Olympus BX41 microscope and using a

785 nm laser as an excitation source. The

microscope is coupled to a CCD which helped

Figure 2.45. Horiba XploRA PLUS
using low laser intensities of 1% or 10% in Raman microscope.

samples that were experiencing phase changes

due to heating. Spectrum were recorded and processed with Lab Spec software.
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X-ray Photoelectron Spectroscopy:
The measurements were acquired in a
surface analysis ultrahigh vacuum
system (SPECS GmbH) equipped
with a twin Al-Mg anode X-ray source
and a multichannel hemispherical
sector electron analyzer (HSA-
Phoibos 100). The base pressure was

2-5 x 1072 mbar. A monochromatized

Mg Ka line at 1253.6 eV and analyzer
pass energy of 20 eV were used in all XPS measurements. The binding energies were
calculated with reference to the energy of C 1s peak of contaminant carbon at 284.5 eV.

The peak deconvolution was calculated using a Shirley background.

2.5 Light Irradiation Set-up

The custom-made illumination set-up, employed in the measurements of Cr&*
photo-reduction in the presence of Ag@SiO2 nanoaggregates, is demonstrated in
Figure 2.21. In particular, the experimental illumination set-up (EIS) consists of an Arc
Xenon Lamp (model: Oriel 6293, 1000 W) that radiates through a pipe, and a 62245-
beam turning mirror holder, which bends the beam by 90° absorbing most of the
radiation. The input power of the arc xenon lamp will be set to 450 W for our
experiments. Its male flange end fits to the output of an Oriel Lamp Housing condenser.
Most of the IR is transmitted through the dichroic mirror and absorbed by the mirror
housing where a heat sink dissipates the heat. The optimal surface-lens distance is close
to 0.5 m. Figure 2.22 exhibits the lamp spectral irradiance with the wavelength A as
spectral variable. Integrating the area from 390 to 700 nm, the total irradiance in visible
spectrum can be obtained in W/m?. Moreover, a magnetic stirrer (VWR, part of
Avantor) is placed under the reflector and on top of which, a beaker with the solution
is set and agitated, so the light can interact with all the particles homogenously. The
beaker is covered with aluminum foil, so that the entire light percentage is kept in the

glass and falls onto the solution.
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Figure 2.47. Experimental illumination set-up (EIS), consisting of the arc xenon lamp

and the beam turning mirror holder. All the experiments were performed with a standard

lamp power of 450 W.
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Figure 2.49.(a) Schematic figure of beam turner attached to the lamp housing
condenser. (b) Beam turning mirror holder (Model 62245) with dichroic mirror,
changing the direction of the beam by 90 degrees.
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Chapter 3

Photothermal Effects by Flame-
made Core@Shell Plasmonic

Nanoaggregates

3.1 Introduction

Metallic nanoparticles (MNPs) are well-known for their optical properties. The
interaction between an electromagnetic stimulation and the metal's conduction
electrons, confined in the nanoscale, drives the phenomenon of Local Surface Plasmon
Resonance (LSPR)Y?, i.e. the photoinduced collective oscillation of the free electron
cloud. In general, LSPR can be analyzed in a radiative and a non-radiative process; [i]
the radiative plasmon decay describes the scattering of light by the particle surface, i.e.
resulting to the famous vivid colors of noble metals (far-field), and the generation of
locally amplified electric fields due to confinement of surface plasmons and incoming
photons in the particle vicinity (near-field).> Thus, as outlined by Mie theory?*
controlling particle parameters, such as size/morphology/dielectric medium, allows the
adjustment of the plasmonic response over the EM spectrum®®, giving birth a plethora
of applications’™%. [ii] the non-radiative plasmon decay -and the subsequent heat

generation- can be interpreted as a dissipation of electronic energy into heat. This

L Part of this chapter is published in J. Phys. Chem. C 2019, 123, 36, 22499-22510.
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phenomenon, gave birth to a new sub-field i.e. Thermoplasmonics®?, which exploits the
photothermal properties of such mNPs. It is now anticipated that the absorbed photon
energy and the subsequent non-radiative dissipation as heat, can cause a significant
temperature rise on the particle’s vicinity, i.e. local heating in nanoscale’**°, or as
homogenized temperature rise in macroscopic particle ensembles'®8 expanding the

field to novel applications'®?’,

Recently, Baffou et al.®% have further elaborated the theoretical frame
describing the phenomenon of heat generation by particle 2D arrays with a
homogeneous interparticle distance, notable described in subsection 1.2.3.3. In more
realistic configurations, however, typically we encounter two main types of deviation
from the ideal theoretical approach: [a] a distribution of particle size typically occur,
rather than a single-size assembly and the particle-particle distance may be determined
by a shell, such as SiO2, which surrounds the plasmonic particle, thus the coating
defines the dielectric medium, and [b] a fractal-like ensemble of interacting mNPs
typically occur in many chemically-prepared particles. Noble metals, such as gold3%3!
and silver®? are among the most efficient plasmonic candidates. De Luca et al 183334
have studied in-depth the photothermal efficiency for macroscopic ensembles of Au
NPs either in colloids or deposited on organic substrates, controlling the interparticle
distance by mechanical means. In the present work, Ag is the chosen material,
displaying the superior optical and photothermal performance under visible excitation,
in terms of near-field enhancement and heat generation, according to Baffou et al.®?
Encapsulation of Ag core with a nanometric amorphous SiO; layer is a common
strategy adopted by many works®>-%", since it serves a 3-fold purpose: [i] it protects the
AgP particles from oxidation. [ii] it prevents the release of toxic Ag* ions®, allowing
the utilization of nanosilver in bio-applications. [iii] the SiO. surface is suitable to
functionalization with well-established chemical methods®*2°*1. However, to our
knowledge, a systematic study on the effect of SiO. coating to the Thermoplasmonic
Heat Generation Efficiency [THGE] for non-monodisperse ensembles of SiO-coated
Aglis lacking. Our hypothesis is that the hermetic SiO> shell will prevent direct Ag°-
AgP contact and, based on the shell thickness, will control the photothermal conversion
mechanism. In the case of a liquid suspension of Ag°@SiO, NPs, the THGE should

consider the role of the solvent’s thermal properties.
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In this context, we have studied the THGE for fractal-like ensembles of
Ag°@SiO, nanoaggregates with an amorphous SiO2 coating of controlled thickness
varying in the range of 1-5 nm. Sub-nanometric SiO; shell was explored in depth as a
limiting scenario for non-hermetically coated Ag® NPs with maximum Ag’-Ag°
proximity. As we demonstrate, these “patchy” Ag’@SiO, are the ideal
thermoplasmonic nano-ensembles, since they trigger collective thermal effects that
greatly contribute to plasmon-driven temperature rise. The core@shell synthesis was
performed in a single-step process by flame spray pyrolysis (FSP). Flame synthesis*?3
allows production of mNPs of high purity and crystallinity and regulation of the desired
properties.*** Typically, FSP-made nanostructures, including Ag°@SiO-, are non-
monodisperse due to high-temperature particle sintering and aggregation®*® during
particle formation. These ensembles can be described as fractal-like structures with a
fractal dimension of 1.8.*" Herein, we used a single-nozzle FSP reactor to produce Ag
nanoparticles of size distribution in the range 15-25 nm, hermetically coated with a SiO-
layer up to 5 nm thickness. In a previous study, Sotiriou et al. have shown that in such
non-monodisperse SiO,-coated Ag® ensembles, engineering the SiO-thickness well
below 10nm, allows light-induced plasmonic excitation of the Ag® core to be sensed by
surface-grafted antioxidant organics®. In this way, we have shown that SiO- of few
nanometers is appropriate to efficiently encapsulate the Ag°® core, thus allowing
collective plasmon phenomena to be detectable in antioxidant Hydrogen-Atom-
Transfer in suspensions of the particles. Herein, we use this knowledge as guidance for
the desired SiO.-thickness range, to study the photothermal efficiency of FSP-made
Ag°@SiO; ensembles.

Thus, the specific aims of the present research were: [i] to produce and fully
characterize hermetically- and patchy-coated Ag°@SiO, nanoaggregates using FSP, [ii]
to study the Thermoplasmonic Heat Generation Efficiency for the Ag°@SiO2 NPs in
suspension and deposited on films, and [iii] to discuss the theoretical frame for the
description of the THGE for fractal-like ensembles, taking into account the dual role of
SiO- as a dielectric shell-medium and as Ag-Ag spacer.

3.2 Materials & Methods

The precursor solution was prepared by dissolving Ag Acetate (Sigma Aldrich,
purity >99%) in 2-ethylhexanoic acid (EHA) and acetonitrile (ACN) (both Sigma
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Aldrich, >97%), at volume ratio 1:1 varying concentration 0.3-0.5M. Then, the solution
was fed through a capillary at 5-7 ml/L and dispersed by 5 L/min O (Linde, purity
>99%) to a stoichiometric, self-sustained oxygen-methane (5 L/min, 2.5 L/min) pilot
flame to initiate combustion, resulted to formation of Ag nanoparticles. Pressure drop
at the nozzle tip was fixed at 2 bar and additional 5-20 L/min sheath O> was used. The
product powder was collected, using a vacuum pump (Busch V40), on a glass
microfiber filter (Albet). The in-situ SiO coating of Ag® NPs was engineered in a
modified enclosed FSP reactor, originally described by Sotiriou et al.>>38449 The flame
was enclosed by a 22cm metallic tube, schematically shown in Figure 2a, with a metal
ring at the top. The ring (diameter = 4.3 cm), has 12 equidistant holes of diameter 0.5
cm, each directed away from the center line of the ring and pointing downstream to
avoid stagnation flow. Through these openings, 0.3-3 L/min of N2 (Linde, purity >99%)
gas carrying hexamethyldisiloxane (HMDSO, Aldrich, purity 98%) vapor are injected
along with an additional mixing flow rate fixed at 15 L/min N> at room temperature,
adding the required swirl for increased coating efficiency. The HMDSO vapor was
supplied by bubbling N2 through 300 cm® of HMDSO in a glass flask, fixed at 10°C.
According to the pioneering study of SiO, coating by Teleki et al*>®*, under saturation
conditions, this set-up corresponds to a theoretical 5.9 g/h of SiO», i.e. 20 wt% SiO: in

the product powder.

The experimentally obtained SiO coating thickness was estimated by TEM. The
nominal SiO2-content (HDMSO) in the FSP precursor, listed in Table 1, shows that by
increasing the HMDSO content, we increase the SiO> thickness up to a limit of 5nm,
thus yielding 27 wt% SiO.@Ag°. Further increase of HMDSO resulted in formation of
separate SiO2 agglomerates, in accordance with previous literature reports.® The
morphology of the samples was analyzed by high-resolution transmission electron
microscopy (HRTEM) using a Philips CM 20 microscope operated at 200 kV and
provided 0.25 nm resolution. Before the measurements, the samples were ground in a
mortar and dry loaded onto a support film (Lacey Carbon, 300 mesh, (Cu)). Recorded
pictures were analysed by Gatan Digital Micrograph software. Particles size and
thickness of the SiO2 layer were calculated using the ImageJ software. Powder X-ray
diffraction (pXRD) data was collected at room temperature using a Bruker D8 Advance
2theta diffractometer with copper radiation (Cu Ka, A = 1.5406 A) and a secondary

monochromator operating (40 kV, 40 mA), whereby samples were measured between
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10° and 80°. Crystal size is calculated by Scherrer formula. Specific surface area (SSA)
and the pore size distribution of the samples were determined from the adsorption and
desorption isotherms of nitrogen at 196 °C using a TriStar 3000 Micromeritics
instrument. Prior to the measurements, the samples were outgassed at 150° for 10h,
under N2 flow. Fourier transform infrared (Thermo Scientific, iS5 Nicolet) data were
obtained by placing the product powder in KBr glasses. UV/Vis spectra were collected
by a Perkin EImer Lambda 35 Spectrometer, by dispersing particles in aqueous solvents
and placing them in quartz cuvettes. Dynamic Light Scattering (DLS) Size distributions
of particles and aggregates in ethanol solutions were obtained by dynamic light
scattering (DLS, Zetasizer, Malvern Instruments). X-ray photoelectron spectroscopy
(XPS) were acquired in a surface analysis ultrahigh vacuum system (SPECS GmbH)
equipped with a twin Al-Mg anode X-ray source and a multichannel hemispherical
sector electron analyzer (HSA-Phoibos 100). The base pressure was 2-5 x 10~° mbar.
A monochromatized Mg Ka line at 1253.6 eV and analyzer pass energy of 20 eV were
used in all XPS measurements. The binding energies were calculated with reference to
the energy of C 1s peak of contaminant carbon at 284.5 eV. The peak deconvolution

was calculated using a Shirley background.

Particle suspensions: The Ag°@SiO, powder was dispersed at ethanol, at
concentration between 0.01 g/L up to 0.5 g/L. Then, the suspension was sonicated in a
Sonic-V500 sonicator. The sonication was carried out in cup-horn holder using a total
power of 100W, for 50 sec. This cup-horn holder allows fine dispersion of the particles
without contact with the metal tip. In each experiment, freshly prepared particle

suspensions were used for the experiments within 30 minutes.

Particle films: SiO.@Ag° films were prepared by dropcasting of ethanol-
dispersed NPs on a microscope glass-slide. The average film thickness & of the NP
layers was controlled in the range 0.1 to 0.5 um, estimated by the number of dropcasted

particles on the film surface (1x4cm).
Particle Irradiation

[a] Arc Xenon Lamp Irradiation: The radiative source was an Arc Xenon Lamp
(Oriel 6293). The particle suspensions were irradiated inside a light-isolated box. The
samples were put in quartz cuvette (1x1x3mm), fixed inside the box at the focal point
of the beam which enters the irradiation compartment by an appropriate narrow
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opening. The focused beam had a round geometry of 5mm radius. The incident
irradiation power was calibrated at the sample position, using a power meter (Newport).
Irradiation at different wavelengths was carried out using cut-off filters (Edmonds
Optics), allowing selection of spectral ranges A>300nm, >320nm, >340nm, >400nm
and >455nm.

[b] Focused Sunlight Irradiation: ambient sunlight irradiation was used in
outdoor experiments by exposing particle films to focused and non-focused daylight.
The concentrated sunlight was obtained by a Fresnel lens (28x28cm), by Edmonds
Optics. The focal point of this Fresnel lens was at 35 cm. The incident light power was
monitored by a power meter (Newport). Typically, the daylight in our location was in

the range of 60-80 mW/cm? (http://penteli.meteo.gr/stations/ioannina/). The irradiation

experiments have been repeated 3 times, verifying the precision of our collected data.

Monitoring AT Variations: The temperature was recorded by an infrared thermal
imager (Fluke, TiS40). Emissivity was set at 0.7 considering the SiO> presence and the
background temperature at room temperature, 22°C. The image analysis is
accomplished by the SmartView software. As a control, in particle-free films, the
temperature rise was ATmax=5+1 °C, while in the quartz cuvette with ethanol,
ATmax=6+1 °C. The standard error values shown at temperature curves in Figures 6-9,

are obtained for thermal camera’s range (=1 °C).

We assume that the next-neighbor interaction between plasmonic Ag® NPs is
determined by the SiO.-shell thickness, acting as the particle separator. Thus, for the
case of an ensemble of Ag°@SiO, nanaoaggregates, we consider the interparticle

distance is determined by the thickness of the SiO2-shell encapsulating the Ag core.

Particles on a 2D film: In the case of film geometry (m=2), the confined
parameter { has been estimated in the order of 107, indicating that collective
phenomena are dominant. Thus, according to Baffou, this enables us to consider the
heat density as a continuous function, despite the discrete nature of the heat-generating

nano-sources.

Particles in a Liquid Suspension: For particles suspended in a liquid solvent, we
consider that only the next-neighboring particles within each aggregate, see TEM

images in Figure 1, play the dominant role in thermoplasmonic heat generation. Thus,
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an estimation of the dominating regime has to be made, considering the fractal-like
geometry of the FSP-made NPs.>2%® Assuming that the incoming light illuminates at
least one fractal agglomerate, for our FSP-made ensembles,  can be estimated by
equalizing the dimensionality with the mass fractal dimension Dr. Goudeli et al.*’
calculated the Ds evolution as a function of the number of the primary particles np,
consisting the fractal agglomerate:

1.9In*n, — 2.6ln fi, + 3
D, =
f

)

lnzﬁp —Inn, +1

2 <71, < 400 (3.1)

Using eg. 3.1, we have estimated the average number of the primary particles 7,
per agglomerate from Dynamic Light Scattering (DLS) data as analyzed previously.*®
More particularly, we studied the agglomerate size in solution for various sonication
protocols. The DLS data show that the agglomerate size in ethanol was 150+£12nm for
the 5-25 NPs and 160+8nm for the 1-25 NPs. Based on the DLS and TEM data, we
used an average particle number 7, = 8. Our theoretical simulations show that using
n, in the range of 6-10, the experimentally observed AT trends can be credibly

reproduced.

For experiments of particle suspensions in a cuvette, it has been shown>*°® that
the photothermal efficiency of particles to convert the absorbed photons into heat is

given by the expression:

_ hA(Tmax - Tamb) - QO

P(1— 10-42) (3:2)

n

where A is the surface area of the cuvette, h the heat transfer coefficient, Tamb is
the ambient temperature, fixed at 23°C, Tmax the equilibrium temperature, Qo the energy
input by the cuvette and solvent, P the incident’s light power and A, is the optical
density of the solution.

Overall, in the present work we studied the role of the parameters in eq. 1.33 &
1.37 as follows: the effect of Ag core size, was studied for diameters of 15nm and 25nm.
The effect of the interparticle distance p in eq 1.33, was studied using particles with
shell of variable thickness, corresponding to values in the range of 1 up to 5nm. The

parameters P, | of the irradiance beam were studied by controlling either the lamp
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irradiation power or the focus of the sunlight. The effect of the surrounding medium
was studied via the maximum Tmax as parametrized by « 1.33, or via the AT Kinetics as

parametrized by Ds in eq. 1.37.

3.3 Results/Discussion

3.3.1 Core-shell Quality and Control of Interparticle Distance

/' 10nm ' w2 PR
Figure 3.1. TEM images of (a) 1-25 SiO.@Ag° NPs (SiOz thickness=1 nm), (b) 3-25
SiO,@Ag° NPs (SiO2 thickness=3 nm) and (c) 5-25 SiO.@Ag® NPs (SiO; thickness=5
nm), (d) the ultrathin SiO; layer, (e)-(f) the fractal geometry of 1-25 SiO.@Ag° NPs.

Figure 3.1 shows TEM images of the core-shell Ag°@SiO, NPs, with
dxrp=25nm. At 8% SiO- content, Figure 3.1a & d show the Ag® particle coated by an
ultrathin (1nm), amorphous SiO; layer. The SiOz layer appears as homogeneous patches
as well, leaving partially uncoated Ag® surface, see inset in Figure 3.1a. By increasing
the SiO2 layer thickness (Figures 3.1b-c), a hermetic encapsulation of the metallic Ag°
core is achieved, and the SiO>-shell thickness determines the interparticle distance. The
data in Table 3.1, show that an upper limit of the SiO2-coating thickness of 5nm can be
achieved by our FSP set-up using 27% wt SiO> in the injected precursor through the

ring.
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Table 3.1. Characteristics of Ag°@SiO, NPs.

. Particle
_ _ SiO2-Shell SSA dxrD _
Material* wt% SiO2 ) diameter**
Thickness (nm) (m?/g) (nm)
dtem (nm)
1-15 10 1+0.5 2943 14+0.5 15+3.5
3-15 20 3+£1.0 62+5 15+0.5 15+£3.5
5-15 25 5£1.0 61+5 15+0.5 14+4.0
1-25 8 1+0.5 2543 25+1.0 25+3.5
3-25 20 3+1.0 5145 24+1.0 25+3.0
5-25 27 5+1.0 56+5 24+1.0 244+5.0

*The naming of each material is as follows: [SiO.-Thickness]-[Ag®-Size], i.e. the first number indicates the SiO, thickness, while the

second number refers to the Ag® core particle diameter in nm.

**The size distribution and the shell thickness is estimated by TEM images using ImageJ.

Figure 3.2 shows the pXRD patterns of the as-prepared Ag® NPs for varying SiO2
layer thickness. The diffraction peaks correspond to (111), (200), (220), (311) crystal
planes of Ag, with crystal size fixed at 15 and 25 nm, as listed in Table 3.1. As expected,

higher Ag molarity and precursor feed rates yield larger Ag core particles, as the

concentration inside the sprayed droplets and, subsequently, the high-temperature-

residence-time regime are increased, resulting to improved crystallinity as well.
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Figure 3.2. (a) Schematic of the enclosed FSP reactor and the one-step SiO> coating of
the, in-flight, Ag particles. (b) XRD pattern of SiO.@Ag° NPs varying size and shell
thickness as listed in Table 3.1.
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Figure 3.3. BET isotherms for the (a) 1-25 SiO.@Ag® NPs (b) 3-25 SiO.@Ag® NPs
(c) 5-25 SiO2@Ag° NPs. Insets: BJH pore distribution plot.
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XPS intensity(arb.un.)

Figure 3.3 shows BET isotherms and the specific surface area (SSA)
measurements for the materials 1-25, 3-25, 5-25. The SSA values, listed in Table 3.1,
show that by increasing the SiO2 shell thickness, higher surface area was achieved, in
agreement with previous study.*® The data in Table 3.1 show that when shell thickness
Is over 3 nm, then the SiO> determines the surface area, while larger Ag core results in
smaller surface area, according to the well-known trend for gas-phase particle

formation.*®

Figure 3.4. XPS Spectra (a) 1-25 SiO,@Ag° NPs (b) 3-25 SiO.@Ag° NPs (c) 5-25

|— Experimental * [—— Experimental s |— Experimental & N
[—Fitted s |—Fitted Ag 3d 5/2 ) + |—Fitted Ag 3d 5/2
Backroung Ag 3d 5/2 —— Backroung 9 Backroung

(a)

(b)

(c)

Ag 3d 5/2

XPS intensity (arb.un.)
XPS intensity(arb.un.)

380 375 370 365 360 380 ws 370 %65 380 T 310 366
Binding Energy(eV) Binding Energy(eV) Binding Energy(eV)

SiO.@Ag° NPs for the core level of Ag 3d 5/2 and Ag 3d 3/2 peaks.

Figure 3.4 shows high-resolution core level spectra for the Ag3d of 1-25, 3-25
and 5-25 materials, composed of doublet 3ds/2 and 3ds/2 peaks. They were found to have
binding energy of 368.25 eV and 374.25 eV/368.15 eV and 374.15 eV/367.5 eV and
373.5 eV, respectively, which shows that the splitting of the 3d doublet of Ag is 6.0
eV, This splitting difference indicates the formation of metallic silver nanoparticles
(Ag®) and confirms the protection of the SiO. layer against the formation of oxidized
Ag species, even in the case of the ultrathin encapsulation (Figure 3.4a). This suggests

that the SiO> coating can inhibit the oxidation of nanosilver core.
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3.3.2 Regulation of Local Surface Plasmon Resonance

525
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Wavelength (nm)
Figure 3.5. UV/Vis spectra for suspensions of 1-15,25 (red), 3-15,25 (blue) and 5-15,25

(green) Ag@SiO2 NPs of same particle size. Inset: Photos of the particle suspensions.

The particle schematics indicate the effect of shell thickness.

Figure 3.5 depicts the UV-Vis spectra for suspensions of 1-25, 3-25 and 5-25
Ag’@SiO, NPs in ethanol suspensions. Although the plasmonic resonance for isolated
AgP® NPs should occur typically at 390 nm>8, the resonance peak for the SiO,-coated 3-
25 and 5-25 NPs is red-shifted towards 410nm, due to the increased dielectric presence
of the SiOz shell. The patchy-coated 1-25 material displays an additional strongly red-
shifted LSPR peak due to plasmonic coupling, where multipolar mode arise. In non-
monodisperse ensembles, the multiple LSPR peaks and band broadenings reflect the
extent of particle aggregation®®°. This is clearly demonstrated for the 1-25 Ag°@SiO:
where a strong plasmonic coupling is detected, allowed by the ultrathin SiO2-shell
thickness. On the contrary, 5-25 exhibits a single plasmon resonance, approaching the

case of isolated Ag particles, as predicted by Mie.
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Figure 3.6. (a) UV-Visible spectra of 1-25 material varying dielectric mediums.
Wavelength-shift of 1-25 versus (b) refractive index of the dielectric medium and (c)
the Ag particle size drem. (d) UV-Visible spectra of 1-15 for various ambient
temperatures. (e) UV-Visible spectra of patchy coated 1-25 and fully coated 5-25 NPs.
The red lines correspond to post-calcined particles, annealed at 500°C for 1 hour.

Moreover, the plasmon resonance was further regulated, by engineering the
surrounding environment and particle size, where for both cases a red-shift of plasmon
frequency is expected, as seen in Figure 3.6a-c. Increased particle size, in particular,
causes retardation effects, and the incident electric field is not uniform over the whole
particle. The coating efficiency was further proved by annealing the as prepared 1-25
and 5-25 NPs. In both cases, the increased particle size is evident due to plasmon band
broadening, indicating that SiO> layer occasionally may encapsulate more than one Ag
core. The broadening is less pronounced in thick shells due to the already well-separated

Ag particles.

3.3.3 Thermoplasmonic Performance

3.3.3.1 Particles in liquid suspension irradiated by Simulated Solar Light
Under simulated solar-light irradiance, 1 mg SiO.@Ag° NPs dispersed in 10 ml
ethanol achieved temperature rise of several °C, as shown in Figure 3.7a & b for 15nm

and 25nm Ag° NPs respectively. Specifically, the fully coated 3-15 and 5-15 materials
133



o N o o1 A W DN B

10
11
12
13
14
15
16

achieved a heat generation that resulted in the suspension’s temperature rise from 24°C
up to Tmax=35+1 °C. 1-15 material was a slightly better heat source, increasing the
temperature by ATmax=12+1°C, i.e. from 24 to 36 °C. As a background measurement, a
SiO2 NPs/ethanol suspension yielded a ATmax= 6+1 °C. Figure 3.7b shows that upon
increasing the Ag particle size to 25 nm, the photothermal conversion is improved, with
a Tmax= 38£1 °C (ATmax=14%1 °C) for the 1-25, making it the most efficient heater
compared to the fully encapsulated 3-25 and 5-25 materials and the smaller Ag
particles, 1, 3 & 5-15, as well.

14 [ Gxgp= 150M 0 @ 16 ©
I= 2.5 mW/cm?_—— 14} ¢
12 / L T 12 % % Y 1-15
— I - %
— - o 1~ sl %
cs) 8 — é) 6 %
[ L —T | 3
Z 6 // T ZE ar é
al — 2+ % é
7 | o 1-15] o
2 o 315/
ol - 1 1 1 1 1 1
: ° 5 15 0,0 0,2 0,4 0,6 0,8 1,0
0 200 400 600 800 1000 1200 Concentration (g/L)
Time (sec)
20 . . . .
13 [ dxro= 26nM (b)
[ ‘ ‘ t=10 sec (d)
I= 2.5 mW/cm? L :
16 r i / 4 ;; y\
g | ] o%
| Ll — )
i : ==
Q 1 7 — s ]
L g 3
; — (Jt=1200 e
@ 325
: @ 525 T=36 °C
0 200 400 600 800 1000 1200
Time (sec)

Figure 3.7. Time-temperature profile of 1 mg SiO.@Ag° NPs dispersed in 10 ml
ethanol for (a) dygp = 15 nm and (b) dyzp = 25 nm, for 20 minutes. The colored
bands are attributed to AT theoretical calculations, calculated by eq. 6. (c) Temperature
variations of particle suspension versus the concentration. (d) Infrared images of the
temperature distribution for a 0.1g/Lt dispersion of 1-15 samples, as recorded from
above the cuvette by the thermal imager, at 10, 300 and 1200sec irradiation. The dotted
regions display the cuvette bounds.
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Effect of Particle concentration: Figure 3.7c shows the thermoplasmonic
efficiency of 1-25 and 5-25 NPs at varying concentration of particles in the suspension.
A bell-shaped trend is observed with a maximum AT observed for the C=0.1g/Lt
suspension. According to Figure 3.7c, for dilute suspensions (C<0.1 g/Lt), AT is
increasing in proportion to particle concentration. At higher particle concentrations,
optical opaqueness causes the quenching of photoexcitation and photothermal
efficiency of the NPs. Importantly, the infrared-camera photos shown in Figure 3.7d for
a0.1g/Ltdispersion of 1-15 NPs show that the heat is diffused in the whole suspension’s
volume, indicating the measured Tmax IS the homogenized equilibrium bulk
temperature, in accordance with theory for collective heating.?®

3.3.3.2 Particles on a Glass Film

Simulated Solar Light: For a film (1x4 cm) of thickness §=0.06 um of Ag°@SiO;
NPs deposited on a glass slide, the time-temperature evolution profile is shown in
Figures 3.8a and b for the 15nm and 25nm Ag° particles respectively. A comparison
between the AT kinetics for films (Figures 3.8a, b) vs. suspensions (Figures 3.7a, b)
reveals that temperature rise was faster in film geometry. The SiO»-shell thickness
exerts a strong effect on AT. Specifically, the patchy-coated 1-15 film yield ATmax=18+1
°C that is 8°C higher than the ATmax=10+£1 °C achieved by the fully-coated 5-15 NPs.
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Figure 3.8. Time-temperature profile of 5=0.06 pm (0.25mg) SiO.@Ag° NPs

deposited in film via dropcasting for (a) dygzp = 15 nm and (b) dygp = 25 nm, for the

first 10 minutes. (c) Maximum AT profile for various film thickness for 1-25 and 5-25
NPs. (d) infrared images of the samples, as recorded by the thermal camera at 60, 120
and 600 sec illumination. The colored bands are attributed to AT theoretical

calculations, calculated by eq. 6.

In Figure 8b, the AT kinetics for the 25 nm AgP particles shows that the patchy-
coated 1-25 material is the most efficient heat source in film geometry, yielding ATmax=
22+1 °C. We notice the 1-25 material achieved the highest ATmax in the liquid
suspension (14°C) as well. The effect of film-thickness 6 on the thermoplasmonic
performance is presented in Figure 3.8c for the 1-25 & 5-25 materials, i.e. patchy vs.
fully coated Ag NPs. Based on the data of Figure 3.8c, we observe that for both types
of particles, there is a continuous dependence ATmax on & for up to 6~0.4 um, while AT
max reaches seemingly a plateau for 6>0.4 um. A limiting ATmax=25=+1 °C is achieved by
5-25 NPs, while the patchy-coated 1-25 NPs yield a higher ATmax=33=+1 °C. Thus, the
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enhanced proximity of Ag® NPs in the 1-25 material promotes an improved
photothermal conversion. We notice the limiting 6=0.4 um is the same for the two types
of particles, indicating that this is not correlated with the shell thickness, but rather with

the optical opaqueness imposed by the thick films.

Theoretical Analysis: Using the theoretical equations 4 & 6 and the medium’s
thermal properties, as listed in Table S1 of the Supporting Information, theoretical
values of AT vs. time of irradiation were calculated. The calculated AT vs. time for the
1-15 & 1-25 particles are presented by the red-colored belt in Figure 3.7a,b & 3.8a,b.
The width of the theoretical-belt stems from the use of the particle size distribution,
instead of a single particle diameter. In our calculations, the interparticle distance p and
the absorption cross section oans (eq 3c) were calculated over the particle size
distribution estimated from a TEM image (Figure S1), as suggested by Baffou et al.8
and shown in Table S3. In a similar manner the theoretical values for the 3-15, 3-25, 5-
15 & 5-25 materials are depicted as blue and green belts in Figure 3.8a,b respectively.
This analysis shows that the particle size distribution by +5nm causes a variation on the
ATmax by £3 degrees in all cases, studied herein. This analysis provides a key-
conclusion, which assuming the particle separation is equal to the SiO2-shell thickness,
predicts satisfactory theoretical AT evolution with time for all materials studied.
Therefore, given the non-monodisperse character of the SiO.@Ag® NPs, this study
provides evidence that the shell thickness can, to a good approximation, be considered
as the determining separator of the Ag°-AgP coupling, and, via this spacing effect, the
tuner of the collective thermal effects in conjunction with the LSPR profile in Figure
3.5. We underline that despite the polydispersity of the flame-made Ag® NPs, we can
use Baffou’s expression?® to simulate the experimental trends to a satisfactory degree
assuming a fractal dimensionality for the non-monodispersed Ag@SiO>

nanoaggregates dispersed in solvent.
Overall, the present data can be summarised as follows:

[i] Comparing the Kkinetic data between liquid suspension and films in Figure
3.7a-b & 3.8a-b, we observe that Tmax is attained at earlier times in films, i.e. within
t~10min vs. ~15min in liquid suspensions. This trend was consistently observed for all

the tested AgP- particle sizes and SiO2-shell thicknesses.
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[ii] ATmax (liquid suspensions) < ATmax (films), making film the superior
geometry. The optimal concentration of the particle suspension was 0.1 g/Lt, while in

the case of film, the most efficient thickness 6 was at 0.5um.

[iii] the ATmax values, summarized in Figure 3.9a & b, demonstrate the superiority
of the film geometry and single out the 1-25 material as the most efficient heat nano-

source in this work.

The AT kinetics and ATmax, in the case of film, are attributed to lower specific
heat capacity and higher thermal conductivity of the glass-support than ethanol, as well
as, to the tighter interaction among the deposited plasmonic NPs. According to Figure
3.8a & b, for the thin SiO; shells, the larger Ag® NPs (25nm) show higher ATmax, and
this can be attributed to absorption domination over scattering (oabs > osca), as predicted
by Miel. However, the SiO,-shell exerts a significant damping effect on the values of
the equilibrium ATmax increase. When the coating is hermetic (~5nm), the size of the
Ag® NPs makes no difference. These trends hold true for any geometry, both for
particles on film and liquid suspension.

According to Baffou?®, the plasmonic heating of a NP ensemble can be attributed
to [1] a thermal contribution of the NP itself plus [2] the collective effects of
neighboring NPs. Upon decreasing the interparticle distance, i.e. ultrathin SiO shell,
the contribution of collective thermal effects is enhanced, i.e. as evidenced by the higher
ATmax Of patchy coated 1-25 Ag°@SiOz, shown in Figure 3.9b.

Using eq. 3.2, the photothermal efficiency (n) was calculated for the particle
suspension, as shown in Figure 3.9c. The baseline energy Qo was calculated by
irradiating [ethanol + the quartz cuvette], while the [hA] parameter was calibrated by
an ethanol solution. As predicted, the 1-25 material converts the absorbed photon
energy into heat more efficiently than the rest of the samples, yielding ~80% efficiency.
Figure 3.9d shows the { parameter for a fractal agglomerate irradiated in a suspension,
where the value of the dimensionality parameter (m) is equal to the fractal dimension
Ds =1.8 of the FSP-made nanoaggregates. The number of primary particles in each
fractal was 6-8, estimated by DLS measurements. For all the used materials, the
resulting value is {<<1, verifying that the homogeneous collective heating and the
observed bulk heating as the dominant photothermal regime in these dispersed NP
ensembles.
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Effect of wavelength filtering: In an effort to understand the effect of the
irradiation’s wavelength, we have studied our best-performing material, 1-25 on film
in comparison vs. the 5-25 on film, under selective filtering of specific wavelength
ranges of our Xenon lamp, as shown in Figure 3.10a. The resulting ATmax VS. A-range
are displayed in Figure 3.10b. To facilitate a quantitative understanding, the black

symbols in Figure 3.10b show the photon density, i.e. [the number of photons] [per m?]
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[per sec]. There is a decrease of ATmax that parallels the photon density, i.e. compare A
> 300 nm vs. A > 325 nm photons, having photon density 1,6x10% and 1,4x10%
respectively. By allowing only the A > 455 photons, ATmax is further decreased, but not
to 0°C.
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Figure 3.10: (a) Spectral irradiance of Arc Xenon Lamp (Model 6293; 1000W). (b)
Maximum temperature rise of 1-25 and 5-25 material on film (6=0.5 um), by filtering

the wavelength range.
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This observation, considering that cutting of wavelengths >455nm, the nominal
LSPR peak at 410nm is not excited, depicted in Figure 3.5, indicates that the photons
at >455nm are able to induce thermoplasmonic effects for the 1-25 material, as scaled
by the photon density. Surprisingly, even in the case of fully coated 5-25, where only
the main LSPR excitation at 410nm is evidenced as dominant, a non-negligible
ATmax=13°C was achieved, even though the LSPR was filtered by A > 455 photons,

indicating the effect of particle polydispersity in the plasmon band broadening.

Non-Focused Solar Light: The photothermal performance of the best-performing
1-25 film, was investigated under natural sunlight as well. Films of varying thickness 6

were placed horizontally at non-focused, ambient sunlight, corresponding to irradiance

1=88 mW/cm?.
YT
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Figure 3.11: (a) Schematic of solar illumination of SiO,@Ag® NPs on film under
concentrating light using a Fresnel lens. (b) AT kinetics of 1-25 NPs on films, varying
film thickness under dispersed solar light. (c) Equilibrium Tmax of 1-25, 3-25 and 5-25

NPs under concentrated light varying lens-sample distance.

The glass substrate produced a baseline-temperature Tamp=40 °C. Figure 3.11b
shows the AT kinetics for various film thickness, 6=0.06 up to 0.42 um. The achieved

temperature variation was significant, exceeding 60°C for the 0.42um film, i.e. 1.5 mg
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NPs. Taking into account the glass-substrate heating by the sun, the equilibrium ATmax

for the 0.42um film was 24°C under this non-focused solar light.

Focused Solar Light: The 1-25, 3-25 and 5-25 NPs were illuminated under
focused solar light, using a Fresnel lens (28x28cm) of 35 cm focal length, as shown in
Figure 3.11a. This corresponded to significantly amplified irradiance density (1=53
W/cm?). Figure 3.11c shows an extremely rapid (~1 sec) plasmon-induced temperature
rise for the optimal 6=0.5um films. The background temperature of the glass was
Tmax=90°C. In Figure 3.11c, we observe that the positioning of the film vs. the focal
point of the lens, exerted a strong effect. This is attributed to maximization of the
irradiance density at the focal point, i.e. 38cm from the lens. As expected, the most
efficient heat nano-source was the 1-25 material, yielding a remarkable 7Tmax~400°C
when positioned at the focal point. Importantly, under concentrated solar light, the
effect of the shell thickness in photothermal conversion becomes prominent: the 5-25
film achieved ATmax = 120°C, while the yield of the patchy-coated 1-25 film was ATmax
=310°C.

3.4 Conclusions

The present data reveal that optimization of the AgP® particle size & SiO-shell
thickness by FSP, allows engineering of core/shell Ag°@SiO, nanomaterials with
controllable thermoplasmonic properties. When the photothermal conversion
technology is pursued, the patchy-coated (<1nm shell) Ag°@SiO2 nanomaterials are the
most promising. The particles were either dispersed in ethanol or deposited on glass
film and the temperature variation was monitored, under the tailoring of particle size
distribution and SiO> shell thickness. The most efficient heat source was proved to be
the larger Ag core (25nm) encapsulated by ultrathin SiO2 layer (~1nm). This
observation is in agreement with Mie theory and Baffou’s work about the collective
thermal effects and enable us to control the thermoplasmonic performance, by adjusting
the neighbouring Ag-Ag coupling, i.e. tuning the SiO> shell. In liquid suspension, the
yield was ATmax =14 °C, while on films was ATmax=32 °C, showing the effect of
surrounding medium’s thermal properties and film’s superior geometry. Selective
filtering of the irradiation wavelength revealed that ATmax parallels the photons density,
even for wavelengths A>455 nm, which are away from the main LSPR peak at ~410nm.

This is attributed to the particle size distribution of the flame-synthesized materials, as
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well as the plasmonic coupling for the case of thin SiO2 encapsulation. Under focused
ambient solar light, the 1-25 SiO.@Ag° nanomaterials, yield remarkable ATmax ~ 310
°C. These findings add new insights about the multiple role of the SiO2 shell, as the
surrounding medium, agglomeration limiter and plasmonic separator and a new way to
control and monitor the photothermal response of Ag® NPs for the promising

applications in Thermoplasmonics.
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Chapter 4

Detection and Harvesting of Hot
Electrons in Plasmon-driven

Redox Reactions

Case Study #1: Photocatalytic Reduction of Hexavalent Chromium?

4.1 Introduction

Remediation of hexavalent chromium Cr®* in environmental water sources is a
key-priority to assure protection of public health®. So far, the most efficient route of
Cr% removal is the reduction to the inert trivalent chromium Cr3*, with the
photocatalytic reduction route being the most effective, low-cost and hazardous-free
procedure?. During last decade, metal nanoparticles have been emerged as highly
potent, promising photocatalysts and plasmon-assisted photochemistry is considered
the next step in boosting challenging solar-to-chemical processes®®. However, the
evaluation of plasmonic photocatalysts in Cr®* removal using solar light remains to be

investigated.

In particular, the excitation of local surface plasmon resonance (LSPR)

phenomena drives two distinct mechanisms: Upon irradiation, surface plasmons form

2 Part of this chapter is published in J. Phys. Chem. C 2023, 127 (4), 2045-2057 and ACS Catal. 2022,
12 (16), 9908-9921.
149



aa A~ W N -

© 00 N O

10
11
12
13
14
15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

and decay’?, initiating either [i] heat generation via thermal relaxation of photoinduced
carriers®? or [ii] energetic “hot” electron transfer to an appropriate acceptor'>*2. So far,
there is converging evidence that hot electrons, despite the short lifetime, can be
efficiently utilized in challenging chemical processes of immediate technological

importance, such as Hz production®**° and CO> reduction®8, to name a few.

So far, however the transfer of plasmonic hot-electrons to redox-active metals has
not been thoroughly addressed. An interesting case is hexavalent Cr® since its
reduction to Cr¥* is the key-technology to remediate its toxicity. Detection of the hot-
carrier transfer in {plasmonic}-{electron-acceptor} interfaces its by itself a primary
challenge, both from the technical point of view by establishing a widely usable
technique for quantitative monitoring of hot electrons in such systems, as well as from
the theoretical point of view by understanding/disentangling which mechanism
predominates among plasmonic excitation, hot-electron generation, thermal dissipation
and near fields. Transferring these to realistic, non-monodispersed nanoaggregates is a

forward-looking realm also.

Based on estimates from ultrafast kinetics/non-equilibrium studies, so far we
understand that key-factors that determine the transfer efficiency of hot electrons to a
near acceptor, can be conceptually separated as: [i] processes occurring inside the
metallic particle, i.e. photoexcitation of plasmon modes, hot-carrier generation and
relaxation, and [ii] factors related to the particle-acceptor interface, i.e. the probability
of the hot electron reaching the particle surface and injected to the acceptor. Typically,
processes [i] are transient, characterized by ultrafast kinetics, while phenomena in [ii]
tend to relate to equilibrium states. In this case, interfacial or quasi-equilibrium
reactions are the slowest, thus determining the rate-limiting steps of the entire process.
However, a quantitative capturing and monitoring of plasmon-induced hot electrons
under chemical equilibrium remains highly challenging. Seemala et al.!® have
demonstrated that Ag nanoparticles can achieve plasmon-mediated O. dissociation,
with the dominant mechanism assigned to intense surface electric fields, while the hot
carriers had no effect on this particular reaction. In monodisperse spherical Ag
nanoparticles, the theoretical hot-electron lifetime is in the range of picoseconds, while
the optimal range of particle size for maximizing the hot-electron yield lies between 10-
20 nm?. In practical applications, where non-monodisperse nanoaggregates are often

used, tuning the interparticle distance (plasmonic coupling) through aggregation
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degree, promotes the generation of hot carriers due to enhanced electric fields localized
between neighboring particles?’2%. Thus, in the case of a non-monodisperse Ag
nanoensemble, the hot-electron generation rate becomes both size- and aggregation-

dependent?,

In this context, the development of the appropriate method for monitoring the
generation and harvesting of hot carriers still poses a challenge by itself. The methods
used so far can be classified as (i) fast-kinetic spectroscopies, reviewed by Hartland®
and Besteiro et al.%, (ii) imaging methods®-32 or (iii) monitoring the products of a
selected chemical process. Despite the first two methods provide fundamental elements
for the understanding of the process, approach (iii) is of key-importance to understand
the process under chemical equilibrium. However, despite the great progress achieved
so far®3-%, a direct quantitative monitoring of the energetic carriers remains elusive.
Herein, we used Electron Paramagnetic Resonance as a state-of-the-art spectroscopy to
study the transfer of hot-electrons from photoexcited core-shell Ag@SiO>
nanoaggregates to Cré*-atoms. {Cr-oxalate} is employed as a well-studied, electron-
accepting system.®” % One-electron reduction of Cr® results to Cr°* (1a), and a

subsequent two-electron reduction of Cr°* results to Cr3* formation (1b),

Crot + ey — O, (4.1a)

Cr + 2epy — CPF (4.1b)

In the presence of illuminated Ag@SiO2 nanoaggregates, the overall electron transfer

is described by reaction (2),

€hot €hot

2
AL @Sio, + v + O°F =5 ot =5 ot (4.2)

Hence, quantitative monitoring of the {Cr®*-, Cr®*- and Cr3*-oxalate} species offers

complete mass-balance control, which allows a direct electron counting.
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EPR is eminently suited to detect and quantify unpaired electrons in metal
centers**2, as well as unpaired spins in small Ag nanoparticles,**** and photo-induced
trapped carriers.*® Quantitative EPR analysis should take into account the spin-state of
the studied system*42, More specifically, for S>1/2 systems, the work of Chasteen had
clearly exemplified the way to quantify EPR signals for high-spin Fe3*(5/2).%¢ Herein
we use the Spin-Hamiltonian for the S=3/2 {Cr3*-oxalate} system and we account a
spin-state-corrected spin quantitation protocol. In the same context, the S=1/2 {Cr>*-
oxalate} system was analyzed and spin-quantified. In this way, we use EPR spectra as
quantitative indexes of the number of electrons transferred to Cr-species according to
reactions (1a, 1b)

The plasmonic Ag°@SiO nanoaggregates studied herein were synthesized using
Flame Spray Pyrolysis (FSP) whose photothermal profile has been thoroughly
characterized in our previous work*’. Ag is the chosen material here, since it displays
superior plasmon resonance in the optical region and thus the capability to excite higher
energetic carriers.*® Herein, three core@shell Ag°@SiO; configurations were employed
(see Table S1), with a 15 nm Ag core, and varying SiO> thickness of 1-5 nm. Using
EPR spectroscopy, we established a spin-state-calibrated EPR methodology to
guantitatively monitor the one-, two- and three-electron transfer steps from
photoexcited Ag@SiO- towards the reduction of {oxalate-Cr®*} to {oxalate-Cr®*/Cr*}
species respectively. Moreover, in such quantitative study, it was important to assess
the possible direct Cr* reduction i.e. due to oxidation of non-coated Ag surface. Thus,
using FSP we have synthesized non-coated Ag-particles that were simply deposited on
SiO2. We show that in the core-shell Ag@SiOz, the SiO- shell plays a key role in hot-
electron transfer. In a wider context, the present study, exemplify the possibility of
plasmon-enhanced reduction of toxic Cr®* ions towards inert Cr3* within the picture of

environmental chromium remediation.

4.2 Materials & Methods

Flame spray pyrolysis (FSP) synthesis of Ag particles: The nanoparticles were
synthesized using a flame spray pyrolysis (FSP) set-up as already reported.*” The
precursor solution was prepared by dissolving silver acetate (Sigma-Aldrich, purity >
99%) in 2-ethylhexanoic acid (EHA) and acetonitrile (ACN) (both Sigma-Aldrich,
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purity >97%), volume ratio 1:1 at varying concentrations 0.4—0.5 M. Then, the solution
was fed through a capillary at 5—7 mL min™* into the flame and atomized into fine
droplets by 5 L mint dispersed O (Linde, purity > 99%). Pressure drop at the nozzle
tip was maintained at 1.5 bar. A supporting O2/CHa (5 L min%, 2.5 L min*) pilot flame
ignites the droplets, initiates combustion, and supports the spray flame. The high
temperature inside the flame field triggers the metal vapor to form nuclei through the
gas-to-particle formation.*®> Particle coalescence, sintering and agglomeration result
in the final powder collected using a vacuum pump (Busch V40) on glass microfiber

filters (Albet). Nanoparticles were collected by scraping of the powder from the filter.

Synthesis of core@shell Ag@SiOz: The in situ SiO2 encapsulation of Ag NPs was
engineered in an enclosed FSP reactor, originally described by Sotiriou et al.*** In our
study, the desired SiO> shell thickness was adjusted in the range 1 to 5 nm as detailed
in our recent work. Specifically, the flame was enclosed by a metallic tube (9 cm
diameter, 20 cm height), to prolong the high temperature residence time and thus
control the particle size and crystallinity. A toroidal ring, equipped with 16 equidistant
holes, 500 um diameter, was placed above the metallic tube, and used to radially spray
the SiO; precursor vapor on the Ag particles. 0.5-3 L min* N, was used as carrier gas
(Linde, purity > 99%) bubbled through hexamethyldisiloxane (HMDSO, Aldrich,
purity 98%), fixed at 10 °C. The N2-HMDSO stream was injected into the particle field,
along with an additional N> stream used to enforce the radial convection of the HMDSO
vapor, according to the methodology developed by Teleki et al.®>° In addition, co-
agglomerated Ag/SiO2 materials were prepared in a single-nozzle FSP reactor by
spraying a mixture of silver acetate/HMDSO. The FSP settings and characteristics of
the Ag@SiO, materials are listed in Table S1.

Sample preparation for EPR measurements: Potassium dichromate (K.Cr.O7, purity >
99%) and oxalic acid (C2H204, purity > 98%) were purchased from Sigma-Aldrich.
Stock Cr-oxalate solutions were prepared in degassed ultrapure Milli-Q water
(Millipore) at pH = 3, using 10 mM K2Cr.0O7 and 40 mM C>H04, purchased from
Sigma-Aldrich. At fixed stoichiometry Cr:Oxalate = 1:2, stable [Cr-{oxalate}s]
complexes are formed, as verified by EPR spectroscopy. Exhaustive degassing of each
sample was performed to remove ambient O, using a Leybold vacuum pump (10> bar).
For each experiment, fresh Cr-oxalate was used. Every sample was prepared by adding

the appropriate amount from the stock Cr-oxalate solution to a freshly prepared
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suspension of Ag°@SiO in dark conditions. Before irradiation, the system was allowed
to equilibrate under mild stirring, at room temperature for 15 minutes. Degassing was
an important step to remove ambient O that, otherwise, might act as an adventitious

electron acceptor in this type of experiments.

Irradiation Set-up: Irradiation of the samples was performed using an arc xenon lamp
(Oriel 6293) operating at 450 W (Figure S1). The power intensity was kept constant
and recorded at 150 mW cm by a power meter (Newport). To eliminate heating effects
by the IR photons, a water filter was inserted before the focusing lens. The particle

suspensions were irradiated via a 90°-reflector mirror holder (model: 62245).

Monitoring AT Variations: The temperature was recorded by an infrared thermal imager
(Fluke, TiS40). Considering the SiO> surface, the emissivity was set at 0.7 and the
background temperature at room temperature, 22 °C. The camera-data analysis is
accomplished by the SmartView software. The standard error values shown at
temperature curves are obtained according to thermal camera’s range (1 °C). Constant
stirring during the experiment downgrades the existence of thermal gradients in the

surrounding medium.

Electron Paramagnetic Resonance (EPR): The X-band electron paramagnetic
resonance (EPR) spectra were recorded with a Bruker ER200D spectrometer at liquid-
nitrogen temperature (77 K), equipped with an Agilent 5310A frequency counter. The
spectrometer was running under a custom-made software based on LabView.>*
Adequate signal to noise ratio was obtained after 10 scans, with a microwave power
fixed at 8 mW. The EPR instrumental conditions were as follows: microwave frequency
9.54 GHz, modulation frequency = +50.00 kHz, and modulation amplitude = 10 Gauss
peak-to-peak.

Cr Mass-balance Monitoring: The mass-balance of the Cr species was monitored
according to relation (3). Cr®* was quantified by the well-established diphenylcarbazide
(DPC) method using UV-Vis spectroscopy®, and Cr®*/Cr* species were quantified
using EPR.

Validation of the Methodology: The present methodology for quantitative monitoring
of the hot electrons transferred to the Cr-acceptors requires diligent control of eventual

side reactions, as follows: the direct photochemical reduction of the Cr®* ions, has been

154



© 00 N o O b W N e

L T e T e S e e S e S
© O N o O b~ W N BB O

20
21
22
23
24
25
26
27
28
29
30
31
32
33

estimated in control experiments by irradiating the {Cr®*-oxalate} solution, in the
absence of Ag@SiO> nanoparticles. In our irradiation set up, in the absence of NPs, a
maximum of ~10% Cr®* was reduced by direct photolysis, in accordance with Testa et
al.3" (see Figure S15). Cr®*, due to the highly oxidizing potential (Eo = +1.33 V) for the
redox couple Cré*(ox)s/Cr3*(ox)s, is a very efficient electron acceptor which renders it
a strongly oxidizing agent. Thus, direct Ag oxidation might lead to Cr®* reduction
without the intervention of light, forming Ag ions released in the solution. Sotiriou et
al. have investigated in detail the redox stability of flame-made SiO2-coated Ag
nanoparticles and demonstrated that SiO2 encapsulation can eliminate the Ag™ leaching
in aqueous suspensions.®® Therein, the release of Ag*" ions by an Ag@SiO./{Cr-
oxalate} suspension was found to account for ~7% of total Cr-reduction, for the 1 nm
SiO; shell, see Figure S10. As a reference, in co-agglomerated Ag/50SiOz, Cré* ions
were able to oxidize ~30% of the Ag, amplifying the superior stability of the core@shell
structure studied in this work. Furthermore, considering the case of eg. 0.08 g L*
Ag@1SiO, (Figure 2), the decrease of Cr®" concentration by ~1.6 mM cannot be
assigned to 0.7 mM Ag in the solution since post-catalysis XPS measurements show no
oxidized species at all. Hence Ag* release cannot be the prevailing mechanism of Cr®*
reduction. Cr species related to the oxidation mechanism have been subtracted from the

total yield.

Ag@SiO, Characterization: The morphology and phase composition of the [Ag@SiO»-
Cr] system were studied using a scanning electron microscope (SEM, Quanta Inspect,
FEI, Eindhoven, Netherlands) coupled with energy-dispersive X-ray spectroscopy
(EDXDX4, EDAX, Mahwah, NJ, USA) and a FEI Talos F200i field-emission
(scanning) transmission electron microscope (Thermo Fisher Scientific Inc., Waltham,
MA, USA) operating at 200 kV, equipped with a windowless energy-dispersive
spectroscopy microanalyzer (6T/100 Bruker, Hamburg, Germany). XRD data were
acquired at room temperature using a Bruker D8 Advance 2theta diffractometer with
copper radiation (Cu Ka, 2 = 1.5406 A) and a secondary monochromator operating (40
KV, 40 mA), whereby samples were measured between 10° and 80° (Figure S6). Crystal
size was evaluated by using the Scherrer formula. UV-Vis spectra were collected by a
PerkinEImer Lambda 35 Spectrometer by dispersing particles in agueous solvents and
placing them in quartz cuvettes. XPS spectra were acquired in a surface analysis

ultrahigh vacuum system (SPECS GmbH) equipped with a twin AI-Mg anode X-ray
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source and a multi-channel hemispherical sector electron analyzer (HSAPhoibos 100).
The base pressure was 1-3 x 107 mbar. A monochromatized Mg Ke line at 1253.6 eV
and analyzer pass energy of 15 eV was used in all XPS measurements. The binding
energies were calculated regarding the binding energy (BE) of C 1s peak of adventitious
carbon at 284.8 eV. The peak deconvolution was calculated using a Shirley background.
The powder specific surface area (SSA) was determined from Brunauer—-Emmett—
Teller (BET) method and the adsorption and desorption isotherms of nitrogen at 196 °C
using a TriStar 3000 Micromeritics instrument. Prior the measurements, the samples

were outgassed at 150 °C for 10 h under N> flow.

Quantitative Electron Paramagnetic Resonance: Cu?*(NOs)2(S=1/2) and {Fe3*-
EDTA} (S=5/2) in ethanol, were used as spin standards for the quantitation of the Cr-
species according to the quantitation method of Chasteen.*® Specifically, Cu®*(S= 1/2)
is appropriate for quantitation of the Cr°*(S=1/2) since both have similar spin-relaxation
profiles, and g ~ 2. On the other hand, {Cr®*-oxalate} and Fe**-EDTA both have broad
EPR spectra extending in the same region of magnetic fields, from g ~ 4 to g ~ 2, thus
{Fe3*-EDTA} (S = 5/2) provides a reliable spin-standard for EPR quantitation of high
spin Cr3*(S=3/2) species. It is underlined that the EPR microwave-saturation profile of
the spin systems was measured, as in due, and spin quantification was done under non-
saturating conditions. In the experimental EPR spectra of the samples irradiated at
various times, contained a mixture of Cr®* and Cr3* species, the quantitative analysis of

Cr>* and Cr®" consisted of two steps:

[i] deconvolution of the total experimental EPR spectrum to the Cr>* and Cr* EPR sub-
spectra. This was done by computer simulation of the Cr®*- and Cr®*-EPR signals, as

exemplified in Figure 1.

[ii] then, the double integral of the simulated Cr°* and Cr3* EPR spectra were used to
estimate the spin concentration, by comparison with the Cu?*(S = 1/2) and Fe3* (S =

5/2) calibration, respectively.

EPR simulation: To simulate the EPR spectrum of Cr®* (S = 1/2) spin system we have

used a Zeeman spin-Hamiltonian

H=BB-E-S (4.3)
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where g is the g-tensor and S = 1/2.

The Cr3* (S = 3/2) spin system, was simulated using the Spin-Hamiltonian (eq. 4.4)*

H=BB-g-S+S-D-S

%2 B.g-5) +D(S)-35(6 + 1)+ ESI-S)  (44)

with S = 3/2. The values of the components of the zero-field splitting tensor D (D and
E) are related to the electronic configuration symmetry and spin-ligand interactions
strength. Specific attention is required when using the S = 5/2 system of Fe3* to quantify
the S = 3/2 system of Cr®*, as detailed by Eaton et al.** The equation that describes the
double integral of an experimental EPR spectrum and how it relates to the number of

spins in the sample is given by

VP By, Qng S(S+ 1)ng

DI =¢ [Gg C, n]( s

)« S(S+1), (5)

where c is a constant input to the software from a sample with known number of spins,
Gy, the receiver gain, C, the conversion time, n is the number of scans, P the microwave
power in W, B,, the modulation amplitude in Gauss, Q is the quality factor of resonator,
ng the Boltzmann factor for temperature dependence, S with ng are the total electron
spin and the number of spins, respectively, and 1(B,, B,,) is the spatial distribution of

the microwave field and the modulation field experienced by the sample.

Thus, when we use the Fe3*(5/2) spins to quantify the Cr3*(S=3/2) system, a spin-
dependent correction factor is applied, see eq. 4.6.

DI(Cr*:S;=3/2) S,;(S;+1)
DI (Fe*":S,=5/2) Sy(S;+1)

_3 4.6
=5 (4.6)
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1 where DI is the double integrated area of an EPR signal, recorded under non-sturating

2  microwave power. Finally, attention should be paid to the fact that to convert the

3 amount of Cr®* to the number of electrons, a factor of (x3) must be used since Cr®* —

4  Cr®* reduction is a 3-electron event.

5  Overall, a precise quantitative assessment of the hot-electron transfer to Cré*, can be

6 done based on the control of the mass balance of all Cr species, as described in the

7  mass-balance relation (eq. 4.7)

8

9 [Crlpgpa = [Cr1+[Cr ]+ [Cr] (4.7)
10
11 Cr® was quantified by UV-Vis spectroscopy, while Cr>* and Cr3* were quantified by
12 EPR.
13
14 4.3 Results/Discussion
15  4.3.1 Ag@SiO: Characterization
16

Table 4.1. Flame spray pyrolysis (FSP) synthesis parameters and particle characteristics.
FSP Parameters Particle Characteristics
Si
] Precursor
Ag@XSiOz2* ) Precursor wt%  dxrp drem SSA
Molarity P/D** )
M) Flow Rate SiO2  (nm) (nm)  (m?g™)
(L min™)

Ag@1SiO> 0.4 5/5 0.6 10 14+£0.5 15+£35 29+3

Ag@3SiO> 0.4 5/5 1.2 20 15+05 15+£35 62«5

Ag@5SiO; 0.5 7/5 2.0 27 16+0.5 14+40 61<£5

Ag/50SiO*** 0.4 5/5 - 50 18+0.5 - 245+ 5
17 *X denotes the shell thickness (nm). **P/D:. Precursor Feed Rate (ml
18 min~1)/Dispersion Oz (L min™t). ***50% wt SiO; (co-agglomerated).

158



Figure 4.1. TEM images of (a) coupled Ag@1SiO, NPs with 1nm SiO: shell, (b) fractal-
like (D = 1.8) Ag@SiO, nanoaggregates, a typical FSP-derived morphology.
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Figure 4.2. TEM-derived particle size distribution of (a) Ag@1SiO2, (b) Ag@3SiO; and
(c) Ag@5SiO2 NPs.



Table 1 summarizes the structural characteristics of the Ag@SiO2 particles used in
the present study. FSP settings such as precursor molarity, P/D ratio and HMDSO flow rate
are adjusted accordingly, so that the Ag particle size and SiO2 shell thickness can be
precisely controlled. Figure 1-3 depict the efficient SiO2 coating and, the controlled size
distribution and crystallinity of Ag@SiO2 nanoparticles using TEM and XRD respectively.
In all materials, the Ag° core diameter was ~15 nm, while the SiO, layer thickness was
adjusted in the range of 1-5 nm, established by other FSP-based studies.***’ The SiO; shell
thickness controls the interparticle distance, as evidenced in the UV/Vis profile (see
Chapter 11), with the resonance at 590 nm assigned to coupled plasmonic particles.®” XPS
study certifies the absence of oxidized Ag species, thus SiO shell acts as an aggregation

tuner and a particle protector as well (see Chapter 11).%
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Figure 4.3. XRD patterns of the as-prepared Ag°@XSiO2 NPs.
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4.3.2 Plasmon-mediated hot carriers vs direct electron transfer in dark (DETD):

Evaluation of Ag*leaching
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Figure 4.4. (a) TEM images of core-shell Ag@SiO: coated with a 1nm SiO> shell (upper)
and Ag particles deposited on SiO2 with exposed areas. (b) Schematic illustration of
possible Cr®* reduction paths: [i] Direct reduction of Cr®* via oxidation of the non-coated
Ag, results in release of oxidized Ag* ions, and [ii] the plasmon-induced hot-electron
transfer from plasmonic Ag@SiO2 where the oxidative path is suppressed. (c) Evolution
of Ag* release by bare/non-coated Ag or SiO-coated Ag (0.5 g L™): The ultrathin 1nm
SiO; shell hinders the contribution of oxidative Ag* release to Cr®* reduction to 13%, while

the 3nm and 5nm shells suppresses it to 9% and 4%.

Before starting to consider plasmon-driven phenomena in Cr®" reduction, other
mechanisms should be elucidated in presence of Ag@SiO.. Besides thermal effects, Figure
4b depicts the two possible mechanisms that contribute to Cr®* reduction, the hot electrons
and the direct Ag-oxidation by Cré*. Oxidation of Ag particles occurs in the case of non-
coated, exposed Ag surfaces.>® This oxidative step results in release of the Ag* ions in
solution, thus monitoring them provides a quantitative measure of the eventual core
oxidation. Thus, the SiO coating provides an efficient shield, suppressing Ag* release.
Under ultrathin SiO, coating ~1-5nm, some Ag surface can be exposed to Cr®*. This Cr®*
reduction via the “dark/oxidative” path, is not related to hot-electron transfer thus it has to
be properly accounted for. Herein, to take this into account we have carried out a diligent
control of the Ag™ release, depicted in Figure 4c. The thinner 1 nm SiO; layer permits 15

ppm Ag" leaching in the first 60 minutes. Regarding the Cr®" reduction Kinetics shown
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hereafter, this release accounts for 13% of reduced Cr®*, indicating a small portion of bare
Ag surface in the Ag@1SiO>. For reference, the Ag* leaching of the non-coated Ag/SiO:
particles reaches 56% in the same time interval, as expected for the exposed Ag particles®®.
Hereafter, taking these data into account, we show that the observed photoinduced Cr®*
reduction by core@shell Ag@SiO: originates from plasmon-induced hot electrons, while

direct Cr®* reduction via Ag oxidation is marginal.

4.3.3 Quantitative monitoring of hot-electron transfer to {Cr-oxalate} species by
EPR spectra

Table 4.2. Spin Hamiltonian parameters for the {Cr*"-oxalate} and {Cr°*-oxalate} species.

{Cr°*-oxalate} species (S = )
{Cr®*-oxalate} species (S = 3/2)

1/2)
Ox g 0: E/D
O oy o ’ D(m?)  E(cm?)
+ + +
+0.002 +0.002 +=0.002 +0.001 +0.001
0.002 0.002 0.002 0.001
1.965 1.957 1.920 1.915 1.925 1.910 0.417 0.038 0.258

According to reaction (2), upon irradiation, hot electrons are stimulated generating
{Cr®*-oxalate} and {Cr**-oxalate} by a sequential one- and two-electron transfer. In this
methodology, the EPR fingerprints of {Cr°-oxalate} and {Cr**-oxalate} species are
identified by the distinct EPR signals, shown in Figure 5. The {Cr**-oxalate}, i.e.
[Cr(C204)3]* can be easily identified by the characteristic axial g-components in the g ~ 5
region, see theoretical spectrum in Figure 5b (blue trace). Similarly, {Cr>*-oxalate} can be
identified by the sharp EPR signal at g ~ 1.9 in Figure 5a (green trace). In Figure 2b, the
total experimental EPR signal (black) contains both {Cr-oxalate} species, evidenced by the
sharp feature at ~1200 G and the derivative at ~3500 G. The detailed spin Hamiltonian
parameters of {Cr>*/Cr3*-oxalate} species are listed in Table 2.

We underline that the EPR spectrum of Cr3* in Figure 5b corresponds to monomeric
bis-oxalate Cr3*, i.e. {Cr® -(oxalate),}[H20]> complex with a distinct EPR fingerprint.®® In

brief, the zero-field splitting D= 0.417 cm™?, estimated by the numerical simulation of the
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EPR spectrum of {Cr**-(oxalate)s}, is in very good agreement with literature for this type
of complexes.®® This D-component gives rise to characteristic effective g-values near g ~
5.2-5.4, which are higher than the typically observed g ~ 4 values. Control experiments, in
the absence of Ag particles or light, show absence of any EPR signal. Thus, the EPR spectra
display the Ag°@SiO,/Cr-oxalate system produces monomeric {Cr°*-oxalate} and {Cr3*-
oxalate} complexes according to the plasmon-driven electron-transfer reaction (2).
Formation of monomeric species is underlined, since it allows more precise quantitation of
the detected {Cr°*-oxalate} and {Cr®*-species}, thus the hot-electron population according
to relation (4.8)

Npote = 1 X [CP1] +3 x [CF7], (4.8)
where N, is the concentration of hot electrons transferred to {Cr-oxalate} acceptors, and
[Cr°*] and [Cr®7] are the concentrations of the Cr-species in umoles L, determined by

EPR. For completeness, the non-recombined holes in the photo excited Ag°@SiO2 system

were also detected by monitoring the formation of OH radicals using spin-trapping EPR.
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Figure 4.5. Experimental and simulated EPR signals of (a) Cr°*(oxalate)s species of spin
system S = 1/2 and (b) Cr® (oxalate)s species of spin system S = 3/2, displaying the
characteristic axial g-components, i.e. g ~ 2 and g ~ 5, respectively. The detailed spin-
Hamiltonian parameters are listed in Table 1. These graphs refer to a 500 mg L™ Ag@SiO:
NP concentration. (c, d) Calculated energy levels for the Cr°*(oxalate)s and Cr*(oxalate)s
species displaying the possible EPR resonances for the given X-band (Bo = 3400 Gauss),
obeying the selection rule for transitions Ams = £1. These resonances verify the observed
EPR signals of Cr°*(oxalate)s and Cr*(oxalate)s species. For the Cr®*(oxalate)s system, the
Euler angles (orientations) of the magnetic field were equivalent to [¢, 6] = [=/15, 0]

relative to the molecular frame of the spin system (S = 3/2).

4.3.4 Monitoring hot-electron transfer to Cr®/Cr>/Cr3*

An independent route to confirm the injection of hot electrons is to monitor the

population of Crb* species using the well-established diphenylcarbazide (DPC) method.%®
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Figures 6a-b present the kinetics of the Cr®* photo-reduction in presence of Ag@SiO2 NPs.
The Ag@SiO2 NPs concentration affects drastically the reduction rate. Specifically, at low
concentration (80 mg L™Y), at least 80% of Cr®* was photo-reduced within t ~ 60 minutes,
while at 500 mg L the fastest kinetic rate of Cr®* reduction was observed. Further analysis
of the kinetic profile of Cr®* reduction in Figure 6c, reveals that upon increasing NP
concentration, the reaction pathway changes. At 80 mg L™ the quasi-linear profile
indicates that the Cr® photoreduction is a first-order reaction, which concurs with a one-
electron transfer process i.e. as described by reaction (1a). Interestingly, increasing the
particle concentration leads to apparent parabolic kinetics of Cr®* reduction, indicating that
second order effects occur as well (Cr3* formation). This can be attributed to the enhanced
plasmonic coupling of neighboring NPs that can increase the number of hot electrons and
trigger the subsequent two-electron transfer (1b). The concentrations of 240 and 500 mg
L™t in Figure 6¢ can be fitted by a pseudo-first-order reaction expression, indicating that
multi-electron transfer takes place (see reaction 2). Considering the photocatalytic rates per
SiO; shell-thickness and particle concentration, the enhanced plasmonic coupling of 500
mg LT Ag@1SiO, promotes the elevated electron transfer and yields the superior
performance, therefore this case will be further studied. It is underlined that three types of
control experiments were carried out: [i] in the absence of Ag@SiOz under dark conditions,
no Cr-reduction was observed at all. [ii] negligible presence i.e. ~3.5% of {Cr°*-oxalate}
was obtained during the 10min mixing of Ag@1SiO2 NPs and Cr®* in the dark. This is a
marginal Cr-reduction via Ag-oxidation in the dark, that correlates to Ag* leaching as
shown in Figure 4c, where 14 ppm in the first 10 minutes accounts for ~3% reduced Cr®*.
Hence, the contribution of Ag oxidation in the total reaction is diminished compared to the
plasmon-driven phenomena. [iii] Under UV/Vis irradiation without particles, ~10% of the
{Cr-oxalate} was reduced due to direct photolysis that is well known to occur by <300 nm
UV-photons.8! In our analysis this fraction has been deducted from the total yield. Under
visible-light photons A > 340 nm, the photolysis of {Cr-oxalate} was almost zero, thus the
dominant contribution to the observed Cr reduction is the plasmon-induced electron

transfer.
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Figure 4.6. Monitoring of Cr®" photo-reduction by Ag@SiO, nanoparticles of shell
thickness 1, 3 and 5 nm. The SiO2 shell can be seen in the inset TEM images. (a) UV-Vis

monitoring of Cr® reduction by photoinduced hot-electrons using the Ag@1SiOa,

Ag@3SiO; and Ag@5SiO,, respectively. (b) Kinetics of Cr®* reduction at varying

Ag@SiO; concentrations. The C/Co values refer to absorbance at 541 nm normalized to its

intensity before irradiation (Co). (c) [IN(Co/C)] vs. [illumination time] plot. Insets: TEM

images of Ag@SiO2 NPs for varying SiO- shell thickness.

4.3.5 Quantitative analysis of hot-electron transfer

Figure 7 presents the kinetics of EPR spectra for the {Cr-oxalate} species formed in

the presence of the superior Ag@1SiO2 NPs under irradiation. In Figure 7c-d, the EPR

spectra contained a negligible {Cr>*-oxalate} signal under dark. The Cr mass-balance
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analysis (eq 3), for low Ag@SiO, concentration (80 mg L) and for high concentration
(500 mg L ™), is presented in Figure 8a and 8b respectively. The correlation confirms that
at low particle concentration, after 60 minutes of irradiation, ~80% of the initial Cr®* atoms
have been reduced to Cr°*, i.e. by a one-electron reduction process. At high particle
concentration, the Cr®* kinetics display a volcano behavior: initially, one-electron acceptor
Cr°* species are formed for irradiation time up to ~3 minutes at the expense of Cr®*. Then,
at prolonged irradiation times up to 60 minutes, the 3-electron acceptors Cr3*-oxalates are
accumulated at the expense of Cr®*, in agreement with previous EPR studies.®”® Increased
concentration of Ag@1SiO, promotes the Cr®* formation as more energetic electrons

become available plus the increased presence of the local electric fields, in a similar way
to the DPC method.
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Figure 4.7. EPR spectra of {Cr°*-oxalate} and {Cr**-oxalate} species formed via the hot-
electron-driven reduction of Cr®. (a) Experimental and simulated EPR signals of
Ag@1SiOz. The EPR spectra for the {Cr®*- and Cr3"-oxalate} species simulations are
shown separated for clarity. The spin Hamiltonian parameters used are listed in Table S2.
(b) A schematic representing the plasmon-induced Cr®* reduction by the generated hot
electrons. The arrows point to promoted reductions respectively. (c) EPR experimental
(colored lines) and simulated (red lines) spectra of {Cr°*-oxalate} and {Cr**-oxalate}
various times of illumination of Ag@1SiO, NPs of concentration 500 mg L™t NP. (d)
Magnified Cr®* EPR region is presented, revealing the axial g-tensor of the {Cr3*-oxalate}

species. In the absence of irradiation all these EPR signals were absent.

For completeness, the photoinduced hole formation has been monitored by EPR as well.
The detection of OH radicals confirms that by tuning SiO2-shell thickness, the generation

and sufficient separation of hot carriers can be achieved in Ag@SiO nanoaggregates.

The population of Cr®* and Cr3" normalized as [umoles Cr] per [gram of Ag@SiO;]
after 10 minutes of illumination, for 500 mg L* Ag°@SiO: is shown in Figure 8c.
Regarding shell thickness, a rapid depletion of hot-electron population is observed by
increasing the interparticle distance. The 1 nm shell allows a significant number of
energetic electrons to be transferred, hence the superior performance, correlating in a
similar way observed by increasing particle concentration. Again, the contribution of the
increased number of hot spots should be noted for the thin-shell case, as they are known

for promoting hot carrier generation.?:%°
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Figure 4.8. Mass balance (%) of Cr-species & hot-electrons. (a) Low Ag@1SiO»
concentration 80 mg L. (b) High Ag@1SiO- concentration of 500 mg L1, In both graphs,
as Cr®" is reduced, Cr® or/and Cr®* increase. (c) Quantitation of hot electrons and the
apparent quantum yield vs. the thickness of SiO2 coating in 500 mg L *Ag@SiO; after 10
minutes of illumination. Insets: schematic figures of NP-NP vicinity and TEM images. The
calculated near-field mapping profile of each NP configuration. (d) Ag® leaching
concentrations (DETD mechanism) remained far below the amounts of Cr>*/Cr3*-oxalates,

thus the harvested hot electrons.

4.3.6 Disentangling the role of hot-electron transfer and thermal effects on

plasmon-enhanced Cr-reduction mechanism
In our recent work, we have discussed in detail the photothermal effects implicated
in irradiation of Ag°@SiO2 NPs.*” Hereafter, we have further investigated the role of bulk-

medium temperature and wavelength irradiation in the hot-electron transfer efficiency,
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shown in Figure 9. Strikingly, the charge-transfer kinetics at T=7.5 °C, 33 °C and 57.5 °C
show a rather low sensitivity to temperature changes of the bulk medium, thus the estimated
first-order reaction rates k, calculated in Figures 9a-b, were in the range 3.2 to 4.8 x 107
s . Figure 9c depicts that the activation energy for illuminated Ag@1SiO2 was Ea = 6.2 kJ
mol~t which is much lower than the observed E, = 25.4 k] mol in dark conditions, in the
typical range for reactions involving redox-induced electron transfer (20-90 kJ mol1)82:63,
Recently, Halas’s group®°® reported that a substantial light-induced reduction of the
activation barrier takes place in plasmon-enhanced photocatalytic processes when hot
carriers are involved. This corroborates our present findings of a decreased activation

energy in photocatalytic Cré* reduction by Ag@SiOs..

However, the debate that emerged by the aforementioned work,®”®8 necessitates the
careful measurement of the photothermal effects as well.®*® Herein, to further peer into
the plasmon-driven mechanism, the role of excitation wavelength in Ag@1SiO, was
studied where visible-light filters were employed during the Cr®* photo-reduction, as
shown in Figures 9d-e. As expected, cutting-off the plasmon resonance at 4 ~ 400 nm,
resulted in diminished efficiency. Further cutting-off the optical region while maintaining
the same power intensity (150 mW cm?), Cr®* reduction was further decreased indicating
that photon energy away than the LSPR peak, has lower contribution in the reaction. The
profile of thermal effects in Figure 6f shows that by cutting-off the plasmon resonance
wavelength has a less severe impact on the photothermal performance, compared to the
reaction yield. Specifically, the steep diminution of the Cr>*/Cr3* species when 1 < 400 nm
region was cut-off resembles to electronic transitions, while the linear decrease of
photothermal heating tends to follow the absorption spectrum as expected. On a similar
note to the light-induced decreased activation barrier, this observation strengthens the
claim that hot-electron transfer is the prevailing mechanism since the role of thermal effects

is minimized.
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Figure 4.9. (a—c) Temperature dependence of Cr-reduction, by 0.08 g L™t Ag@1SiO.. (a)

Reaction-order graph [In(C/Co) vs T] indicates that all temperatures, the process is first-

order. Bulk-temperature change from 7.5 to 57.5 °C has limited effect on the kinetic rates.
(b) Kinetics graph for Cr®" reduction by Ag@1SiO2 NPs for three different solution
temperatures (7.5, 22, and 57.5 °C). (c) Arrhenius plot of Ag@1SiO2/{Cr-oxalate} under
dark and light. The activation energy is Ea = 25 kJ mol™* and 6 kJ mol™ respectively. Under

light, the temperature was fixed at the same values measured under dark. (d, e) Effect of

excitation wavelength on the Cr® production, using various light long-pass filters (240—
700, 300700, 450-700, and 455-700 nm). (f) Cr>*/Cr3* species (hot electrons) and

plasmon-induced bulk temperature using various light cut-off filters. (The UV-vis

absorption spectrum of Ag@1SiO: is indicated as brown-shade).

Overall, based on the above findings, a conceptual energy diagram is proposed in

Figure 10a. Hot electrons can be transferred to the external electron acceptor {Cr-oxalate}

directly overcoming the barrier posed by the SiO> shell. Engineering the shell thickness,

the interparticle nanogaps can be tuned determining the hot spot intensity and thus the
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enhanced transfer of these energetic electrons to the {Cr-oxalates}. In this scheme, hot
spots are seemingly promoters of hot-electron generation, as indicated by the enhanced
performance of 1 nm shell (i.e. the closely coupled particles). STEM images, Figure 10b-
d depicts that Cr-species are accumulated on the Ag@SiO: particles after irradiation. These
are attributed to Cr3*, species that are known to have strong tendency to precipitate in
aqueous solutions. Probably, the accumulation on the Ag@SiO: surface, as seen in STEM,
can be higher at the interface of coupled particles where the hot spots prevail. This is an
interesting possibility that deserves further study. In any case, from the environmental-
remediation point of view, the present results indicate that the plasmonic Ag@SiO:
nanoaggregates may play a double role i.e. to reduce Cr®* to Cr* via highly energetic hot

electrons, plus to attract them on the particle surface.
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Figure 4.10. (a) Schematic illustration of energy diagram of core@shell-adsorbate
[Ag°@SiO-/{Cr®*-oxalate}] system demonstrating the bending of redox potential level of
adsorbate {Crb* (0x)s/Cr*(ox)s} during illumination. STEM images of Ag@1SiO2/{Cr-
oxalate} system post-illumination, (b) showing Ag, Si and Cr (in green, blue and red color,
respectively), (c) Ag and Cr precipitates (in green and red color), and (d) an indicative
magnified region of (c), showing the Cr precipitates (red color, marked in white circles) at
the interface of Ag nanoparticles. Inset: Energy-dispersive X-ray spectroscopy
(EDS/EDX) spectrum for Ag@1SiO2 (500 mg L) post-photocatalysis. The Ag, Si and Cr
peaks are detected. The Cr precipitates are expected to be Cr(OH)s during Cr®* reduction

in acidic environment.
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Case Study #2: Plasmonic Switch in Oxidation Catalysis

In the same context of plasmon-enhanced redox reactions, the contribution of
Ag@SiO. nanoaggregates in an oxidative process was explored as well. In particular, an
alkene epoxidation performed by a molecular catalyst LMN", where L is a Schiff base
ligand, in the presence of the plasmonic nanoparticles. Again, the scope is the proper
disentanglement of the associated plasmonic mechanisms, such as hot carrier generation,
the intense local electric fields and the thermal effects, on a similar manner to the case of

Cr®* photocatalytic reduction studied in the previous section.
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Figure 4.11. Reaction kinetics in the presence of Ag@3SiO2 nanoaggregates without

illumination and with (a) continuous illumination and (b) subsequent 30-minute light
on/off. (c) EPR spectra of the LMn'"" catalyst and the evolution after the addition of H,O;
(reference) and in presence of Ag@3SiO2 while the sample is being exposed to light. (d)
Magnified EPR spectra of the LMn" after the addition of H202 in the absence of PNPs

(reference) and in presence of PNPs while the sample is being exposed to light.
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Surprisingly, upon irradiation of the Ag/SiO2/LMn" system, a reversible
phenomenon that pauses the reaction kinetics was observed. Figures 11a-b depict that
significant changes in the reaction kinetics are observed when the system is illuminated in
the presence of Ag@3SiOy, regardless of the illumination regime as follows: in the case of
continuous illumination for 3h, a clear inhibition of the oxidation process was observed,
reflected in a significant drop of the catalytic yield after 3 h, from 25% for the non-
illuminated sample to 6.6%. In control experiment, without PNPs and no illumination
treatment, after 3 h, a catalytic yield of 25.5% was achieved, which is typical for this
catalytic reaction. This reaction hindering can be attributed to the presence of the plasmonic
nanoparticles and can be reversible, with the catalytic yield approaching the typical values

when the light is switched off.

Figures 11c-d show the EPR spectra of the LMn'" catalyst, the LMn'+H,0> and the
Ag@2SiO2/LMn"+H,02 under illumination. The LMn' spectrum shows the typical signal
of monomeric Mn'"ions (S = 5/2, | = 5/2) coordinated by the N- and O-atoms of the Schiff-
base ligand. Shortly after the addition of H20., a new broad signal centered at g ~4 arises.
This signal is typical of the LMn'V=0Ospecies with S = 3/2. Figure 11d includes the
theoretical simulation of LMn' (S=3/2). Thus, based on our EPR data, we conclude that
in the presence of PNPs under illumination, the formation of the LMn'V=0 transient is
inhibited, thus the “on demand” pause of the catalytic process, with the process of

LMn'V=0 formation to been analyzed in detail elsewhere.

4.4 Conclusions

The efficient photoreduction of hexavalent Cr®* can be achieved by photoexcited
Ag@SiO; plasmonic nanoaggregates. The present work introduces a novel experimental
concept and methodology for trapping and quantitative assessment of plasmon-induced hot
electrons generated by core@shell plasmonic nanoaggregates, based on EPR spectroscopy.
Cr species are efficient electron acceptors, and progressive one- and three-electron events
are mapped via monitoring of intermediate states Cr°*(S=1/2) and Cr®*(S= 3/2). Plasmonic

coupling is the key parameter for successful transfer of the energetic carriers from the
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interior of the plasmonic nanocrystal to the exterior/interfacial Cr-acceptor. FSP provides
a state-of-the-art technology to control interparticle distance by engineering the shell
thickness. The case of ultrathin SiO2 shell allows a considerable hot-electron transfer and
a light-induced lowering of the activation barrier, while the role of thermal effects and Ag
oxidation phenomena are minimized. The present findings offer a new dimension on
plasmon-driven photoreduction of hexavalent Cr®, in terms of the solar-driven

environmental remediation.
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Chapter 5

Photo-induced Electron/Hole
Dynamics in Flame-made NaTaOs

Nanoparticles

5.1 Introduction

Alkali tantalates, particularly NaTaOs, are promising photocatalytic perovskites
under UV excitation,®* due to highly negative conduction-band energy, determined
primarily by the d-orbitals of tantalum, and the effect of alkaline atoms. Despite major
research focus on NaTaOs, there is currently less understanding of key-aspects of photo-
generated holes and electrons. Photocatalytic activation of semiconductive metal oxides,
leads to rapid {h*/e’} separation, thus appropriate in situ spectroscopies are required to trap,
identify and monitor such elusive species. In this context, Electron Paramagnetic
Resonance (EPR) has provided valuable information for direct detection of holes and

electrons in colloidal TiO2°>®, and nano-TiO, with emphasis on P25-TiO."°. Specifically

3Part of this work is published in Chem. Phys. Lett. 2021, 782, 36, 139031 and ACS Appl. Nano Mater. 2023,
6, 4, 2658-2671
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Nakaoka et al.’® has shown that hole-related EPR signals originate from {Ti*-O--Ti*-
O(H)} units in TiO2, while a detailed EPR study of {h*/e’} pairs in Anatase/Rutile TiO2*
and the understanding of photoactive centers in N-doped TiO, by Giamello’s group*? have
further refined our comprehension of carrier dynamics in TiO2 semiconductors. So far, only
a few EPR studies exist on photoactive NaTaOs, however none on photogenerated {h*/e’}
pairs. Wang et al. have reported a single derivative EPR signal at g~2 detected in self-
dopped NaTaOs, attributed to reduced Ta** centers, however no further information related
to structure, kinetics and relation to H, production was provided*®. Although Meyer et al.
detected photo-induced EPR signals of surface-anchored oxygen species in relatively small

NaTaOs (25nm), no direct detection of trapped electrons was verified*.

Control of NaTaOs particle size at the nanoscale, appears as an interesting bottleneck
by itself, since the majority of the reported NaTaOs displays (sub)micrometric size>®,
Herein, we made the hypothesis that synthesis of smaller nano-NaTaOs3, would facilitate
the elusive photo-induced {h*/e’} pairs. Thus, NaTaOs nanoparticles were synthesized
using flame spray pyrolysis (FSP)®, with the lowest achieved, to our knowledge, particle
size of 14nm. FSP is a well-established flame-combustion process, suitable for engineering
nanomaterials of controlled size and phase!”8. To understand the role of the particle size
in {h*/e’} dynamics, two NaTaOs sizes (14 and 26nm) were studied. The aim of the present
work was the [i] development of flame-made small NaTaOs nanoparticles, [ii] in situ
trapping and identification of the photo-generated {h*/e’} pairs by low-temperature CW-
EPR (77K) and [iii] study of recombination dynamics of the {h*/e’} pairs, in conjunction

with photocatalytic Hz production performance.

5.2 Materials & Methods

Synthesis of NaTaOs by Flame Spray Pyrolysis: The nanoparticles were produced in a
single-nozzle enclosed FSP reactor, described previously'®. The precursor solution
contained Tantalum(V) chloride (anhydrous 99.9%, STREM) and sodium 2-
ethylhexanoate (98%, TCI) of molar ratio 1:1, dissolved in ethanol. The FSP parameters
comprised of a dispersion oxygen flow rate of 5 L/min (Linde 99%) and a precursor flow
rate of 5 mL/min. To control the particle size, the low molarity of 60mM for 14 nm particles

was used and a high concentration of 240mM for the 26nm particles. The flame was
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enclosed by a quartz tube of 20 cm height. The produced particles were deposited on a
glass microfibre filter with a binder (Albet Labscience GF_6_257), assisted by a vacuum
pump (BUSCH) and collected by scraping of the powder. The nanomaterials were stored

in glass vials under an inert Argon atmosphere, until use.

Synthesis of Ag/NaTaOj3 by Flame Spray Pyrolysis: Ag/TiO2@TiOx heterostructures have
been prepared by flame spray pyrolysis using a dual nozzle configuration shown in Figure
1 and described in previous work. Precursor molarity, precursor fuel feed rate to dispersion
gas rate (P/D ratio) and the internozzle distance was adjusted accordingly so that the
desired particle size of each element can be controlled independently. For the NaTaOjs case,
the setup parameters are described, while for Ag, silver acetate (sigma aldrich, >99%) was
dissolved in acid/acetonitrile (1:1). The detailed parameters are demonstrated in Table 2.
The powder product was collected, using a vacuum pump (Busch V40), on a glass

microfiber filter (Albet) placed 66 cm above the flame mixing point.

Powder X-Ray Diffractions (pXRD): The powder crystal structures were analyzed with a
D8 Advance Bruker diffractometer, radiation source Cu (Ka, A=1,5418), with operation
parameters of 40 mA current and 40 KV generator voltage.

Transmission Electron Microscopy: Morphology, nanostructure and chemical composition
of nanoparticles was examined using FEI Titan 80-300 S/TEM microscope at 300 kV
accelerating voltage. STEM images were obtained with beam convergence semi angle of
21.5 mrad. Sample preparation consisted of sonicating powdered samples in ethanol and
depositing the homogeneous suspension in the form of a single droplet on a TEM copper
grid covered by a carbon-fiber film. Before imaging, to remove any organic contamination,
samples were treated for 3 seconds in argon plasma using Fischione Instruments 1020

Plasma Cleaner.

Electron Paramagnetic Resonance Spectroscopy: The X-band electron paramagnetic
resonance (EPR) spectra of NaTaOz nanoaggregates were recorded with a Bruker ER200D
spectrometer at 77 K, equipped with an Agilent 5310A frequency counter. The
spectrometer was running under a home-made software based on LabView®®. Adequate

signal to noise ratio was obtained after 30-50 scans, with a microwave power fixed at 6 dB.
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The EPR instrumental conditions were as follows: microwave frequency = 9.55 GHz,
modulation frequency = +50.00 kHz, and modulation amplitude = 10 Gauss peak-to-peak.
The spectra of photo-induced species were obtained by subtracting the EPR data in dark
conditions from the data recorded under illumination. Irradiation of the samples was
performed in-situ using an arc Xenon lamp (model: Oriel 6293, 1000 W) operating with
750 W input power. To eliminate heating effects, a water-filter was inserted before the
focusing lens to eliminate the infrared contribution. 15mg of NaTaOs powder was placed
in a 5mm EPR tube (Wilmad) and then frozen at 77K. After obtaining each light-minus-
dark spectra, the tube was thawed for 5 seconds at RT in the dark, and frozen instantly at
77K, to examine the photo-excited carrier kinetics. Once measurement is done, this process

was repeated for various time intervals in RT-dark.

Simulation of the EPR spectra: The photo-induced EPR signals obtained experimentally,
were simulated using the Easyspin Matlab package. For all samples, the electron- and hole-
related signals display axial and rhombic g-tensors assigned to Ta*" centers and oxygen
anion radicals respectively, as listed in Table 1. In the case of a NaTaOs nanocrystal, the
nuclei contributions should be considered as well, specifically the ®'Ta (1=7/2) and
23Na(1=3/2) isotopes of 100% natural abundance. In general, the spin Hamiltonian (Hs) for

a spin system is expressed as:

where the six energy terms describe the spin-magnetic field (SZ), spin-nucleus (SN),
nucleus-magnetic field (NZ), nucleus-nucleus (NN), nucleus-quadrupolar moment (NQ)
and spin-spin (ZFS) interactions respectively. The (NZ) and (NN) interactions are
negligible in CW-EPR. Although the NaTaOs spin system contains a non-zero nuclear
quadrupole moment (1>1/2), (NQ) interaction has a minor contribution due to broadenings

in field-swept EPR spectra. Thus, in this work, the spin Hamiltonian is given by:
Hs = BeBoge1S + BeBoge2S + BeBogn1S + BeBogn2S + SAral + SAnal (5.2),

where Qe1, Je2, On1, gh2 and Ara are listed in Table 1 for the case of 14NaTaOs under N2
atmosphere. The A-values for 1 Ta are expected to be highly anisotropic, with the isotropic

hyperfine coupling Aiso estimated as:
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Aiso[lslTa(|:7/2)] = (1/3) [Ax+Ay+Az] (53)

For one s-electron spin 100% localized on a '®Ta(1=7/2) nucleus, the reference value of
the isotropic hyperfine constant is 5359 Gauss.! Thus, the fraction of the spin localized on

the Ta atom in NaTaOs crystal has been estimated from the ratio
%spin on Ta = Aiso/5359 (5.4)

Regarding the hyperfine coupling due to 2Na, The CW-EPR resolution was not sufficient
for detecting the distortions due to hyperfine splitting Aiss[>*Na (1=3/2)] coupled to trapped
electrons, while in the case of holes, we have retained the term in the spin Hamiltonian
with Aisos[*Na (1=3/2)]=7Gauss. A detailed survey of g- and A- tensors allowed us to
successfully simulate all the experimental EPR spectra for the detected {h*/e’} pairs in

NaTaOs particles.

Photocatalytic Hydrogen Evolution (HER): Experiments were done using a photoreactor
(Toption instrument co. Ltd., volume 340 ml) connected to a cooling system, with
controlled temperature of 26:3°C. The irradiation source was a 250W Hg lamp, inserted
into the Quartz-immersion well. Gas Chromatography with a Thermal-Conductivity
Detector (TCD- Shimadzu GC-2014, Carboxen 1000 column, Ar carrier gas) was used for
quantitative monitoring of produced gases. In each experiment, 69 mg of catalyst was
suspended in 220 mL Milli-Q water and 55mL methanol (20% per volume). 0.5% per
weight Ni%* was used as electron acceptor. The average experimental pH was fixed at 4.6.

5.3 Results & Discussion

5.3.1 Photo-excitation of electron/hole pairs in NaTaOs

Figures 5.1a,b present XRD and TEM data for FSP-made 14nm and 26nm NaTaO3
(codenamed 14NaTaOs and 26NaTaOs). According to TEM images, the FSP-NaTaOs
particles are quasi-spherical, forming soft agglomerates, as expected for flame-made
materials. Fitting of XRD data shows that their crystal structure is close to either
orthorhombic (a = 5.5213A, b = 7.7952A, ¢ = 5.4842A; JCPDS 73-0878) or cubic phase
(a=b=c=3.929A; ICPDS 74-2488). From the resolved TEM fringes in Fig. 5.1b, we
discern interlattice distance of 3.95A for 14NaTaOzand 4.05A for 26NaTaOsin agreement
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with the {101} spacings of cubic-NaTaOs; phase!®. Both FSP-made NaTaOj catalysts are
highly active in Hz production from H-O, as shown in Figure 5.1c, achieving rates of 1620
umol Hz gtht and 645 pmol Hz gth? respectively. The initial delay observed in the
production of Hy is attributed to the time required for photo deposition of NiO particles
onto the NaTaOs surface. Considering SSA normalization (Table 5.S1), the enhanced
photocatalytic performance of 14NaTaOs compared to 26NaTaOs is not only attributed to

surface area contribution.
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Figure 50. (a) XRD pattern of 14NaTaOz and 26NaTaOz. (b) HR-TEM images of
26NaTaOs (left) and 14NaTaO3 (right) showing the lattice fringes. (c) H2 evolution rates
of 14NaTaOs and 26NaTaOz in a time interval of 3 hours.
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EPR signals of holes & electrons in 14NaTaOs under N2: The photo-induced [light-minus-
dark] 77K EPR spectra for 14NaTaOs shown in Figure 5.2a(ii), is dominated by a sharp
feature, plus weaker lines better resolved in Figure 5.2b. All these signals rapidly decayed
after switching off the light and short annealing at RT-dark (Figure 5.2a(iii)). Subsequent
T7K-irradiation fully restored all light-induced EPR signals (Figure 5.2a(iv)) with a
detailed kinetics profile shown in Figure 5.2a(inset). Accordingly, these EPR signals are
assigned to photo-induced {h*/e’} pairs in 14NaTaO3 nanoparticles, where the illuminated
particles are under N> atmosphere, thus the disappearance at RT/dark should be mainly
attributed to {h*/e’} pair recombination, not to photocatalytic events. The experimental
EPR spectra can be fully simulated with four sub spectra, (el1, €2, hl and h2 in Figure 5.2b)
using the Spin-Hamiltonian parameters listed in Table 5.1. The prominent, derivative-like
component (h1) is described by a g-tensor g"=[2.028, 2.018, 2.005]. Typically, in
semiconductors such as TiO2%, ZrTiO4 and ZnO?°, photoinduced holes are localized on an
oxygen radical anion of the lattice h" = {M-0""-M} and are detected in EPR at the low-
field region (g>ge) with a slight g-anisotropy. Accordingly, we assign holes (h1) in NaTaO3
to {Ta>*-0"~-Ta>*} and the g-values are determined by the spin-orbit coupling and local
environment of the oxygen radical-anion®. In crystals, the local environment of O~ is
expected to position at 2p, orbital at higher energy vs. 2px, 2py orbitals, thus the g-values
of the holes are determined by the energy difference [E(2p.)-E(2px,2py)]?%. A second type
of hole (h2), evidenced as a shoulder on the (h1) signal, with a g"*-tensor [2.007, 2.019,
2.037], is resolved in Figure 5.2b as well. The higher g-anisotropy of (h2) might indicate a
more distorted local environment, concurring with (h2) being more exposed to the surface
atoms, while (h1) being more in the bulk of NaTaOz lattice. We notice that the low g-value
for the holes in NaTaOs deviates from the free-electron ge=2.0023, in agreement with
similar results consistently observed for holes in TiO2 nanoparticles’°. Moreover, the high
g-value for (h2) in NaTaOs indicates that the spin-orbit coupling terms for the holes in the

nano-oxide latice had a severe impact on the g-shift.
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Figure 5.2. (a) Light-minus-dark EPR spectra of 14NaTaOs under N2 atmosphere (i) dark,

(ii): as in (i) plus illumination at 77K, (iii): as in (ii) plus 10sec/dark/RT and (iv): as in (iii)

plus illumination at 77K. Inset: Kinetics of holes (h1) and electrons (el) in 14NaTaOs3,

derived from thaw-freeze cycles. (b) Experimental (black) and simulated (red) EPR spectra

(holes=h1,h2 & electrons=el,e2) of 14NaTaOs under N2 atmosphere.
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Regarding the photo-generated electrons, they can be localized on the metal atom,
giving rise to EPR fingerprints at g<ge region?®. EPR detectable paramagnetic centers in
NaTaOs can originate from Ta*" centers with a 5d'(S=1/2) configuration, as shown in
Figure 5.2b. Specifically, two signals assigned to electrons are resolved: a sharp EPR
feature (el) described by an axial g-tensor g®'=[1.991, 1.991, 1.940] and, more
interestingly, a riddle-like broad signal (e2) described with g®?=[1.997, 1.997, 1.999]. The
identity of the (el) signal can be assigned to an electron trapped in the lattice, however due
to limited spectral resolution, it is not clear if this is localized on a Ta** atom or on a lattice
defect. The (e2) signal is assigned to an electron coupled with one ¥ Ta[lI=7/2] nucleus
(100% nat. abundance). The A(*®'Ta[I=7/2]) tensor, see Table 5.1, is strongly anisotropic,
giving rise to the riddle-like signal, distributing the resonance magnetic fields over 21+1
values for each g-component. The g-tensor and A(*®1Ta[l=7/2]) in 14NaTaOs are in
accordance of previously reported values for synthetic (z-CsHs), Ta**Cl, complexes®*. In
distorted tetrahedral symmetry, Ta*" has 5d* configuration, with the unpaired electron
residing in a [c1 dx?-y? + ¢z d;2] molecular orbital, with mainly dx2-y? character and small
d;? admixture, i.e. c1>>c,. The 5s,6s character of Ta** is expected to be negligible. The
Aiso(*'Ta[1=7/2]) =119 G (eq. 3) is attributed mainly to indirect spin-polarization effects
by d-spins, hence the low s-character 119/5359~2% of unpaired spin on a Ta-atom. For
completeness, we state that the hyperfine coupling with 22Na(I=3/2) atoms in NaTaOs
could not be reliably resolved in our spectra.

Effect of H.O: After exposure to H2O or ambient humidity, the photogenerated EPR signals
of 14NaTaOz show some changes, demonstrated in Figures 5.3a,b. In Figure 5.3c, two hole
species (h1), (h2) are resolved with g-tensors listed in Table 5.1. The g"* for
14NaTaOs3(H20), shows small, but resolvable, differences compared to (h2) holes of
14NaTaOs(N2). The g" are rather comparable for both cases, which might imply that the
differences in g reflect the effect of H,O adsorbed on 14NaTaOs surface, thus the (h2)-
states are promoted by the presence of H>O. Altogether, we suggest that (h1) are trapped
holes inside the lattice while (h2) are exposed near to surface. An analogous phenomenon

occurs in TiO, where two hole configurations can be resolved by EPR, i.e. {Ti**- 0'~-Ti*'}
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or {Ti*- O -Ti*"- O- H} depending on the state of surface-occupation by H.0¥. Thus, we
suggest that

Bulk Holes (h1) = {Ta>*- 0'~-Ta>*}
Surface Holes (h2) = {Ta*"- O-Ta’"- O-H}

Table 5.1. Spin Hamiltonian parameters of 14NaTaOs under N2 or exposed to H2O.

A Ta(1=7/2) Hyperfine

g-tensor”
Tensor (gauss (£1))

g1 02 03 A1 A2 A3

14NaTaOs (under N2

atmosphere)

(h1) {Ta%- 0~-Ta>*} 2.005(2) 2.018(2) 2.028(2) - - -
(h2) {Ta®*-0-Ta*>*-O'H} 2.007(4) 2.019(2) 2.037(2) - - -
(e2) lattice electron 1.940(2) 1.991(2) 1.991(2) - - -

(e1) Ta** (lattice electron)  1.997(2) 1.997(2)  1.999(2) 71 71 214

14NaTaOs (exposed to
H20)

(h1) {Ta®- 0~-Ta>*} 2.003(2) 2.018(2) 2.022(2) - - -
(h2) {Ta®*- 0 -Ta*>*-O'H} 2.004(4) 2.022(2) 2.035(2) - - -
(e3) Ta* (lattice electron)  1.946(2) 1.993(2) 1.993(2) - - -

(e4) Ta** (surface electron)  1.933(2) 1.933(2) 1.973(2) - - -
(e5) Ta** (surface electron)  1.930(2) 1.960(2)  1.960(2) - - -

# error-bars in parentheses.
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Figure 5.3. (a) Light-minus-dark EPR spectra of 14NaTaO3 exposed to H.O. (b) kinetics
of the EPR signals under light/dark-RT cycles. (c) Experimental (black) and simulated
(red) EPR spectra (holes=h1,h2) of 14NaTaO3z exposed to H.O and (d) EPR signals

(electrons=e3,e4,e5), detected in degassed 14NaTaOs plus 2-propanol as a hole scavenger.

Addition of 2-propanol as hole scavenger, diminishes the h1, h2 signals (not shown),
furher confirming their assignments to photoinduced holes. In Figure 5.3d, the presence of
2-propanol promotes the intensity of the Ta**-electron EPR signals. Two types of electrons
are well-resolved, (see Table 5.1). The sharp lineshape of (e3) indicates that is probably
localized inside the 14NaTaOs lattice, similar to lattice Ti** electrons in Anatase TiO2°.
The axial tensor g®=[1.933, 1.933, 1.973] along with the broad g-component, dominates
the EPR spectrum of 14NaTaO3(H20), even without 2-propanol. The strong broadening of

the g-component indicates a severe heterogeneity of the local environment of these (e4)
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centers in 14NaTaO3(H20). A third broad component (e5) can be resolved at intermediate
Kinetic times in the dark. It can be considered that (e4) and (e5) are attributed to trapped
Ta** electrons close to the surface of 14NaTaOs, in accordance to the well-known surface
Ti®* species in TiO2. Noticeably, strong !8'Ta-hyperfine coupling as resolved in
14NaTaOs3(N>), is not observed in the case of 14NaTaO3(H20).

Size effect: When the size of the NaTaOs particles was increased from 14 to 26 nm, the
population of photoinduced {h*/e’} detected by EPR at 77K was significantly lower. Figure
5.4 demonstrates, for the case of H,O-exposed particles, (e4)-type electrons are resolved
and the (h1)(h2) holes display diminished intensity in 26NaTaOs. Thus, decreasing the
particle size is an efficient route to mitigate the carrier separation in a NaTaO3 crystal and,

by correlating the EPR findings with Hz production, achieve enhanced photocatalytic rates.
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Figure 5.4. Light-minus-dark EPR spectra for (i) 14NaTaOs3 and (ii) 26NaTaOs particles.
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5.3.2 Synthesis and Characterization of Ag/NaTaOs

Table 5.2. FSP parameters of Ag/NaTaO; heterostructures.

FSP Parameters
# _ NaTaO; dygp (nm) L c'0Y GaPEQ
Na+Ta Molarity ~ %wt Ag Flame #1 P/D  Flame #2 P/D (eV)
13NTO 0.2 0 5/5 - 13 3.95
2Ag/13NTO 0.2 2 5/5 5/5 12 3.95
20Ag/13NTO 0.2 20 5/5 3/5 12 4.1
20NTO 0.6 0 7/5 - 18 4
2Ag/20NTO 0.6 2 7/5 5/5 20 4,05
20Ag/20NTO 0.6 20 7/5 3/5 20 3.96
0-2T
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Figure 5.5 (a) XRD patterns, (b) Raman spectra, (¢) DRS-UV-Vis spectra and (d) Tauc

plots of Ag/NaTaO3 nanostructures.
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Figure 5.5 depicts the characterizations of Ag/NaTaOs hetero-nanostructures varying
Ag content and NaTaOs particle size, as listed in Table 5.2. Specifically, the effective
particle size was determined by XRD measurements, shown in Figure 5.5a for all the
materials, where the characteristic peaks of NaTaOs are clearly evident. The presence of
crystalline Ag become evident for the case of 20% Ag/NaTaOsz nanostructures, while for
the case of 2% Ag, the Ag crystals are rather small to be detected by XRD. Figure 5.5b
shows the Raman spectra of Ag/NaTaOs, where the peaks at 500-620 cm™ and 800-900
cm are attributed to O-3Ta and O-2Ta stretching vibrations respectively. For the case of
Ag/NaTaOs, the high-intensity broad background due to SERS phenomena was deducted.
Interestingly, the Tauc plots in Figure 5.5d reveal the presence of energy states in the sub-
gap area, thus the formation of an Urbach tail, upon increasing the Ag content. However,
this cannot be conclusively assigned to reduced NaTaOx species, because the plasmon
resonance of silver is in the same region, thus the broadened absorption band of

20Ag/NaTaO3 nanostructures can be due the mixing of Ag and NaTaOs energy states.

5.4 Conclusions

Overall, the present study elucidates that [i] small 14NaTaOs particles reveal a rich
EPR landscape regarding the electronic configuration and kinetics of photoinduced {h+/e-
} pairs, and [ii] increased NaTaOz particle size diminishes the yield of stable photo-excited
carriers significantly, due to rapid recombination events. This observation might explain
the fact that despite the intense study of NaTaOz so far, there was no successful detection
of photoinduced centers by EPR, most likely because large NaTaOz particles were used in
previous works. Thus, the direct detection and comprehension of the photo-active species
in NaTaOs can lead to a fundamental understanding of their promising contribution in
challenging photocatalytic reactions, with a significant impact on the energy and
environmental fields. Furthermore, in order to study the plasmonic/semiconducting
interface, Ag/NaTaO3z nanostructures were engineering using flame spray pyrolysis of
controlled Ag content and NaTaOg particle size. However, according to XRD, Raman and
UV-Vis measurements, there is no conclusive evidence of plasmon-induced charge-

transfer phenomena.
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5.5 Supplementary Information
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Figure 5.S1. Size distribution of (a) 14NaTaOz and (b) 26NaTaOs, derived by TEM

analysis.
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Table 5.S1. Structural characteristics of the NaTaO3z nanoparticles.

Crystallite size Total
(nm) SSA pore H2 evolution
Materials -
(m<g?)  volume (umol gth?)
drem*  deer** (cm3 g?)
14NaTaOsz 14 +1 20 375 18x102 1621
26NaTaOs 26+1 27 27.5 7x102 645

*estimated by TEM analysis **dger=6000/(SSA*p), where p is the

NaTaOs density (7.13 g/ml).
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Figure 5.S3. (a) Light-minus-dark EPR spectra of 14NaTaOsz exposed to H,O, with the
addition of isopropanol as a hole scavenger varying time in RT after illumination. (b)

Correlation plots of electron kinetics, derived by the EPR signals. The assignment of

electron signals is included in Table 1. The narrow signal (red line) displays a rapid

decrease when light is off, assigned to an electron localised in the interior of the NaTaO3

crystal. In contrast, the slow decrease of the broader signal (green line) indicates the

existence of delocalised electrons in the particle surface.
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hyperfine splitting due to electron (€2)-*®Ta coupling. Spin Hamiltonian parameters are
listed in Table 1.
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Chapter 6

Understanding the Electron
Storage in Interfacial Magnéli
Islands on Flame-made Black

Ag/TiO2 Nanostructures

6.1 Introduction

Fueled by the necessity for energy independence and climate neutrality,
photocatalysis is established as the corner stone providing a way to develop “green” energy
supply harvesting the abundant sunlight. However, the ongoing energy crisis urges
photocatalysts to react under non optimal situations, i.e. when illumination is stopped,
giving birth to the term of “memory catalysis” (MC) or dark photocatalysis, where photo-
induced performance is preserved in the dark.* In particular, the sufficient electron
storage and discharge is a prerequisite, a term often fulfilled by noble metals such as Ag,
Au and Pt due to high conductivity and capacitive nature. In this context,

metal/semiconductor nanocomposites are an efficient way to mitigate photocatalytic
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activity by introducing a Schottky barrier in the interface, that facilitates carrier separation
and hindering back-transfer events if optimized accordingly.* Although the first examples
of MC effect were rather weak for the case of PdO/TiO2°and CuO/TiO-°, Kamat et al. was
the first to report the superior MC performance of Ag/TiO: interface compared to Pt/TiO>
and Au/TiO- and attributed it to the Fermi equilibrium that allows the sufficient electron
trap both in Ag particle and in Ti* sites on TiO, CB.” Notably, the ohmic contact of metals
such as Pt and Pd renders the rapid charge discharge on the solid/liquid interface, thus they
are preferred as electron acceptors for reactions such as water splitting.° On the same note,
Choi et al. demonstrated the usage of Ag/TiO interface for pollutant removal using MC.*°
During illumination, the photo-excited holes drives the oxidation of 4-chlorophenol
(daytime) and when light is switched off, the reduction of hexavalent chromium Cr(VI)

was investigated (night time) by the trapped electrons during pre-irradiation.

Despite the chosen reaction, the light conditions and the interfacial engineering of
the metal/semiconductor hetero-junctions, MC activity depends on metallic particle size as
well. In particular, smaller particles tend to provide higher capacitive capabilities, an
observation that renders common deposition methods such as impregnation and photo-
deposition ineffectual, since the particle size cannot be precisely controlled.” On this
regard, Cai et al. proposed the novel concept of dark deposition, where the pre-illuminated
stored electrons reduce the Ag* ions into particles of ~10 nm on TiO; without the undesired
growth due to the constant light dose.'**? Similarly, efficient semiconductors such as TiO2
are modified in numerous ways in order to impede the limited visible photon absorption
and harness the sunlight energy preserving the high chemical-to-solar efficiency. In the
case of the widely reported black TiO2, the introduction of Ti®* centers in the disordered
TiO, surface modifies the electronic structure.!*!> However, when these randomly
distributed defects obtain periodicity, crystalline TixOx.1 suboxides are formed called
Magnélil®8 and can be utilized to mitigate charge separation and reactivity resulting to
enhanced photocatalytic performance.’®?! However, the synthesis of Magnéli suboxide
phases remain a bottleneck due to the high-temperature treatments under reducing
conditions.?-%* On this regard, Kakeru et al. reported the formation of stable crystalline

Magnéli interface can be attained in situ during the TiO2 synthesis in flame aerosol
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processes in the presence of Ag nanoparticles.?® The initial hypothesis was that the
reducing atmosphere in the flame induced by combustion intermediates promotes the
Magnéli formation and the role of Ag is purely catalytic due to strong-metal-support-
interaction phenomena (SMSI).

These visible-active black Ag/TiO.@TiOx nanocomposites, exclusively prepared in
a single-step procedure by flame spray pyrolysis (FSP)?®, provide two beneficial factors
for amplified electron storage and MC effect; [i] the presence of Magnéli suboxides
nanoislands increase the population of electron traps in the Ag/TiO: interface and [ii] the
in situ deposition of Ag particles during their simultaneous formation with another nano-
oxide in flames, result to homogeneous Ag size smaller than 8nm, inaccessible with the

traditional methods, thus displaying superior capacitance.

Herein, black Ag/TiO.@TiOx nanocomposites were prepared by FSP varying Ag
content, TiO, particle size and Magnéli mass fraction, in order to investigate the
contribution of the distorted suboxide interface in electron storage and discharge.
Furthermore, MC effect was observed in the reduction of Cr(\V1) in the presence of the pre-

irradiated black Ag/TiO.@TiOx nanocomposites, verifying their superior capacitance.

6.2 Materials & Methods

Ag/TiO: heterostructures have been prepared by flame spray pyrolysis using either a
single or a dual nozzle configuration shown in Figure 6.1 and described in detail
previously.?” Precursor molarity, precursor fuel feed rate to dispersion gas rate (P/D ratio)
and the internozzle distance were adjusted accordingly so that the desired properties of
each element can be controlled independently. The detailed parameters are demonstrated
in Table 6.1. Specifically, titanium iso-propoxide (TTIP, Sigma Aldrich) and silver acetate
(sigma aldrich, >99%) were dissolved in ethylhexanoic acid/acetonitrile (1:1) for the case
of the single flame, or dissolved in mixtures of xylene/acetonitrile (2.2:1) and
ethylhexanoic acid/acetonitrile (1:1) respectively for the case of dual-flame setup. A
02/CH4 premixed gas (3.2/1.5 L min, Linde >99.9%) provided the supporting flame and
the initial ignition. The powder product was collected, using a vacuum pump (Busch V40),

on a glass microfiber filter (Albet) placed 66 cm above the flame mixing point. In
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sequential FSP, the Ag precursor was fed to the flame after the already formed TiO>
particles have been collected and the Ag particles deposition takes place in cooler

temperature gradients outside the hotter flame zone.

The morphology, nanostructure, and chemical composition of nanoparticles were
examined using an FEI Titan 80—300 S/TEM microscope at a 300 kV accelerating voltage.
STEM images were obtained with a beam convergence semiangle of 21.5 mrad. Sample
preparation consisted of sonicating powdered samples in ethanol and depositing the
homogeneous suspension in the form of a single droplet on a TEM copper grid covered by
a lacey carbon film. Before the observations, to remove any organic contamination,
samples were treated for 3 s in argon plasma using a Fischione Instruments 1020 Plasma
Cleaner. Powder X-ray diffraction (pXRD) data were collected at room temperature using
a Bruker D8 Advance 2theta diffractometer with copper radiation (Cu Ka, A = 1.5406 A)
and a secondary monochromator operating (40 kV, 40 mA). Raman spectroscopy was
performed with a HORIBA Xplora Plus Raman coupled to an Olympus BX41 microscope,
equipped with a 785 nm diode laser as an excitation source focused with the microscope.
The spectra were obtained at laser power of 1 mW, integration time to 5 sec for 20
accumulations. X-ray photoelectron spectroscopy (XPS) were acquired in a surface
analysis ultrahigh vacuum system (SPECS GmbH) equipped with a twin Al-Mg anode X-
ray source and a multichannel hemispherical sector electron analyzer (HSA-Phoibos 100).
The base pressure was 2-5 x 10—9 mbar. A monochromatized Mg Ka line at 1253.6 eV
and analyzer pass energy of 15 eV were used in all measurements. The binding energies
were calculated with reference to the energy of C 1s peak of contaminant carbon at 284.5
eV. The peak deconvolution was calculated using a Shirley background.
Photoluminescence (PL) spectra were obtained at room temperature with 320 nm
wavelength excitation, using an Edinburgh FS5 spectrofluorometer (Edinburgh Ltd.,

Livingston, UK) equipped with a 150 W CW Ozone-free xenon arc lamp.

The electrochemical measurements, including impedance and Mott—Schottky, were
collected with a Corrtest potentiostat. A three-electrode cell, consisted of a Pt counter
electrode, an Ag/AgCl (saturated KCI) reference electrode and a particle-coated FTO
working electrode (25 cm?) was used to carry out all electrochemical measurements. The
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capacitance of the semiconductor/electrolyte interface was obtained using 10 mV AC
voltage amplitude at 1 kHz, in 0.2 M Na2SO4 solution (pH = 7.1). The measured flat-band
potentials were converted to the reversible hydrogen electrode (RHE) scale using the
Nernst equation:

ERHE = EAg/AgCl + 0197 + 0059 * pH (61)

The flat-band potential (Erg) and carrier density (Np) were determined from the C? versus

E plots using the standard relationship with the surface area of the electrodes (25 cm?).2®

1 2 (E 5 kT) 6
C2  A2Npecg, FB— ¢ (6:2)

where C is the space charge capacitance of the semiconductor, e is the elementary charge
value, ¢ is the relative permittivity of the semiconductor (TiO2 ~ 55 for anatase)?°, & is the
permittivity in vacuum, E is the applied potential, T is the temperature, and k is the

Boltzmann constant.

Electrochemical impedance spectroscopic (EIS) analysis was conducted using a 10
mV AC amplitude perturbation between 100 kHz and 0.01 Hz, under open-circuit potential
conditions. The electrochemical impedance data were fitted to an equivalent circuit model

using ZView software.

The working electrodes were prepared as follows: 15 mg of each sample was
dispersed in 6 ml ethanol containing 120 ul of 5% Nafion solution and the mixture was
sonicated in a water bath until a uniform suspension is obtained. Then, the suspension was
deposited on the surface of fluorine-doped tin oxide (FTO, 13 Q/cm™), using the spin
coating method (200 pl, 10 cycles). The initial spin speed during the sample’s dropcasting
was 2000 rpm for 20 sec, proceeded by an increase to 5000 rpm for 30 sec. The obtained
films were dried at 100° for 15 minutes for the removal of solvent residuals. FTO-coated
glass substrates were initially rinsed in DI water, acetone and 2-propanol and subjected to

sonication for 10 minutes.

The X-band electron paramagnetic resonance (EPR) spectra were recorded with a
Bruker ER200D spectrometer at 77 K, equipped with an Agilent 5310A frequency counter.
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The spectrometer was running under a home-made software based on LabView. The EPR
instrumental conditions were as follows: microwave frequency = 9.55 GHz, modulation
frequency = +50.00 kHz, modulation amplitude = 10 Gauss pp and microwave power = 10
dB. The spectra of photo-generated carriers were obtained by subtracting the EPR data in
dark conditions from the data recorded under illumination. Irradiation of the samples was
performed in-situ using a led lamp (Phoseon Firejet 100) operating at various wavelength
regions keeping the power density constant (9 mwW/cm). 15 mg of each sample was placed
in a5 mm EPR tube (Wilmad) and then frozen at 77K. The assignment of each carrier

species was resolved by simulating the EPR spectra using EasySpin software.*

The simulation of electromagnetic hot spots in Ag@SiO particle proximity was
conducted using Matlab work package MNPBEM based on the boundary element method
(BEM), developed by Garcia de Abajo and Howie.3! The surrounding medium was the

water (n=1.33) and the optical constants of silver were taken by Palik.%2

Dark photocatalysis preparation: At first, a Cr®* stock of 1 mM potassium dichromate
(K2Cr,07, Sigma Aldrich, >99%) or 2 mM Cr®" is prepared (2.9 mg K2Cr20O7 in 10 ml
HPLC grade H»O). Furthermore, Ag/TiO2 NPs stock of 0.5 g/l (in 6 ml HPLC grade H20)
are irradiated for 60 minutes by Phoseon FJ100 LED 405 nm with power density of 700
mW/cm? using a power meter (Newport). Post-illumination, we add 300 pl of Cr®* stock
to NPs stock in order to perform the dark Cr(V1) reduction kinetics by the stored hot
electrons and it has been monitored by UV-Vis spectroscopy utilizing DPC method. For
the DPC method, each time 0.5 ml of the Cr(V1)-NPs stock are mixed in a cuvette with 2.4
ml HPLC grade H20 and 0.1 ml diphenylcarbazide (DPC) stock. The DPC stock consists
of 218 mg (18 mM) 1,5-diphenylcarbazide (Sigma Aldrich, >98%) dissolved in 50 ml
acetone. The absorbance at 541 nm from the Cré*-DPC complex was used to quantify Cré*
in the solution. The color of the solution became stable after 5 minutes. Before each UV-
Vis measurement, the solution pH was adjusted to 3, by adding small amounts of HNOs.

Each catalytic run was repeated 3 times for verifying the experiment’s credibility.
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6.3 Results/Discussion

6.3.1 Structural Characterization of Black Ag/TiO2@TiOx nanocomposites

Figure 6.51. A schematic illustration depicting the two FSP setups and the synthetic
procedure of black Ag/TiO.@TiOx: The sequential deposition of Ag on TiO; particles

(left) and the single-combustion approach (TiO2 and Ag formation in the same flame)
(right).

Figure 6.1 shows the FSP reactor configurations used for the synthesis of
Ag/TiO.@TiOx nanocomposites. The single-combustion approach yields TiO> particles of
controlled size with Ag particles being kept small (< 8 nm), independent to Ag content in
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the liquid precursor fed in the flame, in consistence to previous works.?>?® On the contrary,

the sequential deposition provides the time required for the in-flight growth of Ag particles.

The as-prepared particles are listed in Table 1. For the sake of distinction, TC and LC

samples are attributed to the tight and loose contact between Ag and TiO> particles in the

same flame and sequential deposition respectively. A thorough investigation of TiO:

particle size, Ag content and mixing point can be found in Appendix 3.

Table 6.1. FSP parameters and particle characteristics of Ag/TiO, heterostructures.

'XAg/YTIO, Molarity (M) P/D ratio dyroAg (NM)  dygoTiO, (Nm)? TiO, Mass Fraction  SSA (mé/g)° Tig o/ Tig,*
18TiO, 0.6 5/5 18 0 100 0
TC-20Ag/18TiO, 0.6 715 6 5 13 83 0.33
TC-50Ag/18TiO, 0.6 715 5 5 20 62 0.42
LC-50Ag/18TiO, 0.6 715 28 18 0 85 0.11
TC-50Ag/11TiO, 0.16 715 4 18 23 127 0.4

 XAg/YTiO2: X denotes for Ag content and Y for TiO, particle size respectively. 2derived by Scherrer equation for the Anatase peak. *calculated by BET analysis. “derived by XPS

measurements.

@ Ag

TiOx

' Interfacial

layers

Figure 6.52. (a)(b) STEM images of TC-50Ag/TiO, displaying the color mapping of Ag
particles dispersed in TiO2 nanoparticles.

Figure 6.2a shows a high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of TC-50Ag/TiO2 nanocomposites, where a fractal-
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like aggregated morphology is revealed, as expected for flame-made nanoparticles. The
elemental composition depicted in Figure 6.2b exhibits the presence of Ag particles (blue)
of size ~8 nm deposited in larger TiO- particles. Figure 2c shows the suboxide phases are
detected as distortions in the Ag/TiO: interface, even encapsulating partially some Ag
particles, as reported in similar works. In the case of LC-50Ag/TiO2, Figure 2d shows the
much larger Ag spheres (~28nm) co-agglomerated with TiO; particles and no distortion

layers are observed at all.
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Figure 6.53. (a) XRD pattern of Ag/TiO. nanocomposites varying Ag content, TiO:
particle size and the type of interfacial Ag/TiO2 contact. The symbols correspond to the
present crystal phases. (b) Raman spectra of Ag/TiO2 nanocomposites varying Ag content,
TiO2 particle size and the type of interfacial Ag/TiO2 contact. The typical peaks for Anatase
and Rutile are marked. (c) XPS spectra of 18TiO2, LC-50Ag/18TiO2 and TC-50Ag/18TiO>
(core levels of Ti 2p12 and 2pz» peaks). (d) Mass fractions of the crystal phases (derived
by XRD) and the Ti**/Ti*" ratio (derived by XPS) for each Ag/TiO, nanocomposite. (e)
Pore size distribution (PSD) for each Ag/TiO2 nanocomposite (derived by N2 porosimetry).
() A schematic depicting the presence of larger pores in the distorted TC-Ag/TiO>

interface.
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XRD analysis of the Ag/TiO> nanocomposites varying Ag content and synthesis
setup are depicted in Figure 6.3a. Anatase and rutile TiO2 phases are clearly evident in
every sample, in agreement with existing literature. When the Ag content is increased, the
broad humps at 29.5 and 33° arise, attributed to crystalline TisO7 and TizOs Magneli phases
respectively. Of course, the peaks correspond to Ag are detected as well, at 38 and 44°,
Kakeru et al. reported that increasing the temperature and the reducing conditions inside
the flame (eg. P/D ratio: 8/5), the TiOx suboxide content is further increased. However,
extreme conditions such as P/D ratio: 16/5 promotes Ag particle growth and hinders Ag-
Ti SMSI. Herein, we obtain the maximum presence of Magneli suboxide phases for the
case of 50% wt Ag content. The increased mass fraction of Magneli phases, i.e. Ti®" sites
is verified by XPS measurements as well, shown in Figure 6.3d for the case of TC-
50Ag/TiO.. Notably, no suboxide phases become evident for the LC-50Ag/TiOy, i.e. the
loose interaction of sequentially deposited Ag in the already formed and collected TiO>
particles. This can be attributed to the colder thermal gradients (69 cm above the flame)
the particles make contact, rendering the reducing conditions inside the flame, the pivotal
factor for the successful formation of TiOx suboxides in the Ag/TiO: interface.

Moreover, considering the TEM and XRD analysis, a limit in Ag particle growth (<
8 nm) is evident despite the increased Ag content and precursor feed rate, two major
parameters for controlling the particle size in flame synthesis. This behavior has been
noticed in similar flame-made hetero-structures, but these controllably small Ag particles,
and the subsequent increased capacitance, have yet to be employed in electron storage. As
expected, in the sequential deposition, the Ag nanoparticles are much larger, due to the
increased in-flight growth until the contact with TiO2. Another interesting aspect upon
Ag/TiOz is revealed when the (111) and (200) crystal facets of Ag are compared. In the
case of LC-50Ag/TiO, the preferred growth of (111) facet is observed, as known for
flame-made Ag. However, for the TC-50Ag/TiO2, where Ag and Ti are nano-mixed inside
the flame, the dominant SMSI events induce facet distortions in Ag and the growth of (111)

is hindered.

Figure 6.3b depicts the Raman spectra of the Ag/TiO2 nanocomposites. The peaks at 143,
394, 517 and 638 cm™ are attributed to anatase, in agreement with literature. Increasing Ag
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content in the LC-50Ag/18TiO; interface, the observed band broadening indicates a rutile
formation where the peaks at 230 and 606 cm™arise. The 30 nm Ag particles trigger intense
SERS effect that drive in situ phase transformation upon measurement even using the
lowest laser power. For the case of black TC-50Ag/18TiO> prepared by the single-flame
setup, the broadened and shifted peaks reveal Ti-O bond stretching, indicative of the
distorted interface and the presence of magneli suboxide phases, according to the existing
literature in disordered black TiO,.2> XPS analysis of Ti 2p spectrum, as shown in Figure
2f, demonstrates two distinct surface Ti species in presence of Ag. Specifically, the binding
energy at ## and ## correspond to Ti** and Ti%* species respectively, verifying the distorted
suboxide Ag/TiO: interface due to the Magneli phases. On a similar note, the O1s XPS
spectra in Supporting Information show two distinct peaks, at 529 and 531.6 eV. The
former one can be attributed to hydroxyl groups (OH), but the observed increase by adding
more Ag, thus enhanced surface distortion, can be assigned to oxygen vacancies (Vo) as
well. The XPS spectrum in SI shows that Ag particles preserve the metallic state and no

oxidation events have been detected.
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6.3.2 Storage and Transfer of Photo-generated Carriers in Distorted

Suboxide Interface
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Figure 6.54. (a) Room-temperature PL emission spectra, (b) Mott-Schottky plots and (c)
Nyquist plots of the Ag/TiO2 nanocomposites. Inset: Equivalent circuit used for data
analysis (Rs: electrolyte resistance, Rct: charge-transfer resistance, Cai: double-layer
capacitance). (d) Schematic depicting the energy bands of ref. TiO2 and distorted interface
upon loose and tight Ag/TiO2 contact. The CB edge is roughly equal to flat-band energy

Ers for n-type semiconductors and VB edge can be calculated using the band-gap energy.

Regarding electronic properties, the fraction of interfacial Magneli phases provides
additional energy states acting as efficient electron traps. In this context, Figure 6.4a
depicts the photoluminescence (PL) spectra of Ag/TiO2 nanocomposites. In general, heavy
doping and/or high density of oxygen vacancies in semiconducting materials decrease the
PL intensity, interpreted as slower electron/hole recombination rate. Similarly, the TiOx
suboxides in the distorted Ag/TiO: interface of TC-50Ag/18TiO», provide the electron/hole
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separation acting as efficient electron traps. Hence it becomes clear, that increasing Ag
content, thus promoting Magneli formation via the tight Ag/TiO2 contact, the photo-excited

electrons can be effectually harvested.

Table 6.2. Electrochemical impedance data of Ag/TiO, nanocomposites.

Ag/TiO2 EFFBQ:é)V ° Np cm®) R (Q) Enéggé\%ap EVRTF('\é)VS
18TiO, -0,094  1.03x10Y 970 3.15 3.056
TC-20Ag/18TiO, -0,004 1 x 10" 450 3.18 3.176
TC-50Ag/18TiO, 0,026 7.1x10% 310 -
LC-50Ag/18TiO, -0,004 8.9x10° 790 3.18 3.176
TC-50Ag/11TiO, 0,034  135x10Y7 217 -

Band-gap energy derived by DRS measurements. Eyg = Egg - E;.

To better understand and interpret the relations between the distorted suboxide interface in
black Ag/TiO> nanoaggregates and the electron storage, electrochemical impedance
measurements were performed. Figure 6.4b shows the Mott-Schottky plots of Ag/TiO:
electrodes (deposited on FTO-coated glass substrates), that is 1/C? as a function of applied
voltage (E) curves. The flat band potentials (Ers) of each sample can be obtained as
extrapolation of the linear fits of 1/C? versus E curves to zero and the donor density (Nq)
can be extracted from the slope. The positive slopes of the Mott-Schottky plots observed
here, indicate a typical n-type semiconductor behavior, where electrons are the majority
charge-carriers.®® As listed in Table 6.2, increasing Ag content in Ag/TiO, nanocomposites
induce an anodic offset of Erg in the range from -0.09 to 0.03 V vs RHE, with TC-
50Ag/18TiO, displaying the much higher shift compared to pristine TiO, and the rest
Ag/TiO2 nanostructures. Assuming that flat band position lies very close to CB edge (a
typical case for heavily n-type doped semiconductors)®*, the observed anodic shift can be
assigned to two factors: The metal/semiconductor junction and the interfacial Magneli

presence. In the former case, considering the LC-50Ag/18TiO, sample, where no
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suboxides are present, the electric field formed upon Ag/TiO- contact and the lower Fermi
level of Ag compared to TiO, force the electrons to migrate from TiO2 to Ag until Fermi
level equilibrium, resulting to the subsequent band bending, as depicted in Figure 6.4d. In
the latter case, the higher Erg shift in TC-50Ag/18TiO> can be assigned to the presence of
Magneli phases in the interface, that distort the TiO, band edges even further and create
new sub-gap energy states. Interestingly, the higher donor density was observed in the case
of TC-50Ag/11TiO>. Hence, besides the presence of Ag and, thus the interfacial Magneli
formation, the TiO. particle size influences the electron trap density and charge
dissociation as well. This is most likely attributed to the n-type doping effect of the
interfacial Magneli suboxides, improving the electron harvest and storage capabilities.
These traps in the Ag/TiO; distorted interface can serve as electron donors to the CB of
TiO», increasing the carrier density and mobility in the black Ag/TiO2 nanocomposites.
Furthermore, considering the DRS measurements in Figure S6.2 in Supporting Information
and the electrochemical data presented above, the high visible-light absorption of the black
Ag/TiO2 nanoaggregates, are attributed to [i] the band gap narrowing due to Ag/TiO>
junction and, more importantly, [ii] the formation of sub-gap energy states due to the high
defect density in the interface induced by the Magneli phases (shown in Figure 6.4d), that

act as electron traps improving significantly the carrier separation and light absorption.

To gain additional insight about the charge transfer and storage in the black Ag/TiO>
nanoaggregates, electron impedance spectroscopy (EIS) measurements were conducted, as
demonstrated in Figure 6.4c. Specifically, the Nyquist plots of each electrode recorded in
a 0.2 M NaxSOq electrolyte (pH 7.1) under open circuit potential conditions. A typical
electric circuit (inset of Figure 6.4c) consisting of the electrolyte resistance (Rs), charge-
transfer resistance at the electrode/electrolyte interface (Rct) and double layer capacitance
(Ca1) has been used to interpret the experimental data.®® Fitting analysis indicates that Rct
values are lower when the Magneli fraction is increased, as shown in Table 6.2, suggesting
an accelerated charge transfer rate at the interface between electrode and electrolyte.
Considering both the increased donor density and the superior charge mobility, the TC-

50Ag/11TiO2 nanocomposite displays the superior carrier separation. However, TC-
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50Ag/18TiO, demonstrates the highest Erg shift, which is probably due to TiO> particle

size affecting the Fermi level, thus diverting the band-edges alignment.
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Figure 6.55. EPR spectra of (a) 18TiO, (b) LC-50Ag/18TiO> and (c) TC-50Ag/18TiO:..

The spectra depict photo-induced species and plotted by subtracting the spectrum obtained

under light from the one under dark conditions. (d)(e)(f) EPR spectra of photo-induced

electron/hole pairs varying the excitation wavelength under constant power density. Inset:

The magnified region of the trapped photo-excited electrons.

The generation and dynamics of photo-excited carriers

in the AgQ/TiO2

nanoaggregates is investigated using EPR spectroscopy, and the signals assigned to

electron/hole pairs are presented in Figure 6.5. Specifically, the experimental EPR spectra
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can be simulated with five subspectra, as seen in Figure 6.5a for the case of 18TiO, and
using the Spin-Hamiltonian parameters listed in Table 6.3. As known for TiO, the
prominent, derivative-like components hl and h2, are assigned to photo-induced holes
localized on lattice oxygen atoms near the surface with the g-tensor gn: determined by the
spin-orbit coupling and the local environment. Accordingly, the higher anisotropy of the
other hole type h2, indicates a more distorted local environment, thus h2 are more exposed
to the surface compared to the more localized in lattice h1, trapped at hydroxyl groups. On
a similar note, the simulated el, e2 and e3 species can be assigned to electrons trapping
sites at Ti®* surface and bulk centers, in anatase, rutile and surface sites respectively, with
the Spin-Hamiltonian parameters (Table 6.3) being in agreement with the existing

literature.

Interestingly, the simulated EPR spectra for TC-50Ag/18TiO, resolved in Figure
6.5c, shows that the photo-excited surface electrons act differently. In particular, the
narrower linewidth of (e3) assigned to Ti** surface trapping sites, denotes the restricted
mobility of the photo-generated electrons compared to pristine 18TiO>. It becomes evident
that increasing Ag content and, thus the formation of Magneli suboxides in the Ag/TiO>
interface, the photo-induced electrons can be efficiently confined in these interfacial
trapping sites, improving the carrier dissociation and storage. It is noteworthy that there is
no evidence of these restricted electrons for LC-50Ag/18TiO3, indicating the importance

of the distorted interface.

Regarding the type of electrons stimulated, injected and trapped in the Ti3+ sites, it
is paramount to understand where it originates. On this regard, EPR measurements were
conducted using different excitation wavelength, as shown in Figure 6.4d-f for the 18TiO,
LC-50Ag/18TiO2> and TC-50Ag/18TiO. nanocomposites respectively. In particular,
comparing the two former samples, a change in the population of photo-excited electrons
is detected. For the case of 18TiO», the number of photo-induced electrons is similar for
both 365 and 405 nm with the slight decrease when the 455 nm illumination is used.
Interestingly, for the case of LC-50Ag/18TiO., the population of photo-excited electrons
under 405 nm illumination, is almost zero, either for electrons trapped in the lattice or on
the surface, as shown in the inset of Figure 6.5e. This indicates the migration of these
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electrons to the coupled Ag nanoparticles, where the visible-light-excited electrons to be
more favored for transfer. When the Ag/TiO: interface is further distorted due to the
presence of the Magneli TiOx suboxides, the total photo-excited population is diminished
compared to the other two nanocomposites, probably because the Ag coverage of the TiO>
surface prevents the proper illumination of TiO2 particles, shown in Figure 6.5f. However,
the relative number of photo-excited electrons are kept constant under varying excitation
wavelength. This provides additional evidence of the increased number of sub-gap energy
states, thus introducing an almost continuum energy distribution through the band gap, in

agreement to DRS measurements and the black color.

6.3.3 Dark photocatalysis in Cr® reduction

18TiO,
LC-50g/18TiO,
TC-20g/18TiO,
TC-50g/18TiO,
TC-50g/11TiO,
18TiO, DARK
TC-50Ag/18TiO,
DARK

c/c,

0 20 40 60 80 100 120

Wavelength (nm)

Figure 6.56. Kinetics of Cr®* photo-reduction under 405 nm illumination in the presence
of Ag/TiO2 nanocomposites post-illumination under dark conditions. The open symbols
describe catalytic runs where no light was used. Cr®* is inserted into the system before and

after illumination for the (a) and (b) procedure respectively.
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Figure 6.6 demonstrates the photocatalytic reduction of hexavalent chromium (Cr®"),
enhanced by the presence of Ag/TiO2 nanocomposites. In terms of dark photocatalysis, the
contribution of the reference sample 18TiO> in the reaction is zero, as evidenced in Figure
6.6. The performance of LC-50Ag/18TiO: is anticipated, since the Ag/TiOz interface is the
most efficient contact reported for efficient electron storage.” Strikingly, the optimal
catalytic yield is detected for the case of TC-50Ag/TiO2 nanocomposites, independently of
the TiO> particle size. Specifically, the reduction process is completed within 2 hours after
light. This performance comes to agreement with the hypothesis that the Magneli TiOx
nano-islands present in the distorted Ag/TiO: interface, improve the capability of excite

and storage electrons utilizing the visible region.

6.4 Conclusions

In this work, visible-light active Ag/TiO> nanocomposites were produced using flame
spray pyrolysis, tuning both Ag content and TiO: particle size, with emphasis given to the
interfacial contact (loose or tight). In the latter case, crystalline TiOx suboxide phases
(Magneli) are introduced as nano-islands upon Ag-TiO> contact, distorting the interface.
Regarding the electronic structure, it was revealed that photo-excited electrons can be
efficiently “trapped” near the surface, thus prolonging the electron/hole separation and
their potential chemical activity. Therefore, the interfacial Magneli phases introduce sub-
gap energy states, improving drastically both electron storage and visible-light activity. In
terms of dark photocatalysis, the pre-irradiated black Ag/TiO2> nanocomposites reduce
hexavalent Cr® ions, providing electrons even after 2 hours under dark conditions,
verifying the role of interfacial Magneli nano-islands to trap surface electrons in active

sites utilising sunlight.
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6.5 Supporting Information

Intensity (arb.un.)

TiO,/OH

NS -

©J

Y

1 ' I ' I v I v I ' I ' I v I ! I
538 536 534 532 530 528 526 524 522
Binding Energy (eV)

Figure 6.S1. Kinetics XPS spectra of Ols for 18TiO2, LC-50Ag/18TiO, and TC-
50Ag/18TiO>
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Chapter 7

Concluding Remarks & Future

Research Perspectives

In this thesis, emphasis was given on the study of the underlying photo-induced
physicochemical mechanisms that occur in the presence of plasmonic/semiconducting
nanomaterials. Flame spray pyrolysis (FSP) was employed for the synthesis of core@shell
nanoaggregates (Ag@SiO>) and distorted/suboxide interfaces (Ag/TiOx/TiO2) controlling
precisely particle characteristics and composition. The plasmon-driven phenomena were
categorized and thoroughly reviewed (Chapter 1) as: phenomena outside (light scattering),
inside (hot carriers) the particle and in the particle-particle interface (thermal effects, hot
spots, charge transfer). Following that, the plasmon-induced bulk temperature rise due to
illuminated plasmonic Ag@SiO2 nanoaggregates was monitored by tuning the interparticle
Ag-Ag distance (Chapter 3). Furthermore, the fractal dimension (the parameter that
describes the dendritic shape of flame-made aggregates) was inserted in the theoretical
frame of thermoplasmonics, verifying the experimentally observed collective thermal
effects.

Following the control and understanding of the photothermal mechanism, the hot-
carrier generation and activity was studied in redox reactions. On this regard, a novel
methodology for the detection of the short-lived hot electrons was developed using electron
paramagnetic resonance (EPR) spectroscopy and the Cr® photo-reduction as a chemical
probe for the first time in literature (Chapter 4). The population of photo-excited hot

electrons was quantified in physical units (moles/gr) and correlated to the interparticle
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distance, in a similar manned to photothermal mechanism. In terms of environmental
remediation, the plasmon-enhanced reduction of toxic Cr®* ions to inert Cr* under sunlight
was observed and the contribution of each plasmon mechanism was thoroughly
investigated.

In the last section, the plasmonic/semiconducting interface was studied in flame-
made nanocomposites. NaTaOs nano-perovskites of controlled characteristics were
synthesized using FSP for the first time in literature and the photo-stimulated electron/hole
dynamics were explored utilizing EPR spectroscopy (Chapter 5). Characterizing
Ag/NaTaOs nanostructures, no decisive evidence was provided, that Ag strongly interacts
to NaTaOs (eg. defects, distortions). However, when Ag was coupled to TiO2 particles
inside the flames, the formation of crystalline TiOx suboxide phases (Magneli) was
introduced in the Ag-TiO> contact (Chapter 6). This plasmonic/semiconducting distorted
interface provided superior photo-induced electron storage in surface active sites and high
visible-light activity. These traits improved drastically the “dark” photocatalysis of Cr®*
reduction, in the terms of day-and-night photocatalysis.

In summary, in this thesis, the plasmon-driven events in flame-made nanomaterials
were extensively controlled by the scalability FSP provides, with emphasis being given to
the photophysical events in a plasmonic/semiconducting interface (electron excitation and
transfer). These underlying photophysical mechanisms were utilized in terms of plasmonic
catalysis, using the Cr®" reduction as the chemical-reaction probe.

Regarding the future research perspectives, this thesis established that the plasmonic
particle interface (neighboring metallic particles, adsorbed molecules or attached
semiconductors) can be engineered accordingly regarding the desired application. The field
of plasmonic catalysis is moving towards to hybrid nanomaterials, where the plasmonic
component amplifies the light energy and the non-plasmonic component that extracts this
energy in the form of electronic excitations to drive selective plasmonic chemistry.
Moreover, the need for the industrial production of such nanomaterials promotes the single-
step and scalable process of flame spray pyrolysis for the synthesis of
plasmonic/semiconducting robust nanoensembles. For the case of Ag@SiO:
nanoaggregates, this thesis provided evidence of amplified hot-electron generation and

plasmon-enhanced redox reactions (Chapter 4), thus they can be employed in boosting
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more complex chemical reactions, such as sunlight-driven CO; reduction and H>
production.

For the case of black Ag/TiO2 nanocomposites, one pathway for further investigation
is the detection and activity of the photo-excited holes (eg. ROS generation). The photo-
excited holes can be either high-energy d-band holes or near-fermi sp-band holes. The
utilization and detection of these less-mobile d-band holes. Moreover, the interfacial
Magneli nano-islands have been reported to promote oxygen reduction reaction (ORR),
replacing the conventional carbon as the conductive substrate, thus the black Ag/TiO>
nanostructures can be involved to electrocatalysis as well. Lastly, the detected electron
storage in the Ag/TiO; interface, investigated in this thesis, can be utilized in the photo-
induced enhanced Raman scattering (PIERS), a novel protocol where the efficiency of
surface-enhanced Raman spectroscopy (SERS) in the presence of plasmon/semiconductor
is mainly attributed to the charge transfer between the semiconductor and the adsorbed
chemical species, rather than the electric-field enhancement, the typical SERS
enhancement mechanism. On this regard, FSP enables the in situ fabrication of SERS

substrates above the flame, promoting the hot-spot homogeneity and film robustness.
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Appendix A: Evaluation of Ag* Leaching and UV-
Vis/EPR Analysis of Ag@SiO2/Cr system

Caution! Contact with skin and inhalation must be avoided. Cr®* compounds are human
carcinogens, and Cr®* complexes are mutagenic and potentially carcinogenic. However,

Cr3* is less toxic form of chromium and an essential micronutrient for several organisms.

Sample preparation: Ag°@SiO, NPs were added in deoxygenated Milli-Q water and
dispersed using a cup-horn sonicator (Sonic-V500), for 5 minutes in dark at 24 “C (RT).
Then, appropriate volumes of stock solutions of 1 mM potassium dichromate (K2Cr.0y),
i.e., 2 mM of Cr®, and 4 mM oxalic acid (C2H204) were added to the aqueous Ag°@SiO;
particle suspensions under continuous magnetic stirring. Three particle concentrations
were studied: 80, 240 and 500 mg L% Cr* was quantified using the well-established
diphenylcarbazide (DPC) method by UV-Vis spectroscopy.l? The absorbance at 541 nm
from the Cr®*-DPC complex was used to quantify Cr®" in the solution.® Before each UV-

Vis measurement, the solution pH was adjusted to 3, by adding small amounts of HNOa.

The optimal pH value (= 3) was carefully selected taking into consideration the following
factors: pH values < 4 provide better EPR {Cr°*-oxalate} signals in accordance with Farrell
et al.* and Dos Santos et al.> To avoid unwanted solubilization of the SiO,, pH = 3 was
chosen. This was confirmed by ensuring linear behavior of Cr®*—DPC calibration curves
for four different pHs (1.6, 2.5, 3.5, and 4.5), shown in Figure A3. Accordingly, pH = 3.0

+ 0.2 was chosen for the present study.

Irradiation experiments were conducted using an arc xenon lamp (Oriel model 6293; 1000
W) and a 90%-beam turning mirror (Model Oriel 62245). This allowed a convenient
overhead irradiation of the reaction suspension (Figure Al). Infrared irradiation was
filtered by a cylindrical water-filter positioned in front of the lamp. Sample temperature
was continuously monitored using a digital thermometer probe (Delta Ohm HD8601P) and

a thermal camera (Fluke TiS40). During each irradiation experiments, 200 pL aliquots from
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the sample were transferred to 5 mm o.d. quartz EPR tubes (Wilmad-LabGlass), frozen
immediately at 77 K, and studied by EPR.

Arrhenius Study: To examine the contribution of thermal effects, Cr photo-reduction was
examined under bulk heating of the sample in the range 25-60 °C. For each temperature,
the Cr® photoreduction kinetics was recorded and the initial kinetic rates (k) were
estimated. From the Arrhenius equation (eq. Al) the Ink vs.(1/T) (eq. A2) were plotted

k = A e Fa/RT (eq. Al)
Ink = (—E,/R)*(1/T) + In4, (eq. A2)

where A is a pre-exponential factor, R the gas constant and T the absolute temperature.®

From the slope of the plot {Ink vs.(1/T)}, the activation energy Ea can be calculated.

Beam turning
mirror holder

Beaker solution | - BEAM TURNING
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Figure A.1. (a) Experimental illumination set-up consisting of the arc xenon lamp (Oriel
Mercury-Xenon Lamp; Model 6293, 1000 W) and the beam turning mirror holder (Model

62245). All the experiments were performed with lamp power of 450 W. (b) Side view of
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the set-up. (c) Schematic figure of beam turner attached to the lamp housing condenser
(F/1 fused silica lens) irradiating the [Ag°@SiO2/{Cr®*-oxalate}] solution.

£
c
. IGNITOR o
o O ™— BuiLr INTO g 10004
A wanme A HOUSING g
AR .
HI;FPLEI:C1OH\ F/1 CONDENSER 7 £
~—
N 100 4
\ Booooooog E S W
= \n
3) ) ; o
I\ -
L =]
-2
6080 g 104 Area = 69880 mW m
3 c
Y .8
- ©
o
=
- 1 L) L) T
200 300 400 500 600 700 800

Wavelength / nm

Figure A.2. (a) The 66921 Arc Lamp Housing (450-1000 W) with a F/1 fused silica
condenser. (b) Typical spectral irradiance of the Oriel Mercury-Xenon Arc Lamp (model:
6293, 1000 W).
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Figure A.3. UV-Vis calibration curves for standard concentration of Cré*-DPC evaluating
the pH effect.
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Figure A.4. EPR signals of (a) Cu?* nitrate and (b) Fe**-EDTA as spin standards and (c,

d) the calibration curves, respectively.
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Figure A.5. EPR signals of DMPO-OH adduct of (a) Ag@1SiO2 NPS varying illumination

time. (b) Double integrated area of EPR signals vs. time.
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Figure A.6. Cr species (hot-electron concentration) as a function of the illumination time,
using the Ag@1SiO2 NPs. (a) First-order reaction with NP concentration of 80 mg L. (b)
Second-order reaction with NP concentration of 500 mg L™ The total chromium

concentration is attributed with a grey plateau. In every measurement, the Cr sum with

the population of Cr®* and Cr®* matches the total chromium, with an error of 5%.
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Figure A.7. Kinetics of {Crb*-oxalate} reduction due to photolysis, by varying the
excitation-wavelengths. UV light < 300 nm caused a non-zero photolysis (~10%). At > 300

nm direct photolysis is negligible.

Release of Ag* ions: Ag-ion leaching was monitored using an Ag ion selective electrode
(Thermo Scientific ISE) attached to an ion meter (JENWAY 3345). The electrode was
calibrated using silver nitrate (AgNO3) standard in aqueous solutions (Figure B8), at
various concentrations (0.1-1000 ppm). The detection limit was 1 ppm at pH = 3. Eventual
oxidation of non-coated Ag particles by Cr®* or adventitious Oz can result in Ag* leaching

according to the (eq. A3)"8
Ag” oxidation = Ag,0 + 2H" — Ag release = 24g" + H, (eqg. A3)

The SiO2 encapsulation on the Ag® NPs ensures that the layer prevents Ag-oxidation and
Ag" release. To verify this assumption, the Ag°@SiO2 were tested for Ag* leaching using
an Ag" selective electrode (Thermo Scientific ISE) attached to an ion meter (JENWAY
3345). 4 mM oxalic acid and 1 mM potassium dichromate dissolve in Millipore water. 1.5

g Lt Ag°@SiO2 NPs were added to the solution and dispersed by the cup-horn sonicator,
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using a total power of 100 W for 5 minutes. 2.3 M KNOs is added in both calibration and
testing of NPs just a minute before the measurement ensuring the required ionic strength.
The samples are tested after irradiation and mimic the experimental conditions. Figure A.9
shows the measured release of Ag* ions for the Ag°@SiO2 NPs and co-agglomerated (non-
coated) Ag/SiO; (for reference). As expected, the non-coated Ag/SiO2 NPs exhibit a
significant amount of leaching (60 ppm at the very first minutes of measurement),
indicating the existence of non-coated Ag particles. In the core@shell Ag°@SiO; the Ag*
release was significantly lower, see Figure A.9. The ultrathin shell of Ag@1SiO, allows
the dissolution of < 20 ppm within 60 minutes under irradiation. Thicker SiO2 shell
(Ag@5Si0y) release < 10 ppm Ag ions in an hour. To take this into account in our analysis
we have assumed that the observed release of Ag* ions correspond to Cré* reduction, thus
these value account for < 13% of the observed the Cr-reduction due to plasmonic hot

electrons.
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Figure A.8. Ag ion-selective electrode calibration of {Cr-oxalate} solution at pH = 3.
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