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ABSTRACT

The fundamental aim of heterogeneous catalysis research is to understand
mechanisms at the nanoparticle level, and then to design and synthesise catalysts with
desired active sites. In this regard, the in situ/operando characterisation of defects is
crucial as they are preferential catalytic sites for the reaction occurrence.

The main part of this thesis was the investigation of the morphology and
structure evolution of gold nano-catalysts supported on titanium dioxide. We worked
with different methods of preparation (seed-growth, ionic liquid stabilizer) to synthesise
gold catalysts with controlled sizes. Those catalytic materials were evaluated for the
model CO oxidation reaction, chosen for its environmental relevance and “simplicity”
to be reproducible within our X-ray imaging study.

We used the Bragg Coherent Diffraction Imaging technique to follow in situ the
3D morphology changes under catalytic reaction conditions. A dedicated in situ heating
reactor has been built. We correlated the 3D displacement field and strain distribution
of the gold nanoparticles to the catalytic properties of the material. In particular, for a
120 nm gold nanoparticle, we quantified under working conditions the adsorbate-
induced surface stress on the gold nanocrystal, which leads to restructuration and
defects identified as a nanotwin network.

Finally, by using scanning X-ray nanodiffraction to characterise few tenths of
nanometers single gold nanorods, we were able to obtain a strain map over the Bragg
well oriented gold crystals. This characterisation revealed the presence of a strain
pattern encoded in the nanorods structure consistent with the so-called Rayleigh
Instability. This kind of study proved to be very important as the presence of instability
does affect the properties of nanorods.

Keywords: in situ Bragg CDI, gold nanocrystals, CO oxidation reaction, strain, twin
defects, nanodiffraction.



RESUMO

O principal objetivo da catalise heterogénea é entender os mecanismos de
reacdo a nivel nanométrico e planejar/sintetizar catalisadores com os sitios ativos
desejados. A este respeito, a caracterizacdo de defeitos in situ/operando é crucial,
pois esses sao sitios cataliticos preferenciais para a ocorréncia da reacao.

A parte principal desta tese foi a investigacdo da morfologia e evolucao
estrutural de nano-catalisadores de ouro suportados em dioxido de titanio.
Trabalhamos com diferentes métodos de preparacao (crescimento de “sementes”, uso
de liguidos ibnicos como agentes estabilizantes) para sintetizar catalisadores de ouro
com tamanhos controlados. Esses catalisadores foram testados para a reacdo modelo
de oxidacao de CO, escolhida por sua relevancia ambiental e "simplicidade" para ser
reproduzivel em nosso estudo de imageamento por raios-X.

Utilizamos a técnica Imageamento por Difracdo Coerente de Bragg para
acompanhar in situ as alteracbes da morfologia em 3D nas condicfes da reacéo
catalitica. Um reator que permite aquecimento, dedicado a experimentos in situ, foi
construido. Correlacionamos o strain e displacement field em 3D das nanoparticulas
as propriedades cataliticas do material. Para uma nanoparticula de 120 nm em
particular, nés quantificamos sob condi¢cdes de funcionamento o stress superficial
induzido pelo processo de adsor¢do no nanocristal, 0 que leva a reestruturacdo da
nanoparticula e defeitos identificados como uma rede nanotwin.

Finalmente, usando nanodifracdo de raios-X para caracterizar nanorods de
ouro individuais de algumas dezenas de nanbémetros, pudemos obter um mapa de
strain para os cristais de ouro bem orientados na condicdo de Bragg. Esta
caracterizacdo revelou a presenca de um padrdo de deformacdo codificado na
estrutura dos nanorods, consistente com a chamada Instabilidade de Rayleigh. Esse
tipo de estudo provou ser muito importante, pois a presenca de instabilidade afeta as
propriedades dos nanorods.

Palavras-chave: in situ Bragg CDI, nanocristais de ouro, reacdo de oxidac¢ao do CO,
strain, defeitos twin, nanodifragéo.
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RESUMO EXPANDIDO

Em escala nanométrica, os materiais apresentam propriedades fisico-quimicas
diferentes se comparadas com o estado bulk, devido a alta razdo superficie/volume,
caracteristica de nanomateriais. Isso garante 0 emprego desses materiais em
numerosas aplicagbes em &reas como sensores, na biomedicina, fabricagdo de
dispositivos eletrénicos, etc. Por exemplo, nanoparticulas de metais nobres
suportadas em 6xidos sdo bastante utilizadas em catalise heterogénea e sdo um tema
amplamente estudado em nanociéncia.

A catalise é dita heterogénea quando a fase do catalisador é diferente da fase
dos reagentes. Uma vez que esse tipo de catalise é extensivamente empregada em
varias areas da quimica e em muitos processos industriais, melhoras no desempenho
de catalisadores heterogéneos sdo de suma importancia no aprimoramento de
processos industriais, no desenvolvimento de novas formas de energia e no controle
da poluicdo ambiental. Um exemplo € o uso de catalisadores em veiculos automotivos
para a transformacéo quimica de gases poluentes que representam uma ameaga ao
meio ambiente como hidrocarbonetos, mondxido de carbono (CO) e Oxidos de
nitrogénio (NOx) em substancias menos agressivas em termos de poluigdo ambiental,
como CO2, H20 e N2. Nesse cenario, o estudo da estrutura do catalisador e os
mecanismos envolvidos na reacdo de catalise sdo passos importantes no processo
de melhoramento no desempenho de catalisadores.

Dispersodes coloidais de nanoparticulas de ouro (Au NP) sdo muito estudadas
devido as suas fascinantes propriedades fisico-quimicas: trata-se de dispersdes
estaveis que apresentam propriedades Opticas e magnéticas muito interessantes. O
ouro quando no estado bulk € um metal inerte, mas quando nanoparticulado,
apresenta excelentes propriedades cataliticas para uma ampla série de reacdes
quimicas. Esse fato é atribuido principalmente a abundancia de atomos com menor
namero de coordenacdo em particulas pequenas, onde a adsorcdo dos reagentes,
difusdo e a dessorgao dos produtos acontece.

Esses sitios ativos estdo localizados nas bordas, esquinas e defeitos
superficiais das nanoparticulas. A reatividade dos catalisadores € ajustada pela
deformacéo (“strain”) presente na estrutura superficial, a qual é altamente dinamica e

consequentemente varia durante a ocorréncia da reacdo. Nesse contexto, o strain
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denota o deslocamento dos atomos na estrutura cristalina em relacdo as suas
posicbes ideais. O desempenho catalitico pode ser melhorado através do
entendimento da evolugcédo do strain e a formacdo de defeitos tanto na superficie
quanto na estrutura interna dos nanomateriais. Sob o ponto de vista da catélise, a
fonte de strain durante o processo catalitico pode ser advinda da tenséo (“stress”)
induzida pela adsorcédo dos reagentes e da formacéo de defeitos internos/superficiais,
0s quais deslocam os atomos, resultando em compresséo ou expansao da rede em
relagdo a estrutura cristalina perfeita.

Além disso, as condi¢des da reacéo afetam o comportamento dos catalisadores
e seu desempenho. Assim, estudos sob condi¢cdes controladas do ambiente reacional
(“in situ/operando”) devem ser feitos. No entanto, técnicas de imageamento in situ em
trés dimensodes (3D) que alcancem resolucdo nanométrica e determinacao de strain
simultaneamente séo dificeis de serem aplicadas. Informacdes referentes a strain e
defeitos em escala nanométrica podem ser obtidos com resolugéo atbmica através de
microscopia eletrbnica, mas com severas restricoes que incluem pressoes reduzidas
devido a profundidade de penetracdo curta dos elétrons, impedindo caracterizacdes
in operando. Por outro lado, difracdo de raios-X de pd no regime de raios X duros
permite a determinacdo de strain sob condicbes in operando; no entanto, as
informacd@es obtidas se referem a amostra como um todo, levando a informacdes que
representam uma média de todas as estruturas presentes no po.

A disponibilidade de raios X coerentes em fontes de luz sincrotron abre novos
caminhos no campo de imageamento de nanomateriais, onde a técnica de
Imageamento por Difragdo Coerente de Bragg (Bragg CDI) pode revelar a distribuicao
de strain de objetos nano e micrométricos em 3D em condi¢bes in operando. E
importante destacar que a caracterizagdo por Bragg CDI € possivel em diversos
ambientes realisticos (solu¢cbes aquosas, atmosferas reativas, altas temperaturas,
etc.). Bragg CDI é uma técnica que se desenvolveu muito ao longo dos ultimos 20
anos. Ela permite a reconstrucdo 3D de nano/micro objetos cristalinos e nao
cristalinos, como por exemplo, zedlitas, nanoparticulas, tecidos biolégicos, etc. Na
técnica de difracdo, como a intensidade da radiacdo espalhada é o quadrado de sua
amplitude, nés temos acesso a amplitude; no entanto, informacdes relativas a fase
das ondas difratadas séao perdidas nesse processo. Esse € o famoso “problema da

fase”, bem conhecido na area de cristalografia. A radiacdo difratada pode ser
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convertida na distribuicdo da densidade eletrénica do objeto espalhador através da
aplicacao de uma transformada de Fourier inversa. A amplitude da imagem obtida por
Bragg CDI representa a densidade eletronica da amostra e a fase corresponde a
projecdo do deslocamento dos atomos na estrutura cristalina. Assim, é possivel
reconstruir a particula e obter informacdes referentes a morfologia e também sobre o
deslocamento na posicdo dos atomos em relacéo as suas posi¢coes ideais na estrutura
cristalina.

Neste trabalho, a técnica Bragg CDI é utilizada para revelar a dindmica dos
defeitos cristalinos e também o processo de facetamento que ocorre no sistema
modelo sintetizado, isto €, nanoparticulas de ouro suportadas em dioxido de titanio.
Esse sistema foi estudado in situ durante a reacdo de oxidacdo de CO a presséo
atmosférica. Essa reacéo catalitica € de suma importancia ambiental uma vez que ela
€ utilizada no controle da poluicdo ambiental através da remoc¢édo de CO do sistema
de exaustdo de veiculos motores, sendo considerada uma rea¢cdo modelo.

Um reator dedicado para experimentos de Bragg CDI in situ e que pode
funcionar a altas temperaturas também foi construido. Fazendo uso de um algoritmo
para recuperar a fase através de um processo iterativo, a densidade eletrénica 3D de
Bragg é reconstruida, sendo possivel obter informacfes relativas a morfologia do
objeto, e também ao campo de deslocamento dos atomos presentes na rede cristalina
das nanoparticulas de ouro. Para um dos experimentos, chegou-se a uma resolucao
espacial de 12 nm. As transformacdes superficiais que sdo induzidas pelo processo
de adsorcdo e a quantificacdo do stress superficial também foram descritos,
mostrando que a formacgao de redes geminadas de nanotwins desempenham um
papel crucial nos mecanismos de deformacdo dos nanocristais e se correlacionam
com o comportamento catalitico das nanoparticulas de ouro suportadas em dioxido
de titanio.

Outra parte desse trabalho consistiu na sintese de nanoparticulas de ouro ultra-
pequenas, extremamente relevantes do ponto de vista catalitico. Au NP muito
pequenas apresentam excelente performance catalitica para a reacao de oxidacao do
CO: a taxa de conversdo de CO para Au NP no intervalo de tamanho de 2-4 nm é
aumentada em duas ordens de magnitude se comparadas com Au NP maiores,
demonstrando que o tamanho da nanoparticula € extremamente relevante para a

ocorréncia do processo catalitico. Para o preparo dessas nanoparticulas foram
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utilizados liquidos ibnicos como agentes estabilizantes. Essa classe emergente de
materiais tem crescido e atraido bastante atencdo devido as suas propriedades fisicas
Unicas como baixa volatilidade, alta estabilidade, baixa toxicidade e
biodegradabilidade. De fato, diversos liquidos idbnicos tém sido vastamente utilizados
nas areas de sintese organica, catalise, eletroquimica, eletrolitos poliméricos, na
sintese “verde” de nanomateriais estaveis em agua, em diversas reacdes quimicas
empregadas na industria, etc.

Por fim, uma outra parte do trabalho desenvolvido durante esse doutorado foi
0 estudo de nanobastdes (“nanorods”) de ouro utilizando como técnica principal
nanodifracdo. O estudo aprofundado da estrutura e morfologia de nanorods de ouro &
extremamente relevante para o emprego dos mesmos em uma ampla gama de
aplicacBes que inclui dispositivos nanoeletrénicos e na area de biologia. Nessa tese,
através do uso de microscopia eletrdnica de varredura e nanodifracao de raios X para
caracterizar pequenos nanorods de ouro individuais, foi possivel obter uma projecéo
da distribuicdo de strain dos cristais bem orientados na condicdo de Bragg. Essa
Gltima caracterizacdo revelou a presenca de um padrédo de strain codificado na
estrutura cristalina dos nanorods consistente com a chamada instabilidade Rayleigh,
que leva a uma posterior segmentacdo de sua estrutura em esferas. Nossa
metodologia mostra que a instabilidade esta intrinsicamente presente nos nanorods
em escala atdmica e traz informacdes sobre a estabilidade estrutural dos mesmos,
fazendo emergir uma compreensdo nova para a engenharia de dispositivos que
utilizam esse tipo de nanomaterial.

A principal inspiragdo do trabalho desenvolvido durante esse doutorado € a
necessidade de conhecimento cientifico sobre técnicas advindas de radiagao coerente
uma vez que a nova fonte de luz sincrotron brasileira, o SIRIUS, tera diversas linhas
de luz que oferecerao técnicas que utilizam luz coerente. O SIRIUS sera uma maquina
de quarta geragdo e esta em estagio final de construcdo em Campinas-SP, sendo
capaz de funcionar como um grande microscépio que oferecera para a comunidade
cientifica uma ampla série de métodos de caracterizacao pioneiros. Isso com certeza
ird permitir o desenvolvimento de pesquisas no estado da arte, com potencialidades
para resolver problemas cientificos em diversas areas como saude, agricultura,
energia, etc. Nesse aspecto, o presente trabalho abriu novos caminhos em relagcéo a

experiéncia/conhecimento adquiridos pelas pessoas envolvidas nesse projeto em
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relacdo a técnica utilizada, aquisicao/tratamento dos dados, conhecimento tedrico/
pratica experimental, etc.

A linha de luz Catereté, no SIRIUS, ser& dedicada a performance de CDI e esta
planejada para comecgar a funcionar em 2019. Quando a linha de luz de Catereté
estiver em operacdo, as técnicas de imagem de difracdo de raios X coerentes
alcancardo a resolucao espacial e temporal necessaria para o estudo de dispositivos
reais e as técnicas poderdo ser aplicadas durante medi¢Bes in situ/operando:
tratamento térmico; uso de células dedicadas em diferentes atmosferas; estudo de
carga/descarga em sistemas de baterias; dentre muitas outras possibilidades. Sem
davida, isso expandira os horizontes para a comunidade cientifica uma vez que no
SIRIUS o fluxo coerente de fotons sera 2 a 3 ordens de grandeza maior do que 0s
disponiveis hoje em dia, o que significa uma grande melhora nas resolucées espacial

e temporal.
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1.1. INTRODUCTION

At the nanometric scale, materials present different properties from the bulk
state, mostly due to the remarkable property of high surface/volume ratio. Colloidal
dispersions of gold nanoparticles (Au NP) have been vastly studied due to their
fascinating physicochemical properties: they are the most stable (1), and present very
interesting optical and magnetic properties. Although gold is inert in the bulk state,
when in nanosized regime, gold present excellent catalytic properties in a wide range
of reactions. This fact is attributed to the abundance of a high number of low
coordinated atoms in small nanoparticles, where the reactants’ adsorption, diffusion
and the products’ desorption take place.

These active sites are localised at corners, edges and surface defects (2,3). The
reactivity of the catalysts is tuned by the inherently strained surface structure (4,5) that
is highly dynamic under reaction conditions (6—8). The improvement of catalytic
processes can be achieved through the fine understanding of the evolution of strain
and the formation of defects in both the surface and the inner core structure of the
nanomaterials. In this context, strain denotes to the displacement of atoms in the
crystal structure in relation to their ideal positions. For a catalyst, the source of strain
during the catalytic process can be caused by the stress induced by the reactants
adsorption and from internal defects, which displaces the atoms, resulting in
compression or expansion from the ideal crystalline lattice.

Moreover, reaction conditions affect the catalysts behaviour and their
performances. In situ/operando studies under relevant and controlled environmental
conditions must be performed (9,10). However, in situ three-dimensional (3D) imaging
techniques enabling nanometer-resolution and strain determination simultaneously are
lacking. To date, strain and defect information at the nanoscale is accurately obtained
by electron microscopy (11,12) with restrictions to reduced pressures due to the short
penetration depth of electrons, preventing in operando characterisations. On the other
hand, powder X-ray diffraction in the hard X-ray regime, enables to get strain structure
data in operando conditions but on a large assembly of particles, yielding solely
averaged information. The availability of coherent hard X-rays from synchrotron light
sources opens new opportunities for imaging studies of nanomaterials (13,14), where
Bragg coherent X-ray diffraction imaging (Bragg CDI) can reveal the strain distribution
of single micro- and nano-sized objects (15-20) in 3D and in operando conditions. Itis
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worth mentioning that Bragg CDI is feasible in several realistic environments (agueous
solutions, reactive atmospheres, high temperatures...). The amplitude of the image
obtained by Bragg CDI represents the electron density of the sample and the phase
corresponds to the projection of the displacement of the crystal lattice. Thus, it is
possible to reconstruct the particle and obtain information about the morphology and
also information regarding the displacement of the atom’s positions in relation to their
ideal positions in the crystal lattice.

In this PhD work, Bragg CDI is used to unveil the defects dynamics and facetting
process occurring on model gold nanocrystals supported on titanium dioxide during
the CO oxidation reaction at atmospheric pressure. Because of its use in pollution
control, by removing toxic CO from the exhaust of motor vehicles, this catalytic reaction
is of high environmental and societal importance but also considered as a prototypical
reaction for heterogeneous catalysis (22). We built a dedicated in situ heating reactor
for in situ Bragg CDI. Applying iterative phase retrieval for coherent diffraction imaging
(21), we reconstructed the 3D Bragg electron density and lattice displacement field of
the gold nanocrystals with a spatial resolution down to 12 nm. We describe the
adsorbate-induced surface transformation, quantify the surface stress and further
show that nanotwins formation play a crucial role in the nanocrystal deformation
mechanisms and correlates with the catalytic behaviour of the gold catalyst.

In this work we also synthesised ultra-small gold nanoparticles, which are
interesting from the catalysis point of view (23). Very small Au NP present excellent
catalytic performance for the CO oxidation reaction: the conversion rate of CO for Au
NP in the 2-4 nm size range is increased by two orders of magnitude if compared with
larger Au NP, demonstrating that the size of the nanoparticle is extremely relevant to
the reaction rate (23). The approach we followed to prepare the ultra-small Au NP was
based on the use of ionic liquids (IL) as stabilizers. This emergent class of material has
grown and has attracted much attention due to their unique physical properties such
as nonvolatility, high stability, low toxicity and biodegradability (24—26). Therefore, IL
have been widely used in the area of organic synthesis, catalysis, electrochemistry,
polymer electrolyte, surface active agents, nanoparticles green synthesis in water
stable, chemical reactions mostly used in industry (27) and so forth.

Another part of this work regards the study of pristine gold nanorods.

Comprehensive knowledge of the structure and morphology of thin gold nanorods is
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crucial for its reliable employment in a wide range of applications such as in the
nanoelectronics devices area and in biology field. In this thesis, by using scanning
electron microscopy (SEM) and then scanning X-ray nanodiffraction to characterise
few tenths of nanometers single gold nanorods, we were able to obtain a projection of
the strain distribution over the Bragg well oriented gold crystals. This characterisation
revealed the presence of a strain pattern encoded in the nanorods structure consistent
with the so-called Rayleigh Instability compatible with a mechanism that leads to
further rod segmentation into spheres. Our approach shows that the instability is
intrinsically present in the rods on the atomic-scale and provides insights on the
structural stability in very thin gold nanorods which brings up novel opportunities for

nano-devices engineering.
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CHAPTER II: Coherent Diffraction Imaging
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2.1. COHERENT DIFFRACTION IMAGING (CDI)

Coherent Diffraction Imaging (CDI) is a technique that has been developed over
the past 20 years. It is an imaging technique that allows the 3D reconstruction of
crystalline or noncrystalline nano/microscale objects such as nanowires (1), zeolites
(2), nanocrystals (3), biological tissues (4) and so on. The light source used in CDI
must be coherent.

One mode of CDI is the so-called plane-wave CDI where the illumination is a
coherent plane-wave radiation, which reaches the sample and the scattering pattern is
collected in the far-field with a 2-dimensional detector, as shown in Figure 2.1 (a) (5).
To obtain a 3D reconstruction, the sample is rotated and for each projection, a
scattering pattern is acquired. The best resolution achieved in 3D to date using plane-
wave CDI is 4 nm on gold patterned test sample (6).

As the irradiated object volume has to be smaller than the coherent volume of
the X-ray source (7), there is a limitation for the size of the object to be possibly
measured. This limitation can be circumvented by using the CDI mode called
Ptychography, whose schematic representation is displayed in Figure 2.1 (b) (5). In
this case, the methodology is the same as in plane-wave CDI, but extended objects
(several tens of microns) can be measured by performing a 2D scanning (with a partial
overlap between the points). Best resolution so far of 5 nm was reported by Shapiro et
al. (8).

(@) (b)

Order Extended
sorting ~ sample
aperture t .

Focusing
optics

Pinhole

Detector

Figure 2.1. (a) Plane-wave CDI: a plane-wave illuminates fully the sample and the diffraction pattern is
measured in the far-field. (b) Ptychography CDI: can be applied to Plane-wave-CDI to study extended
specimens. Figure reproduced from reference (5).

The CDI mode used in this thesis is called Bragg CDI. In the Bragg geometry,
one is also sensitive to lattice distortions with sub-angstrom sensitivity (9). The

technique is ideal for studying surface and internal defects in nanocrystalline structure.
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The use of this technique has been growing significantly over the last 20 years.
Figure 2.2 shows the result of a search in the Web of Science database using the input
terms “Bragg Coherent Diffraction Imaging” or “Bragg Coherent Diffractive Imaging”.
The number of publications (a) and citations (b) over the last 20 years have significantly
increased. A total of 196 works were published during these years and the sum of
times cited was 3319. These numbers will keep on rising with the advent of new
synchrotron sources such as SIRIUS, in Brazil, and the upgrades that have been done
or are planned at several synchrotrons around the world.
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Figure 2.2. (a) Number of publications and (b) number of citations over the last 20 years in the Web of
Science database using the input terms “Bragg Coherent Diffraction Imaging” or “Bragg Coherent
Diffractive Imaging”.
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2.2. COHERENCE

As highlighted before, Bragg CDI needs coherent X-ray radiation. 4" generation
synchrotron facilities are emerging as the coherence properties of this source are
tremendously improved. At SIRIUS, that is a 4" generation synchrotron in construction
in Campinas, Brazil, the Catereté and Carnauba beamlines will be the first to propose
coherent based experiments with such high coherent X-ray properties. The coherence
of the X-ray beam can be defined by two physical quantities: the longitudinal coherence

length, L., and the transverse (X and Y) coherence lengths, L.

2.2.1. Longitudinal coherence length

The longitudinal coherence length (L.) is defined as the distance between two
wavefronts, initially in phase, until they are totally out of phase, as shown in the

schematic in Figure 2.3 (10). The longitudinal coherence length is:

1 A2

_ A 1
L; >33 (1)

Therefore, the longitudinal coherence length is directly related to the

monochromatisation device used on the beamline.

Figure 2.3. lllustration of the longitudinal coherence length (L), value representing the length which the
waves (initially in phase) become shifted by m. Figure from reference (10).
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2.2.2. Transverse coherence length

The transverse coherence lengths (Lt) are defining the dimensions of the
coherent illumination of the beam. Let’s consider the monochromatic waves 1 and 2 in
Figure 2.4, propagating in different directions, that are displaced by the difference A6.
The distance from point P to where the difference between the waves is 27 (point K in

this case) is the so-called spatial coherence length. From Figure 2.4, Lt is defined by:

Ly =—=— 2)

The specimen under study needs thus to be smaller than the transverse
coherent lengths, Ltx and Lty. From equation (2), large transverse coherence lengths
values will be reached by using small size sources and by increasing the source-

sample distance.
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Figure 2.4. lllustration representing the transverse coherence length (Ly).

2.3. DIFFRACTION BY A CRYSTAL

For the occurrence of diffraction phenomenon, the wavelength of the incoming
radiation is comparable with the distance between the scattering species. As the X-
rays are electromagnetic radiation whose wavelength is in the order of 10-1° m, this
radiation is diffracted by crystals once the distance between the planes of the
crystalline lattice is comparable to the X-ray wavelength. When X-rays illuminate a
crystal, they are scattered by the electrons of the atoms forming the crystal. Given the

periodicity of the crystal lattice, it acts as a diffraction grating, and, at determined

40



directions, the diffracted radiation will interfere constructively, which gives rise to the
diffraction peaks. The conditions for constructive interference of the scattered waves

by the crystal planes are given by the well-known Bragg law:

nl = 2dsinf 3)

where, n =1, 2, 3, etc. is the order, A is the wavelength of the radiation, d is the lattice
spacing and 6 is the angle between the incident X-rays and the crystal plane.
Figure 2.5 (a) shows the schematic of the diffraction phenomenon, supposing that the
incident radiation is coherent. For constructive interference of the elastically scattered
X-ray from the lattice planes to occur, the optical path length difference between the
successive scattered waves must be an integer multiple n of the wavelength of the X-

ray that is used.

Defected crystal

Figure 2.5. (a) Diffraction of X-rays for a perfect crystalline structure. (b) Diffraction of X-rays for a
realistic case of a defected structure. (c) The Q vector is the vectoral difference between the incident
and scattered vectors (ki and ki, respectively).

2.3.1. Phase problem

In diffraction, as the intensity of the scattered radiation is the square of the

amplitude, we have access to the amplitude, but information regarding the phase of
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the waves is lost in this process. This is the “phase problem”, well-known in
crystallography. The recorded diffracted radiation can be converted back into the
electron density distribution of the diffracting object by applying an inverse Fourier
transform. The phase change in a defected crystal can be visualised by the simplified
schematic shown in Figure 2.5 (b). In the as explained case (a), the X-rays reach a
non-defective crystal and, it carries a constant phase relationship after the diffraction
phenomenon. In this ideal case, assuming that the radiation is coherent, according to
the inversion symmetry of the magnitude of the Fourier transform of a real object (11),
the crystal would give rise to a symmetric coherent diffraction pattern. Now, let’s
consider the realistic case where the crystal is not perfect and there are several
displaced atoms on its structure as exemplified in (b). In this case, the phase
relationship is changed due to the displaced atoms and the coherent diffraction pattern
would be asymmetric. In (c), the scattering vector Q is represented. It is the difference

between the incoming wavevector k; and the outgoing one, k.

2.4. PHASE RETRIEVAL ALGORITHMS

The recovery of both amplitude and phase of the diffracted radiation allows one
to image the object that diffracts the radiation through an inverse Fourier transform.
Making sure that the diffraction data is oversampled and that the object is isolated, the
algorithm can be used for the phase retrieval via an iterative way. The phase retrieval
algorithms most used for CDI data are primarily based on the iterative method of
Gerchberg-Saxton, which was originally developed for the electron microscopy (EM)
imaging case where the measurement is done in both real and reciprocal spaces (12).
With the availability of fast Fourier Transform (FFT), switching back and forth between
both spaces, the amplitude and phase of the diffracted radiation can be recovered from
the recorded intensity (13). Figure 2.6 displays the basic principle of operation of this
algorithm. At first, a real space estimate - gn(X) - of the object is done considering a
random phase set. A FFT is then calculated, which gives rise to the diffraction pattern
- Gn(u) - that will be compared with the experimental one. By imposing a Fourier
constraint, this gives rise to G’n(u). An inverse FFT of the reciprocal space of the object
is then calculated, which generates g'n(x). A real space constraint is executed, which
results in a new estimate in real space for the object. This iterative process is repeated
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until convergence is attained, which means the constraints in both real and Fourier
domains are satisfied. For a convergent solution, the difference between the measured
and retrieved intensity, usually reaches values smaller than 103. The number of times
that this process happens is called “number of iterations”. The algorithm works trying
to minimise the difference between the measured diffraction pattern and the one
generated by the hypothetical reconstructed object, by changing progressively this

object (both its amplitude and phase).

Initial phase

estimate g, (x)
(random)

Reciprocal
space G, (u)

Real space

gi(x) (i>1) FAT

Real space Fourier

constraint

constraints

FFT! Reciprocal
space G’ (u)

Real space
g'n(x)

Figure 2.6. Iterative phase retrieval based on the Gerchberg-Saxton algorithm (12); n is the iteration
number.

2.5. OVERSAMPLING

The oversampling criteria is related to the region known as the support, which
defines the boundary which encloses the scattering object. In the case of a two-fold

oversampling, the quantity of unknowns in the real space is equal to the quantity of
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measured diffraction intensities on the detector. This is a requirement for the

reconstruction work. The oversampling ratio can be defined as:

total region

(4)

o= . .
electron density region

where the total region is the electron density region + no-density region (the support
area) (14). For retrieving the phase from a diffraction pattern, the oversampling ratio
must be greater than two. In CDI, the oversampling condition is achieved by making

sure that the number of pixels per fringe in the detector is greater than two. Given that
the fringe spacing is %D , Where A is the wavelength of the X-rays, D is the sample-

detector distance and S is the size of the sample, the oversampling ratio is defined as:

_ AD
o= S.detector pixel size

(®)

Therefore, by increasing A and the sample-detector distance, the oversampling

ratio is increased.

2.6. LATTICE DISPLACEMENT

The imaginary part, the phase shift @, provides an image of the displacement u
of the crystal lattice projected along the scattering vector of the measured Bragg spot

via the following equation:

d=Gu (6)

where G is the scattering vector and u the displacement field (15). G is also defined by
G= %ﬂ where d is the lattice spacing for the studied Bragg peak. Replacing G in

equation (6) it is clear that the phase changes by 2m for every increase of u by one
lattice spacing. As the displacement field represents the distortions in the crystalline

structure, it is possible to get insights about the defects present in the structure.

44



2.7. STRAIN

The concept of strain in crystal lattices is related with the shifts of the atoms in
relation to their equilibrium positions. Figure 2.7 shows an example of a strained
structure in a simplified crystal lattice (for better visualisation, the atoms are not
shown), where the red structure represents the displaced atoms by the quantity Ad in
relation to the perfect lattice spacing d. There are several reasons for the appearance
of strain in the crystalline structure, and for the particular case of this work, the strain
induced from internal defects (for example, dislocations inside the crystals) and from
forces applied to the surface of the crystal (stress, for example) are of particular
relevance.

Let’s define strain in terms of vectoral notation: consider the original position of
an atom in the crystal lattice as the ideal position and, if the atom is displaced, the
points will be displaced by Ad, as shown in Figure 2.7 and, the difference between the
strained and original positions is called displacement vector, represented by the
notation u. From this, the strain can be defined as the symmetric part of the gradient
of the displacement. If x; and x; are both components of the position in the ideal lattice,

the strain tensor is:

Eij N 2 aXJ axi ( )

%4

Figure 2.7. Schematic of a crystalline structure with displaced atoms by Ad (in red), showing the
displacement vector .
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The lattice spacing is determined applying the Bragg equation and the strain is

defined as:

ﬂ _ dexp - dtheo (8)
d dtheo

where % is the strain, d.,, is the experimentally measured lattice spacing and d,,, is

the theoretical lattice spacing. As the 26 position changes as function of the presence
of strain in the crystal, having measured the relative Bragg positions we can determine
the relative variations of the strain distribution across the sample.

From the phase shift, one can obtain information on the strain field of the crystal
lattice (16). The 3D strain distribution along the measurement direction (here (111)) is
obtained by taking the derivative of the displacement field resulting from algorithmic

phase reconstruction. It is defined by the formula:

_ ouy14(r)
0X111

)
where u,,,(r) is the displacement field.

Given that the phase shift is a scalar product of the scattering vector and
displacement field (equation (6)), only one component of the displacement field is
measured for a given Q, which is the projection of the displacement field onto the Q
vector. Hence, the full strain tensor is obtained if the diffraction of at least three non-

coplanar Bragg peaks are measured.

2.8. BRAGG CDI EXPERIMENTS

2.8.1. Bragg CDI measurement

In Bragg CDI, the sample is illuminated by a coherent plane wave beam, where
the intensity of the diffracted radiation for a given Bragg peak is recorded in the
detector. The rocking curve is then measured, where the crystal is rotated around the
20 angle in a short interval by using small step angles and measuring a sequence of

successive 2D diffraction patterns for each angle. The stacking of these 2D diffraction
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patterns yields the 3D Bragg peak. The structure information of the object is encoded
in the diffraction speckles. The 3D Bragg peak is the main input file used in the

algorithm for the nanoparticle reconstruction.

2.8.2. Nanocrystal alignment

Figure 2.8 presents a schematic of the crystal geometry for aligning the
nanocrystal to the center of rotation. The alignment procedure is the following: if the
crystal is not at the center of rotation along the x-ray propagation direction (y axis in
this case), when rotating the crystal by a portion of a degree, the diffracting crystal will
be out of the beam. In the second frame in this Figure, one should adjust the sample
in the direction of x and z in order to move the crystal back into the X-ray beam. This
shows where is the relative position of the object in relation to the center of rotation
(along the y-axis). Then, one needs to move the crystal along the beam closer to the
center of rotation. This procedure must be repeated until the crystal rocking curve
presents a smooth Gaussian shape without abrupt intensity decrease (17).

e A Move y
T Y
(1
X |
—‘ Move x and z fl

Figure 2.8. Schematic of the sample alignment to the center of rotation. Figure from reference (17).
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This procedure is used to align the sample in the beginning of the experiment
but also during the heating treatment in order to track the nanoparticle during heating
ramps. Indeed, whilst increasing the temperature, the in situ setup can face a thermal
expansion leading to a drift of the sample including loss from the beam. That is why,
during the heating/cooling ramps, this alignment procedure is used to recover the
orientation and position of the nanoparticle to get the maximum intensity of the signal

before performing the rocking curves.

2.8.3. Data preparation for the reconstruction

One criterion used to select a good diffraction pattern is that this pattern is
isolated on the area detector. If there are one or more diffraction patterns derived from
different objects superposing, the algorithm is not capable of differentiating them during
the reconstruction process and this approach doesn’t work anymore. Figure 2.9 shows
a 2D diffraction pattern with a main signal in its center and areas indicated by red
arrows where “alien” diffraction signals are observed. Those signals coming from
different crystals should be removed before using the data for reconstruction. This is
done by cropping the 2D diffraction image and using in the phase-retrieval algorithm

only the signal inside the red square.

Figure 2.9. Example of a 2D Bragg peak for the center of the rocking curve. The red square represents
the cropped area and the red arrows point to scattering contributions from different objects.
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2.9. DEFECTS

2.9.1. Stacking fault

Some of the most common defects present in crystalline materials are stacking
faults. They are defined as imperfections where the stacking sequence of the atomic
layers in the crystal is interrupted. For face centered cubic (fcc) crystalline structures,
which is the case for gold, the crystallographic planes packing of {111}, for instance,
follows the sequence ABCABCABC..., which can change in the case of the defected
structure. For fcc structures, there are two main types of stacking faults: intrinsic and
extrinsic as shown in Figure 2.10 (a) and (b), respectively. In the intrinsic type, one
atomic layer, C in this case, is removed from the structure and, in the extrinsic type, an
additional atomic layer, A in this case, is added to the structure (18). Both removed
and added atomic layers are indicated by a black arrow in the Figure.

0000000908 0O—0—0 000008
€
0000000 0A 0000000 0A<—
0—0—00000908 0000000 90c
0—40—0 000 090c 0—0 0000 00A
0—0—10C—00000A 0400000008

Figure 2.10. Representation of the different types of stacking faults present in a fcc structure: (a) intrinsic
and (b) extrinsic.

2.9.2. Twin domains

The other common defect present in crystalline structures is the formation of the
so-called twin domains, which occurs when the crystal shows two packing sequences,
one the mirror of the other. For example, in the fcc structure of the {111} planes, the
formation of twin domains can happen through the sequence ABCABCBAC, where
the layers in grey bold represent the original crystal planes and the black bold
sequence represent the twin layers, following a mirrored order in relation to the original
crystal (18). A schematic representing a twin domain formation is shown in Figure 2.11,
and the dashed red line represent the plane where the twin will be formed: the atoms

below are the original crystal, called “parent crystal” and the atoms above are the
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twinned structure, called “twin crystal”. It is noteworthy that the twin formation implies
the creation of stacking faults in the crystal. In the schematic representation of Figure
2.11, for example, in the twin portion, an A layer is missing (between C and B) and
right after, a C layer is missing as well (between B and A). Twin domains in crystalline
structures are very important as they can influence several physicochemical

properties, as will be discussed in Chapter VI.
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Figure 2.11. Schematic of a twin domain formation.

2.9.3. Dislocations and Burgers vector

Dislocations are another type of common defect in crystal structures. These
defects are generated by atomic planes sliding over each other, caused when a stress
is applied to the crystal, as displayed in Figure 2.12. There are two main types of
dislocations: edge and screw. The edge dislocation is a 1D line defect where an extra
half-plane of atoms is introduced in the crystalline structure, distorting the atomic layers
in the surrounding region, as shown in Figure 2.13. This defect is represented by the
symbol .. A screw dislocation is much harder to imagine. Consider the 3D perfect
crystalline structure represented in a simplified way in Figure 2.14 (a). A screw
dislocation is formed when the crystal structure slips along a plane and goes part way
through the crystal, as shown in (b). The dislocation is usually represented by the so-
called Burgers circuit, which is an atom-to-atom path in the crystalline structure that
ends up in a closed loop (18). The Burgers vector is the vector placed from the last to
the initial point of the circuit in the crystal. Figure 2.14 shows the Burgers circuit for
both, the perfect and the defected structure as the MNOPQ way. For the crystal with

the dislocation, the looping way is closed, but if we try the same with the defect-free
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crystal, it is not possible to close the circuit. This means that the first case should have
one or more dislocations (18).

The Burgers vector just defined in Figure 2.14 (b) is a lattice translation vector
and the dislocation derived from this type of vector is a perfect dislocation. The Burgers
vector is defined using the same indices from crystallography. Consider for example a
lattice vector from the origin to the center of a body-centered cubic cell as shown in

Figure 2.15, in red. The vector is defined as a/2 for all the axis and the correct notation

isb= % [111]. The magnitude of the Burgers vector b is mathematically defined as:

a’? a* a? av3
b= <z+z+z>=7 (10)
(a) Undefected crystal (b) shear Crystal with dislocation

= QQ000
00000

Figure 2.12. (a) Schematic representing a perfect crystal, in the absence of dislocation. (b) When shear
stress is applied in the crystal, the structure is plastically deformed provoking a slide of the atomic planes
over each other.

Stress

...

Figure 2.13. Representative schematic of an edge dislocation. When shear stress (represented by the
blue arrows) is applied to the crystalline structure, the metallic bond can break, and a new bond is
created, as shown by the red lines. The symbol . represents the edge dislocation.
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Figure 2.14. Burgers circuit for (a) a perfect crystal and (b) a crystal with screw dislocation. Figure from
reference (18).

X

Figure 2.15. Burgers vector (in red) from the origin to the center of a body-centered cubic cell.

2.9.4. Shockley partial dislocations

The energy contained in a dislocation is proportional to the Burgers vector to

the square (b?) (18). Given this, the smallest energy of a dislocation and therefore the
most likely to occur in face-centered cubic structures is the one of the % (110). As this

is a lattice translation vector, this is a perfect dislocation. Perfect dislocations can split
into two partial dislocations; a very common and important partial is the so-called
Shockley partial dislocation. The creation of this partial dislocation is displayed in
Figure 2.16 (18), where the right part of the schematic represents a perfect crystalline
structure and in the left part, the atoms were slipped in relation to the original positions:
the original A atom slips to the B layer position, the B atom goes to C and so on. This
slipping process results in two main changes: i. a stacking fault is formed as there is
an A layer of atoms missing and ii. the generation of a Shockley type partial dislocation.
Consider the schematic representation of {111} planes in fcc structures in Figure 2.17.

If the layers are moved through a slipping process, the energy required for going from
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B straight to the other B position (b1 vector) is higher than the one required for the way
B — C — B (b2 and bs vectors). In this schematic, the b1 vector represents the movement
of a perfect dislocation and the b2 and bs vectors are two Shockley partial dislocations.
This implies that the slipping movement is more favourable as the two partial
dislocations instead of the perfect one.

[010] [1\01]

\/2[121]

Slip vector
1/6[121] ¥

Trace of (111) _L_}:\\ B \
] :i

Figure 2.16. Schematic representation of a Shockley partial dislocation. Figure from reference (18).
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A ‘ A A A
C C
B
A A

Figure 2.17. Possible slip ways of {111} planes in fcc crystals: bi vector represents a perfect dislocation
and ba/bs vectors, partial dislocations. Figure adapted from reference (18).

CONCLUSION

In this chapter | showed the main basics of CDI. When in the Bragg geometry,
the technique can be used to measure the strain in 3D, which gives us information

about the lattice distortions and its impact on the materials performance can be

53



investigated. In the particular case of catalysis, as the presence of strain does affect
the catalytic properties, increasing or decreasing the number of catalytic sites, the
technique presents unprecedented capabilities for catalysts characterisation. One
remarkable feature is that the technique permits the use of reactive environments, also
crucial from the catalysis point of view. The methodology relies on iterative phase
retrieval algorithms to solve the phase problem and create real space images.

As strain is present in crystalline structures, measure the strain in nanomaterials
is particularly important for correlating it with the material’s properties. X-ray techniques
are the most widely used to investigate strain because of its accuracy. Figure 2.18 (19)
brings up few techniques used for the characterisation of strain. In the inset text in this
Figure, there are few advantages and drawbacks of each of them. In the case of this
thesis, CDI was the technique used to extract strain information and we made use of

all the advantages cited in the Figure.
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Figure 2.18. Reachable strain resolution for TEM, CDI and High resolution X-ray diffraction. The graphic
brings the main advantages and drawbacks of each of them. Figure adapted from reference (19).

GOALS AND MOTIVATIONS

Given the importance of obtaining information about the 3D strain distribution in

catalysts under working conditions, the main aim of this work is to investigate isolated
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gold nanoparticles supported on titanium dioxide through Bragg coherent diffraction
imaging (Bragg CDI) to follow the changes on the morphology and the 3D strain
distribution over the nanoparticle during the CO oxidation, used in this work as a model
catalytic reaction. We aim to link the strain distribution with the catalytic activity during

the reaction occurrence.

The specific objectives of this work were:

e Given the current resolution limit for the technique, where is not possible to
measure small objects (which would be better from the catalysis point of view), the
first step of this part of the work was to synthesise gold nanoparticles of 50 and
120 nm average diameter and support them on two different phases of titanium
dioxide. After the synthesis procedure, we pre-characterise the catalysts before
the Bragg CDI experiment;

e Measure the catalytic activity of the catalysts for the CO oxidation reaction in order
to check if the samples are catalytically active;

e Given the importance of size for Au NP in their catalysis performance, we aim to
produce ultra-small gold nanoparticles by following a “green” chemical route using
as stabilizing agent two types of ionic liquids and test their performance for the CO
oxidation reaction;

e Regarding the second part of this work (the characterisation of gold nanorods by
X-ray nanodiffraction), our main aim is to map the strain distribution over single
gold nanorods, given its interesting optical properties, mostly due to the presence
of two surface plasmon resonance (SPR) bands (the transverse and longitudinal
modes) and also the particular trend that rod-shaped objects have to spheroidize
due to the so-called Rayleigh instability.

A remarkable inspiration of this work is the need of scientific insights about
techniques arising from coherent radiation since the upcoming new Brazilian
synchrotron, SIRIUS, will have coherent related techniques. SIRIUS will be a 4t
generation machine and is in final stage of construction in Campinas-SP, capable of
working as a great microscope and will offer to the scientific community a wide range
of pioneering characterisation methods. This will allow the development of state-of-art
research, with potentialities to solve several scientific problems in areas such as
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health, agriculture, energy, etc. In this respect, the current work paved the way in the
scientific background about coherent derived techniques for many people involved on
it, regarding several objects: the techniques itself, sample preparation, data treatment
and the theoretical/experimental background behind the technique.
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3.1. INTRODUCTION

In this chapter, | present the synthesis methods used to prepare the samples
studied by Bragg CDI (results and discussion shown in Chapters IV, V and VI) and
nanodiffraction (results and discussion shown in Chapter VII). Synthesis preparations
and conventional characterisations (UV-Vis, Small Angle X-ray Scattering, Electron
Microscopy, X-ray Diffraction) are presented. Details about the performance of these
techniques and equipment are shown in Annex.

We work with three sets of different gold nanoparticles referred as seed NP,
larger NP synthesised following a seeding-growth method and ultra-small NP stabilised
by ionic liquids. We also present the synthesis of two types of titanium dioxides (TiOz2)
used as support for the catalysts investigated by X-ray imaging.

The catalytic properties of these materials are evaluated for the CO oxidation
reaction, as described hereafter. Finally, gold nanorods (Au NR) studied by

nanodiffraction are also presented.

3.2. GOLD NANOPARTICLES

3.2.1. Seed gold nanoparticles

The seed nanopatrticles were produced by the citrate reduction protocol (1). 0.5
mL of a 1% (w/v) gold chloride (HAuCl4.3H20) solution in 50 mL of Milli-Q water was
boiled up to 100 °C and then a sodium citrate solution 1% (w/v) was added and the
solution was maintained at this temperature for five minutes under vigorous stirring.

Scanning transmission electron microscopy (STEM) images of the gold seed

are displayed in Figure 3.1, showing ~ 10 nm sized spherical particles.
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Figure 3.1. STEM images of the seed Au NP at different magnifications (the scale bar is 100 nm).

The size and monodispersity of the gold seeds was checked using small angle
X-ray scattering (SAXS) and UV-Vis spectroscopy. Figure 3.2 shows the UV-Vis and
SAXS curves of the seed Au NP (black dots) and the fits (red lines). The result of the
fit using the sphere model leads to seed nanoparticles with 14 nm diameter and a

polydispersity ratio of 0.08. Following the approach proposed by Haiss and co-workers

(2) for the calculation of the diameter of Au NP based on the position of the surface

plasmon resonance (SPR) band, UV-Vis data lead to the same conclusion. More

details about this model and the SPR band are found in the Annex of this manuscript.
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Figure 3.2. (a) UV-Vis spectra of the seed Au NP. (b) SAXS curve of this sample (black) and its

respective fit using a sphere model and lognormal distribution.
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3.2.2. Large gold nanoparticles

Gold nanocrystals were synthesised following the seeding-growth method (3).
The seed Au NP were used for the preparation of two different Au NP sizes: 50 and
120 nm, following a reported work (3). Briefly, 2.25 mL of the seed precursor was mixed
with 2.44 mL of a 10 mM gold chloride solution and then 150 mL of Milli-Q water was
added to the medium. Finally, 100 mL of an 0.4 mM ascorbic acid solution was added
to this system using a peristaltic pump at a controlled rate of 10 mL/min under vigorous
stirring. This procedure gives rise to Au NP with an average diameter of 50 nm, referred
hereafter as 50 Au. For the synthesis of 120 nm Au NP, the same procedure was
followed, using different volumes of the seed particles and gold chloride (10 mM)
solution: 0.24 mL and 2.49 mL, respectively. This sample will be referred hereafter as
120_Au.

In this method, gold chloride containing Au®* is added to the as synthesised
seed nanoparticles and it is reduced on the seed surface by the ascorbic acid at room
temperature. The diameter of the larger particles is determined by the size/amount of
the seed nanoparticles and by the amount of Au®* added. Figure 3.3 (a) displays the
UV-Vis spectra of the 50 _Au sample, showing the SPR band position at 531 nm. Using
the equation proposed by Haiss (3) to calculate the particle diameter, the result is
49 nm, in excellent agreement with the expected size for the synthesis protocol used.
STEM images recorded for this sample are shown in Figure 3.4 (the scale bar is 25
nm). For both nanoparticles, the size is about 45 nm, in good agreement with the
previous results. It is important to notice that the images show isolated particles, but
they are representative of the other particles present on the grid used for the
microscopy imaging. Figure 3.3 (b) shows the SAXS curve of this sample (in black)
and its respective fit (in red). As the form factor of the scattered radiation intensity of
this sample is characteristic of spherical particles, a 50 nm diameter sphere model was
used in the fitting process. The good agreement between the curve and its fit indicates

that the Au NP have these features.
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Figure 3.3. (a) UV-Vis spectra and (b) SAXS curve (in black) of the sample 50_Au. The fit (in red) was
done using the sphere model, diameter = 50 nm.

Figure 3.4. STEM images of 50_Au (scale bar 25 nm).

Figure 3.5 (a) displays the UV-Vis spectra of the sample 120_Au. The surface
plasmon resonance band position is around 600 nm. Using the Haiss (3) approach to
calculate the average diameter of the Au NP, the result is 118 nm. This approach is
not valid anymore for nanopatrticles larger than 110 nm, however, it can be used as an
estimation. Figure 3.5 (b) shows the SAXS curve of this sample (in black) and the fit
using a 120 nm diameter sphere model (in red). The form factor of the SAXS curve is
a characteristic signature of spheres and indicates that the particles are relatively
monodispersed. Again, the good agreement between the model and the experimental
curve indicates that the nanoparticles have these features.

Figure 3.6 shows STEM images of this sample (the scale bar is 100 nm). The

average nanoparticle diameter calculated from SEM images is 118 nm.
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The narrow size distribution seen for both Au NP sizes can be explained by the
experimental methodology employed in the synthesis: the present seed particles
represent the nucleus, so no further nucleation or secondary nucleation processes are
expected. Consequently, a narrow size distribution is supposed to be obtained.
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Figure 3.5. (&) UV-Vis spectra and (b) SAXS curve of the sample 120_Au, synthesised following the
seed approach. The sample scattering is shown in black and the fitting using the sphere form factor, in

red.

Figure 3.6. STEM images of the sample 120 _Au (scale bar 100 nm).
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3.2.3. Ultra-small gold nanoparticles

This paragraph describes nanoparticles in the size range of conventional
catalysts, i.e., ultra-small Au NP (a few nm). The synthesis of these gold nanospheres
stabilised by ionic liquids was done as follows: 3 mL of ionic liquid (from here denoted
by IL) solution (300 mM) was added to 1.5 mL of the gold precursor (from here denoted
by Au) solution (6 mM) and stirred for 10 min. Then, 4.5 mL of a freshly prepared
NaBHa4 (sodium borohydride) solution (10 mM) was very quickly added to the mixture
described above under vigorous stirring to obtain immediately stable gold
nanoparticles. The colour of all solutions immediately changed to purple/red (4). Four
solutions were prepared varying the IL (1-Dodecyl-3-methylimidazolium
chloride/bromide) and the Au salt precursor (gold (Ill) chloride trinydrate and hydrogen
bromoaurate (Ill) hydrate). The concentration of the IL is 100 mM and the Au salt is 1
mM in the final Au NP solution. The solutions under study were named: NPILX-AuY
with X and Y = CI or Br, which gives rise to the samples: NPILBrAuBr, NPILBrAucClI,
NPILCIAuBr and NPILCIAuCI.

Figure 3.7 shows the HRTEM images of these samples (scale bar 20 nm for the
four samples), with the respective size distributions (in nm) for each sample.

Figure 3.8 (a) displays the SAXS data for the four gold samples (in black) and
their respective fits (in red). For all the samples a sphere model was used. The resulting
diameters of the particles are in the range 2.1-2.4 nm and are summarised in Table 1,
where the diameter provided by microscopy imaging is summarized as well. In the
SAXS curves it is possible to see a scattering pattern in low q regions due to the
presence of larger objects. As larger particles of this size were not seen in the electron
microscopy imaging (Figure 3.7), we attributed this to aggregation of the NP on the

capillary walls during the SAXS measurement.

Table 1. Diameter (in nm) taken from SAXS and HRTEM imaging of the ultra-small Au NP.

Sample Diameter (hm) from SAXS  Diameter (nm) from HRTEM
NPILBr-AuBr 24 24
NPILBr-AuClI 24 3.0
NPILCI-AuBr 23 21
NPILCI-AuCl 21 35
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Figure 3.7. HRTEM images of the samples NPILBrAuBr, NPILBrAuCl, NPILCI AuBr and NPILCIAuCI
(the scale bar is 20 nm). The diameter distribution below the images is shown as well.
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The UV-Vis spectra of these samples are shown in Figure 3.8 (b). The SPR
band is in the region 500-515 nm and are largely damped due to the reduced mean
free path of the electrons for ultra-small gold nanoparticles (3). The position in lower
wavelengths in this range is characteristic of ultra-small Au NP in accordance with the

previous SAXS results.
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Figure 3.8. (a) SAXS curves and (b) UV-Vis spectra of the samples NPILBrAuBr, NPILBrAucCl,
NPILCIAuBr and NPILCIAuCI.

3.3. TITANIA SUPPORTS (TiO2)

3.3.1. TiOz2 in anatase phase

Anatase titanium dioxide was prepared by a sol-gel method, using titanium
isopropoxide as precursor in isopropanol in a reflux system at 70 °C for 4 h. The molar
ratio between the titanium precursor and water was 1:100. Right after the synthesis,
the sample was centrifugated and washed several times with Milli-Q water and
calcined at 450 °C for 16 h. Figure 3.9 (a) shows two microscopy images of this sample
at different magnifications. The corresponding XRD pattern is shown in Figure 3.9 (b),
where all the peaks were attributed to anatase, indicating a pure TiO2 anatase phase.

This sample is called hereafter TiO2-a.
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Figure 3.9. (a) SEM images at different magnifications of the sample TiO.-a. (b) Diffractogram of this
sample.

3.3.2. TiOz2 in mixed anatase and rutile phases

A second type of titania support was prepared via hydrothermal reaction, using
the following procedure: 11 mL of TiCls was slowly added to 90 mL of Milli-Q water in
a round bottom flask inserted in a container with ice (as the TiCls is extremely toxic and
corrosive, this chemical was manipulated very carefully). The flask was then inserted
in a reflux system at 160 °C and it was maintained for 16 h. The titania was centrifuged
and washed multiple times and it was left in an oven at 110 °C for 15 h and calcined
at 450 °C for 16 h. Figure 3.10 (a) shows STEM images of this TiO2 sample. We

observe a partial rod-shaped structure, as highlighted by the red arrows. In Figure 3.10
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(b), the XRD pattern of this sample is displayed. Although the synthesis protocol used
was directed for obtaining the pure rutile phase, there is a mixture of both phases,
anatase (indicated by A) and rutile (indicated by R), as one can see in the attribution
of the peaks in the diffractogram. Hereafter, this titania support will be referred as TiO»-

m.

(b) A A: Anatase
(101) R: Rutile

10 20

20 (degrees)

Figure 3.10. (a) SEM images at different magnifications of the sample mixed TiO2 (anatase/rutile). (b)
Diffractogram of this sample, where there is a mixture of both phases, anatase (denoted by A) and rutile
(denoted by R).
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3.4. SUPPORTED CATALYSTS

3.4.1. Catalysts preparation

The next step is the impregnation of the as synthesised gold nanoparticles
50_NP, 120_NP and NPILCIAuCI on titania supports. For doing so, 50 mL of the Au
NP is mixed with 100 mg of the titania powder and acidified by sulphuric acid until a
pH = 1 is reached. The theoretical loading of gold is 1 wt%. The mixture is stirred for
2 h at room temperature (RT), centrifugated and washed until the supernatant
becomes neutral. Then, the powder is dried at 120 °C for 6 h, calcined at 300 °C for
3 h and treated under a flux of pure Hz at 400 °C for 1 h.

The STEM images of the five samples: NPILCIAuUCI-TiO2-a, 50 Au/TiO2-a,
50_Au/TiO2-m ,120_Au/TiO2-a, 120_Au/TiO2-m (-a for TiO2 anatase and -m for the
mixed TiOz2) are shown in Figure 3.11, Figure 3.12 and Figure 3.13. It is noticeable that
the ultra-small Au NP are rather well dispersed on the titania, as shown by the red
arrows in the first image of Figure 3.11. Only a few aggregates were observed as
highlighted by the red arrow in the second image, indicating that the nanoparticles
coalesced during the impregnation or the calcination procedures. For the larger Au NP,
Figure 3.12 and Figure 3.13 clearly show isolated gold nanocrystals deposited on the

support, necessary condition for the Bragg CDI measurements.

Figure 3.11. STEM images at different magnifications of the sample NPILCIAuUCI-TiO»-a.
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Figure 3.12. STEM images at different magnifications of the samples 50_Au/TiOz-a (a) and 50_Au/TiO-
m (b).
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Figure 3.13. STEM images at different magnifications of the samples 120 _Au/TiOz-a (a) and
120_Au/TiO2-m (b).
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3.4.2. Catalytic tests

The catalytic activity of the Au/TiO2 samples was measured for the CO oxidation
reaction. The catalytic tests were done by mixing 50 mg of the catalyst with 250 mg of
powdered quartz and this mixture was placed into a 6 mm diameter quartz bed reactor.
The rector was sited in a tubular furnace and a thermocouple was used to accurately
measure the temperature inside it. The total gas flow rate was 50 mL/min in a ratio of
2:1:97 CO:O2:He. 10 °C/min was used as heating and cooling rates. A mass
spectrometry equipment was directly connected to the end of the reactor to follow the
catalytic performance. The results of one single cycle per sample is shown in Figure
3.14. The dashed lines represent the heating cycle and the solid lines, the cooling step.
The consumption of CO (black) and O2 (red) are shown as well as the production of
COz2 (blue).

It is noteworthy that the MS signal vs. temperature plots from Figure 3.14 show
hysteresis in that temperature-increasing and decreasing curves do not coincide. It
means that the degree of conversion does not match with increasing and decreasing
temperatures. It corresponds to a temperature hysteresis. The hysteresis is more or
less pronounced, depending on the catalyst. However, the tendency is the same for all
samples: the conversion of CO into COz is higher in the cooling down step (solid lines).

Above the light-off temperature, corresponding to the temperature of ignition of
the reaction, the concentration of CO2 keeps increasing with the temperature up to
reach a maximum value. During the cooling down process, the CO conversion is
continuously decreased up to RT.

For the ultra-small nanoparticles, the concentration of CO2 starts to increase
around 100 °C and reaches a maximum around 350 °C. Between 350 and 400 °C, the
signal of the mass spectrometer is rather stable which signifies we reached the
maximum conversion before the highest temperature. For the other larger gold
nanoparticles, the reaction starts at much higher temperature (around 300 °C). No
maximum conversion is reached before 400 °C for the 50 and 120 nm nanopatrticles.

Although these samples are not highly efficient from the catalysis point of view,

they show catalytic activity, and will be studied in the next chapters with Bragg CDI.
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Figure 3.14. Mass spectrometry signal for CO (black), Oz (red) and CO: (blue) obtained for the catalytic
tests of NPILCIAUCI-TiOz-a, 50 Au/TiO2-a, 50 Au/TiO2-m, 120 Au/TiOz-a and 120 _Au/TiO2-m. The
dashed lines represent the heating and the solid lines, the cooling step.
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3.5. GOLD NANORODS (Au NR)

The Au nanorods colloidal dispersion preparation described in this section was
done by Dr Patricia Taladriz, University of Fribourg, Switzerland.

Single crystal gold nanorods were synthesised following a previous work with
minor modifications (5). At first, a seed solution of nanospheres was produced for
subsequently synthesise the Au NR as follows: 5 mL of 0.5 mM HAuCls was mixed
with 5 mL CTAB (cetyltrimethylammonium bromide) 0.2 M solution in a 20 mL vial. 0.6
mL of fresh 0.01 M NaBH4 was diluted to 1 mL with water and was then injected to the
Au(l1)-CTAB solution under vigorous stirring. The solution colour changed from yellow
to brownish yellow and the stirring was stopped after 2 min. The seed solution was
aged at room temperature for 30 min.

To prepare the growth solution, 7.19 g (0.038 M in the final growth solution) of
CTAB and 1.23 g of sodium oleate (7.4 mM in the final growth solution) were dissolved
in 250 mL of warm water (~50 °C) in a 1 L Erlenmeyer flask. The solution was cool
down to 30 °C and 24 mL of 4 mM AgNOs solution was added with vigorous stirring for
30 s. The mixture was kept undisturbed at 30 °C for 15 min after which 250 mL of 1
mM HAuUCl4 solution was added. The solution became colourless after 90 min of stirring
and 5.4 mL of HCI (37 wt. % in water, 12.1 M) was then introduced. After another 15
min of slow stirring, 2.5 mL of 0.064 M ascorbic acid solution was added and the
solution was vigorously stirred for 30 s. Finally, 0.8 mL of seed solution was injected
into the growth solution. The resultant mixture was stirred for 30 s and left undisturbed
at 30 °C for 12 h for NR growth.

Figure 3.15 shows the UV-Vis spectra of this sample where there are two distinct
resonance bands corresponding to the transverse (at 527 nm) and longitudinal (at
1060 nm) modes derived from the SPR absorption. The inset in the spectra displays a
SEM image (scale bar 100 nm) of this sample, where it can be noted certain degree of
monodispersity in the distribution of the nanorods. It is also noticeable that there are
spheres mixed with the nanorods. The NR are 91.08 £ 10.20 nm in length and 13.16 £
1.17 nm in width, which gives rise to an aspect ratio of 6.94 + 0.73. Figure 3.16 shows
the SAXS curve (in black) and the fitting (in red) using the sphere model for low q
values and cylinder model for higher q values region, as there are both shapes in the
sample as seen by microscopy imaging. Considering that there is a certain degree of
polydispersity as can be seen in the SEM images taken before the SAXS
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measurement, the model parameters values used for the sphere were 16 nm radius
and a polydispersity ratio of 0.3. For the cylinder fit, the averaged length and radius of
the nanorods were 90 and 6.6 nm, respectively. The good agreement between the
theoretical and experimental curves demonstrate that the parameters values used are

adequate.
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Figure 3.15. UV-Vis spectra of the Au NR, showing two bands corresponding to the transverse (at 527
nm) and longitudinal (at 1060 nm) SPR modes. The inset shows a SEM image.
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Figure 3.16. Au NR SAXS curve (black) and the cylinder/sphere model fit (red) used to fit the different q
regions of the experimental data.

CONCLUSIONS

After the synthesis and characterisation of those gold catalysts, we select the
120_Au/TiO2-a and120_Au/TiO2>-m for in situ Bragg CDI experiments. Even if the
50 nm supported samples present better catalytic performance since more active at
lower temperatures, those nanoparticles are too challenging for Bragg CDI
experiments. Indeed, the smaller ones would diffract less and would be more difficult
to maintain in the proper position during in situ treatments as it will be discussed in the
next chapter. From the catalytic point of view, the ultra-small nanoparticles are the
most relevant however their sizes are of the same order as the resolution achievable
today with Bragg CDI, and thus impossible to measure nowadays.

Regarding the Au NR sample, the previous microscopy imaging done before the
nanodiffraction was crucial for this experiment. As there is a fluorescence detector at
the beamline, we could exactly know which region we were exploring in the membrane,

as will be discussed in Chapter VII.
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CHAPTER IV: Development of an In situ
Reactor to Image Catalysts at Work in

Three-Dimensions by Bragg CDI
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4.1 INTRODUCTION

In heterogeneous catalysis, reaction conditions can affect not only the
selectivity/activity of the reaction but also the catalysts behaviour. That's why, it is
crucial to perform in situ studies, i.e. under controlled gas and temperature
environment. To go further, true operando studies, i.e. under realistic working
conditions (temperature, pressure) in combination with a products analysis system, will
bring stronger insights for the understanding of the relationship between catalysts
structure and activity.

The use of hard X-ray coherent diffraction imaging is compatible with in situ
characterisation of most of materials. To date, only a few reactors are reported in the
literature for in situ X-ray imaging of heterogeneous catalysts (1,2). In this chapter, a
new in situ/operando cell dedicated to high temperature Bragg coherent X-ray
diffraction imaging measurements of heterogeneous catalysts has been built. It allows
Bragg CDI measurements under controlled flow of various gas mixtures above
atmospheric pressure and at elevated temperatures, up to 500 °C. Its design has been
chosen to meet both requirements of X-ray imaging: 1/ the beamline geometry
(transparent windows and consequently no beam intensity loss; adequate weight as
there is a limit for the sample stage and it is a compact system) and 2/ regarding the
in situ catalytic conditions: homogeneous and well controlled temperature in the heater,

small volume with limited dead volume, proper connections for the gas inlet/outlet.

4.2. DESIGN AND OPERATION OF THE IN SITU REACTOR

4.2.1. Description of the reactor

We developed an in situ reactor for Bragg coherent X-ray diffraction imaging
measurements under high temperature and gas flow. The cell is designed for
measurements in diffraction mode, as recently published (3). As shown in Figure 4.1,
the reactor is composed of a silicon nitride heating device (BACH-RC GmbH) enabling
to control the temperature up to 500 °C. Higher temperatures can be reached by

replacing the ceramic heating device.
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5
() (5)

Figure 4.1. Schematic overview of the cell. (1) ceramic heating device, (2) clamp, (3) cell body, (4) gas
inlet, (5) gas outlet, (6) Kapton window.

A Pt100 resistance thermometer is used for PID (proportional integral
derivative) temperature regulation. A Kapton window is glued on the upper part of the
cell and enables to work under controlled gas mixture at atmospheric pressure. The
window allows X-rays to enter and exit the cell without significant reduction in intensity.
Its dome geometry gives the necessary flexibility in terms of sample alignment and
range of angles (~180°), indispensable to work in diffraction mode with various
materials. Two inlet and outlet tubes (1/8 inch) enable the gas flow.

For the CDI measurements, the sample is deposited on a chemically inert
sample holder usually used in electron microscopy, which allows to characterise the
samples by electron microscopy methods before and after the X-ray imaging
measurements. For the Bragg CDI measurement, the sample holder is clamped (item
2 in Figure 4.1) on the ceramic heating device.

The whole setup is purposely very compact (40 x 30 x 20 mm3) and light, with a
weight below 100 g, compatible with piezo stages commonly used at X-ray imaging
beamlines. Even if rather compact, the volume of gas around the sample is still rather
big from the catalysis point of view. Indeed, the volume of gas around the sample is
mainly constrained by the height of the window. This one cannot be lower to avoid to
be burned at too high temperatures. To go further, smaller reactor volume, without
dead volume, would improve the in situ/operando catalyst characterisation.
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4.2.2. Validation of the reactor

At first, we checked the homogeneity of the temperature provided by the
ceramic heating device on the sample holder. The temperature of a silicon wafer, used
as sample holder, was determined by Infrared (IR) thermography with an ImagelR®
8300 HP camera from InfraTec (InfraTec GmbH, Dresden, Germany) equipped with a
microscopic lens with a magnification of 1.0, a working distance of 20 cm, a field of
view of 9.6 x 7.7 mm and a pixel size of 15 um. An IR thermography image is presented
in Figure 4.2, showing the temperature of the silicon wafer and its surrounded heater
(in part). Figure 4.2 puts in evidence the narrow temperature distribution (+/-1 °C) at
400 °C of the silicon wafer where the sample is deposited for CDI measurements. We
can also see the homogeneity of the temperature on the heating device around the

sample holder.
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Figure 4.2. Infrared thermography measurement of the sample holder heated at 400 °C: IR
thermography image and temperature distribution on the whole image. Scale bar corresponds to 1 mm.

In order to follow the catalytic performances of the sample loaded into the
reactor, an on-line mass spectrometer (Pfeiffer vacuum Prisma) was connected to the
gas outlet. We measured the conversion of CO of our model catalyst. This latter is
composed of gold nanoparticles supported on TiO2 with a diameter size around 120
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nm, as observed by scanning transmission electron microscopy (Chapter Ill). Despite
the small amount of sample loaded into the holder, it is possible to follow its catalytic
properties by measuring the conversion of CO into CO2. As shown in Figure 4.3, we
can clearly see the onset of CO oxidation with the consumption of CO and O2 and the
production of CO2 during heating up (1.0% CO — 0.5% 0O2). We can also observe the
decrease of CO conversion during the cooling ramp. The CO oxidation is
unambiguously assigned to the catalytic activity of the gold nanoparticles, because for
an unloaded cell the gas composition remained constant. This validates the use of the

cell for catalytic measurements during X-ray imaging studies.
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Figure 4.3. Mass spectrometry signal of CO (black), Oz (red) and CO:z (blue) obtained at the outlet of
the cell during heating-cooling reaction cycle (1% CO, 0.5% Oz). Heating: dashed line and cooling: solid
line.
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4.3. FIRST BRAGG CDI MEASUREMENTS OF Au NP WITH THE IN SITU
REACTOR

4.3.1. Cristal beamline at SOLEIL

Bragg CDI measurements were carried out at the synchrotron radiation facility
SOLEIL (Saint-Aubin, France) at the Cristal beamline, which is dedicated for
performing diffraction techniques. Cristal is an undulator beamline as schematised in
Figure 4.4. Figure 4.5 displays a photo of the beamline showing the position of the

sample, the detector, the goniometer and the 8-26 configuration.
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X-ray source to sample distance ~ 36 m Sample to detector distance 0,38 m

Figure 4.4. Schematic of the Cristal beamline. Figure adapted from (4).

{

L .

-

Figure 4.5. Experimental set-up of Cristal beamline showing the 6-26 configuration for the Bragg CDI
experiment.
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At Cristal beamline, the goniometer is used for the rocking curve measurement
as a scan in the 8 angle and it consists of a piezo stage controlled by motors motion.
Figure 4.6 shows the cell loaded with the sample and installed on the sample stage of
the Cristal beamline. For the Bragg CDI experiment, an 8.5 keV X-rays beam was used
and focused into a 2 x 2 um2 (FWHM) spot, with a Fresnel zone plate (FZP, diameter
= 294 um; outermost zone width = 100 nm; focal length = 20 cm) and an order sorting
aperture (diameter = 70 um) located 15 cm after the FZP. The sample was placed in
the focused X-ray beam and appropriately aligned for satisfying the Bragg condition.
A Maxipix detector (55 microns pixel size, 512 x 512 pixels) was placed at 0.38 m from
the sample recording the scattered X-rays from the gold nanocrystal satisfying the
(111) Bragg condition (theoretical Bragg angle equals to 36.11° at 8.5 keV).

For each sample, we measured a rocking-curve of 1.4-1.6° by rotating the
sample around the Bragg angle with a step of 0.02°. Each angle is exposed during

10 s and a full two dimensions (2D) data set is obtained in around 30 min.

—
.‘.
Diffracted X-rays :

Figure 4.6. Photography of the cell installed at the Cristal beamline at SOLEIL.
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4.3.2. Data reconstructions

The data set is inverted using phase retrieval algorithms (5) on MATLAB
R2017b to produce a real space image of the measured gold nanocrystal. The phasing
algorithm involved iterative switching between real and Fourier spaces through the use
of fast Fourier transform until known constraints in each domain had been satisfied.
10220 iterations were run for the images presented hereafter. The iterations consist of
alternating 20 iterations of the error reduction (ER) algorithm (6) with 180 iterations of
the hybrid-input-output (HIO) algorithm (7) while utilising the Shrinkwrap (8) and guided
(9) algorithms. The obtained real space images presented herein have a spatial
resolution of around 32 nm with a pixel size around 5 nm. The software ParaView was

used to generate the three-dimensional images of the reconstructed nanocrystals.

4.3.3. In situ conditions

Sequences of Bragg CDI diffraction patterns of the gold catalyst (120 _Au/TiO»-
m from Chapter Ill) were collected under constant gas flow at two isothermal
conditions: room temperature (RT) and 400 °C upon exposure to different gas
mixtures: pure He (~40 mL/min) or 0.3% CO - 3.8% Oz in He with a constant total gas
flow (~50 mL/min).

Three experimental conditions referred as A, B and C are presented and
discussed hereafter. The condition A is representative of the sample at RT under He,
B is the same nanoparticle observed at RT under the reaction gas mixture and C is
another nanoparticle observed at 400 °C during the conversion of CO into CO2. The
rocking curves obtained in reciprocal space, used for reconstructions, are presented
in Figure 4.7, Figure 4.8 and Figure 4.9, for the three conditions A, B and C,
respectively.
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Figure 4.7. Part of the X-ray diffraction data measured during the rocking curve around the Au (111)
reflection for one Au/TiO2 nanoparticle at RT under He (A).
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Figure 4.8. Part of the X-ray diffraction data measured during the rocking curve around the Au (111)
reflection for one Au/TiO2 nanoparticle at RT under CO/O2 (B).
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Figure 4.9. Part of the X-ray diffraction data measured during the rocking curve around the Au (111)
reflection for one Au/TiO2 nanoparticle at 400 °C under CO/Oz (C).
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4.4. BRAGG CDI RESULTS AND DISCUSSION

In Figure 4.10 are presented 2D slices through the 3D coherent diffraction
patterns around the center of the Bragg spot Au(111) for the same individual Au/TiO2
nanoparticle at RT under a flux of He (A) and CO/O2/He (0.3%/3,8%/95,9%) flux (B) at
atmospheric pressure. The differences in intensities observed on the diffraction
patterns A and B come from the gas changes between both images. After adding the
reactive gas mixture, a more distorted diffraction pattern appears showing the changes
in the structure, phase and strain distributions inside the nanoparticle due to the gas
adsorption. It is noteworthy that those changes are not due to beam damage since a
such change has not been observed under static conditions (He at RT) with

consecutive rocking curves measurements.
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Figure 4.10. 2D slices through the 3D coherent diffraction patterns around the center of the Bragg spot
for the same individual Au/TiO2 nanoparticle at RT under He flux (A) and under CO/O2/He flux (B). (C)
2D slice for another Au/TiO2 nanoparticle obtained at 400 °C under CO/O2/He flux whilst the CO
oxidation reaction is occurring.
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Whilst the reaction is occurring at 400 °C, we could observe a very different
coherent diffraction pattern as presented in Figure 4.10 (C). It is coming from another
particle, different from the one presented on A/B, since during heating, the signal of
the first nanoparticle has been lost. Interestingly a much more symmetric pattern is
observed while the reaction is occurring. This is characteristic of structural changes

due to the occurrence of the catalytic reaction.

A:RT, He —

B: RT, CO/O,

C: 400°C, CO/0,

Figure 4.11. Morphology of the gold nanoparticle reconstructed from Bragg CDI patterns measured
under He at RT (A), under CO/O2/He at RT (B) and at 400 °C (C). The side (left), bottom (middle) and
top (right) views are presented. The green and black marks are showing the faceted and rounder shapes
of the nanoparticles. Scale bar corresponds to 100 nm.

The 2D set of coherent diffraction patterns were phase retrieved and inverted
to obtain complex images of the Bragg electron density and lattice displacement of the
studied object. Three-dimensional reconstructions of the magnitude of the
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nanocrystal’s complex density function are presented in Figure 4.11 for the three states
on different side views. The density function is shown as 25% of density isosurface.
The reconstruction of the gold nanocrystal corresponds reasonably with the
dimensions obtained from electron microscopy images, although slightly larger, which
could be within the error of the reconstruction size measurements. The pristine object,
(A), presents edges and corners as expected from the observations made by electron
microscopy. At room temperature, the shape changes from a faceted one under He to
a smoother rounded shape under CO/O2/He as observed in Figure 4.11 A and B. This
is in agreement with previous studies of environmental transmission electron
microscopy showing that Au catalysts systematically changed the shape with the
change of gases (10-12).

During the catalytic reaction at high temperature, the nanoparticle presents a
more faceted shape with sharper corners as observed in Figure 4.11 (C). With higher
conversion, a refacetting of the gold nanoparticles is observed. This surface
restructuring is driven by the minimization of atomic stress and free energy
simultaneously in the catalyst particle, support and interface (13).

The phase, used to color the isosurface of the cross-sections in Figure 4.12,
shows the internal variation of the lattice distortion from the ideal crystal lattice along
(111). The phase range on the Figure is from -z/3 to +r/4. A phase redistribution
between the three studied states is observed. Adding the reactive gas mixture induces
a lattice displacement resulting in a stronger phase structure in the image. As
expected, bonding of CO or Oz molecules to Au nanopatrticles is accompanied by
weakening of Au-Au bonds (14). The phase shift is broader from the states A to B to
C. It corresponds to a more complex lattice displacement structure in the presence of
CO/O2 mixture. Furthermore, a stronger lattice displacement is induced by the reaction
process. The highest values of the phase shift are at the external part of the
nanoparticles, mainly where the facets meet as compared with those of the flat facets.
At the pixel locations with the highest values on the slices, the displacement is of 0.20 A
at RT under He, 0.45 A under CO/O2 and 0.66 A at 400 °C during the reaction. The
surface sites and facets on which the reaction occurs are sensitive of the atomic
arrangements. That is why stronger lattice displacements are observed at the corners

and edges of the nanoparticles. This is in agreement with theoretical work showing that
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low-coordinated and perimeter sites are very active and the weakening of Au-Au bond

is an essential aspect of the Au activity (14).

A: RT, He B: RT, CO/O, C: 400°C, CO/0,

/3 reconstructed phase(rad) .

-0. 04 lattice dlsplacement (nm) +0. 03

Figure 4.12. Particle cross-sections displaying the phase and lattice displacement, projected along (111)
of the interior of the nanoparticle at RT (A) under He, (B) under CO/O2/He and (C) at 400 °C under
CO/O2/He. As shown in the figure inset, cross-sections are made at the center of the nanoparticle
perpendicular (top) and parallel (bottom) to the support. Scale bar corresponds to 100 nm.

CONCLUSIONS

We built a new cell dedicated to in situ/operando Bragg CDI measurements,
compatible with the beamline set-up described above and covering the needs for the
catalysis reaction (3). The utilisation of the cell proved to be reproducible as several
particles were measured during the beamtime. By performing operando Bragg CDI we
could follow the morphology and the 3D phase distribution over individual Au NP during
the CO oxidation reaction. We achieved 32-nanometers spatial resolution. This
resolution could be further improved by increasing the coherent flux, as it is expected
with the upgrade of the SOLEIL synchrotron, and by reducing the large air paths from
the optics to the sample and from the sample to the detector (38 cm of air, sample-
detector distance corresponds to an attenuation factor of about 30% at 8.5 keV). The
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next chapters will present results from the same gold nanocrystals batch studied in situ
at the 34-ID-C beamline of the Advanced Photon Source (APS) where the coherent

flux is higher, allowing us to achieve an improved resolution.
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CHAPTER V: Watching a Gold Nanocrystal
at Work: from the Core to the Surface of the

Nanoparticle
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5. INTRODUCTION

Strained metal surfaces have chemical properties significantly different from
those of unstrained surfaces, modifying their reactivity (1). The improvement of
catalytic processes can be achieved through the fine understanding of the evolution of
strain and the formation of defects in both the surface and the inner core structure of
the nanomaterials.

In this chapter, it is reported the first 3D imaging study of defects dynamics and
refacetting process of a single gold nanocrystal during CO oxidation reaction, using
Bragg CDI. After a short description of the beamline and the experimental conditions
used in this study, we will present the main results obtained on the pristine catalyst.
We will show that we successfully captured in situ the surface restructuration of our
model gold catalyst (120 nm) during the catalytic reaction. Under in situ conditions, we
observed the formation of the catalytic active sites with 12-nanometers spatial
resolution. We demonstrate their correlation to the nanocrystal’s catalytic activity and

unveil the atomistic mechanism taking place.

5.1. BRAGG CDI EXPERIMENTS OF Au NP

5.1.1. Beamline 34-ID-C at APS

In situ Bragg CDI measurements were carried out at the Advanced Photon
Source at Argonne National Laboratory, USA at the 34-ID-C beamline, which is
dedicated for performing Bragg CDI measurements. A schematic of the beamline is
presented in Figure 5.1.

The incident monochromatic coherent X-ray beam with an energy of 9 keV was
focused to a size of approximately 500 nm x 500 nm by Kirkpatrick—Baez (KB) mirrors
and shines on the sample inside the cell, sealed with a Kapton window. A Timepix
detector with 55 x 55 ym? pixel sizes, placed 0.43 m away from the sample, recorded
the scattered X-rays from a single gold nanocrystal satisfying the (111) Bragg

condition.
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Figure 5.1. Schematic of the 34-ID-C beamline. Adapted from (2).

5.1.2. Experimental conditions

5.1.2.1. Sample preparation

The sample was prepared the same way as for the electron microscopy
membranes, described in Annex. 3 pL of the sample 120_Au/TiO2-m (described in
Chapter Ill) dispersed in water, was placed on a 9 windows silicon nitride membrane.
The samples were then covered by a Petri dish to minimise contamination and were
dried overnight. Figure 5.2 (b) shows a low-magnification SEM image of the membrane
where we can distinguish the sample distribution as white dots dispersed over the

membrane.

5.1.2.2. Sample environment

A picture of the reactor used to perform in situ Bragg CDI experiments is shown
in Figure 5.2 (a), where the gas inlet/outlet and electrical connections are displayed.
We can also see the silicon nitride membrane clamped with a metallic piece. With a
similar design to the cell described in Chapter IV, but with a bigger volume, the heating

system is composed of a ceramic heating device, enabling to control the temperature
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(up to 900 °C). The cell has a water-cooling system to avoid overheating and damages

to the piezo stages.

1. Gas outlet

2. Gasinlet (CO and O,)
3. Temperature controller
conection

Silicon nitride
membrane

Figure 5.2. (a) The in situ cell used for the Bragg CDI experiment, where the gas/temperature
connections are shown; (b) SEM image showing the distribution of the sample 120 _Au/TiO2-m on the
silicon nitride membrane.

Diffracted X-rays

‘\\:' ‘ l}","/ '

Figure 5.3. Picture of the experimental setup at the beamline 34-ID-C, showing the experimental cell,
the gas and electrical connections, the detector position and the incoming/diffracted X-rays.
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5.1.2.3. Bragg CDI measurements

The gold catalyst loaded inside the in situ cell was installed on the sample stage
of the beamline (Figure 5.3) and a sequence of diffraction patterns from the (111) peak
of Au were collected covering the whole rocking curve, by rotating the nanocrystal in
angular steps of 0.02° over the angular range of 1.2°. Each frame was accumulated

with ten exposures of 5 seconds.

5.1.2.4. In situ measurements

The nanocrystals were measured at different temperatures: RT, 200 and 400
°C. At first, we followed the calcination step under air atmosphere. Then we followed
the catalytic reaction under a flux of a mixture of 2% of CO in He and 5% of Oz in Nz,
with gas flows of 5 and 14.5 mL-min%, respectively. The reactive gas mixture results in
a CO:0z ratio of 0.5%:3.7%.

As it is crucial to follow the same nanoparticle under the different conditions of
temperatures and gas, it is essential to track the nanoparticle during the heating
process. Indeed, during heating, due to thermal expansion of the setup, the
nanocrystal can drift and be lost or not well aligned in the center of rotation. The “semi-
manual” procedure, consisting of checking during the whole treatment the alignment
of the nanoparticle within the center of rotation described in Chapter I, is used. For
this reason, a rather slow heating ramp has been chosen (3 °C/min). After reaching
the temperature of interest, after 5 to 10 minutes for stabilisation the ten rocking curves
are measured.

We will discuss the measurements and results obtained for a single gold
nanocrystal that we followed during the whole thermal treatment. All along the
discussion in this Chapter, we studied a unique gold nanocrystal, referred hereafter as
Particle 1.

Other nanopatrticles followed in similar way will be presented in Chapter VI.

5.1.3. Data reconstructions

The data set is inverted using phase retrieval algorithms (3) on MATLAB
R2017b to produce a real space image of the measured gold nanocrystal. The phasing
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algorithm involved iterative switching between real and Fourier spaces through the use
of fast Fourier transform until known constraints in each domain had been satisfied.
2220 iterations were run for the images presented hereafter. The iterations consist of
alternating 20 iterations of the error reduction (ER) algorithm (4) with 180 iterations of
the hybrid-input-output (HIO) algorithm (5) while utilising the Shrinkwrap (6) and guided
(7) algorithms. The obtained real space images have a spatial resolution of around 12
nm with a pixel size around 4 nm.

It is noteworthy to mention, several number of iterations during the
reconstruction process have been used (from 420 to 2220 iterations) in order to
improve the convergence. Figure Al (Appendix) shows the reconstructions of the gold
nanoparticle at RT and air using 420, 620, 820, 1020, 1220, 1420, 1620 and 1820
iterations. A remarkable feature of all the reconstructions with different number of
iterations is that the final objects have the same size and shape. The non-variability of
these parameters proves that the employed methodology is reliable to recover the
electronic density of the object and represents a powerful technique to get insights
about the nanoparticle morphology.

5.2. PRISTINE GOLD NANOPARTICLE

Experimentally, successive 2D coherent diffraction patterns are measured
around the (111) Bragg peak. Figure 5.4 displays a part of the patterns measured
during the rocking of the single gold nanocrystal, collected under air at room
temperature. The 2D diffraction patterns are stacked and the fringes seen from the 3D
views are enhanced (inset of Figure 5.4). This intensity distribution carries information

about the morphology and internal lattice distortions in the crystal, as will be discussed.
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Figure 5.4. Series of 2D coherent diffraction patterns of a gold nanocrystal recorded at RT under air (for
sake of clarity, only one every two patterns is shown (0.04°)). Inset: 3D Bragg diffraction peak obtained
by stacking the 2D diffraction patterns. The intensity of the diffraction patterns scales from 0 to 128612
counts; the rocking curve was measured by ten exposures of 5 s each of them.

The 3D coherent Bragg peak intensity is inverted to a real space image. Figure
5.5 (a) shows the 3D reconstruction of the Au nanocrystal in air at room temperature,
presented from the side, top and bottom views. The reconstruction exhibits a truncated
octahedral shape. Moreover, we can clearly identify the (100) and (111) facets.

The STEM image of a gold nanoparticle from the same batch is also shown,
demonstrating the accuracy of the reconstruction, both from the morphology and size
aspects. The size of the nanoparticle was determined by extracting line scans across
of the patrticle cross-sections (Figure 5.6), leading to 125 nm. This is in good agreement
with the sizes reported in Chapter Il obtained by SAXS and UV-Vis.
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Figure 5.5. (a) Top and bottom views (the scale bar is 50 nm) of a gold nanocrystal recorded at RT
under air. The direction of the Q vector is shown in the top view. (b) STEM image of the Au NP (the
scale bar is 100 nm). The zoom in region highlights the hexagonal shape of the particle.

Within this work, we reached a spatial resolution of 12 nm. The resolution was
determined by taking the derivatives of the line scans across the nanoparticle along

the vertical and horizontal directions (Figure 5.6).
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Figure 5.6. Averaged line profiles. Lines (A, black) along the vertical and (B, red) horizontal directions
of the particle cross-section presented as a green surface on the right. The derivatives of the line scans
are showing that the reconstruction resolution is 12 nm.

5.3. ADSORBATE-INDUCED SURFACE TRANSFORMATIONS

5.3.1. Morphology and lattice displacement

Comparing the Bragg CDI measurements performed at RT under air and CO/O2
gas mixture reveals the effect of the gas adsorption on the gold nanoparticle. Figure
5.7 presents selected diffraction patterns obtained during the rocking curve measured
at RT under CO/Oz2. Significative signal is observed on a shorter angular range than

on Figure 5.4, measured under air. This is characteristic of a less faceted object (more
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strain). This is more obvious in Figure 5.8 (top), within the 3D diffraction peaks where

less fringes can be resolved under reactive gas mixture compared with air.

Figure 5.7. Series of 2D coherent diffraction patterns of a gold nanocrystal recorded at RT under CO/O:
(for sake of clarity, only one over two patterns are shown (0.04°)). The intensity of the diffraction patterns
scales from 0 to 115171 counts; the rocking curve was measured by ten exposures of 5 s each of them.

Upon CO/O2 adsorption, the 3D reconstructions reveal the adsorbate-induced
surface transformations occurring onto the Au nanocrystal surface. As already
mentioned, the pristine gold nanocrystal reconstruction (RT, air) exhibits a facetted
morphology, in agreement with STEM images. The same nanocrystal turns into a
smoother and rounded shape in CO/O2 environment at RT, as shown in Figure 5.8
(bottom). These changes in surface morphology indicate that the gas molecules of O2
and CO interact strongly with the surface atoms.
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Figure 5.8. Top: 3D Bragg diffraction peak of the gold NP at RT under air (a) and CO/O2 (b). Bottom:
Grey isosurface (30%) representing the particle shape of the same Au/TiO2 nanoparticle in side view.
The dotted lines are showing the facetted and rounder shapes of the nanoparticle.

Moreover, a distinct phase redistribution is observed between the two gas
environments at room temperature. The phase shifts of the gold nanocrystal under air
and CO/O2 at RT are displayed as 3D views in Figure 5.9. Cross-section views for both
gas atmospheres are presented in Figure 5.10, with the insets showing the position of
the presented cross-sections. For both Figures, the phase scale ranges from -0.3 to
0.9, corresponding to lattice displacement values of -11 pm and 34 pm, respectively
(for the calculation, equation (6) from Chapter Il was used).

As clearly observed on the Figures, the reactive gas mixture CO/O:z induces a
lattice displacement resulting in a smoother phase structure, evidencing the
annihilation of several nanocrystal defects.
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Figure 5.9. Three-dimensional views as function of phase of the gold nanocrystal under both
atmospheres, air and CO/O: at RT.
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Figure 5.10. Cross-section views as function of phase of the gold nanocrystal under both atmospheres
air and CO/O: at RT. The inset represents the four cross-section planes shown. The inset in the first
column represents the g vector direction.

5.3.2. Strain analysis

The 3D strain distribution of the entire volume along the measurement direction

was obtained by taking the derivative of the displacement field resulting from

duy11(r)

X111

algorithmic phase reconstruction and is defined as where u;,4,(r) is the

displacement field. Figure 5.11 displays the 3D distribution of the strain field along
[111]. Cross-sections are presented in Figure 5.12. As for the phase distribution, the
strain is evolving with the gas environment. The highest values of strain are

concentrated at the periphery of the nanoparticle. We observe a mean surface
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compressive to tensile strain swap during CO/O2 adsorption on the gold nanocrystal
surface. The average surface strain in air equals to -1.7-10* and becomes tensile with
a mean value of 1.1-10° after CO/O2 adsorption. This pattern of displacement
observed on the surface of the nanocrystal upon CO/O2 adsorption can be attributed
to the decrease of the surface stress, due to the annihilation of point defects.

The surface stress o, can be estimated by the Young-Laplace equation (8):

3KR Aa
o= = (11)

where K = 220 GPa is the bulk modulus of gold, R the radius of the locally rounded
region and %a the strain. The strain at the position indicated by the green arrow of

Figure 5.11 is -3.5-10* for the nanocrystal under air and 3.4:10 in CO/O2. We can
estimate the radius R of the locally rounded region is 20 nm. Equation (11) leads to a
surface stress of 2.31 + 1 N-m™! for the nanocrystal under air, typical of tensile surface
stress of metals (8,9) in the range of 2 N-m. On the other hand, the surface stress of
the nanocrystal under CO/O2 turns to be compressive and equal to -2.24 £ 1 N-m,
The adsorbate-induced surface stress on the gold nanocrystal leads to a compressive
stress change at RT (between air and CO) of -4.55 N-m, resulting in the inward
displacement of the curved regions. The chemisorption of CO and O2 molecules on
the metal surface will re-establish at least some of the bonds on the surface atoms. If
the adsorbate is more electronegative than the surface atoms, then charge should be
removed from the bonds metal-adsorbate and be partially transferred to the adsorbed
species. That is the case for the CO oxidation reaction as the reactant’s molecules are
more electronegative than the gold atoms. In this case, the removal of charge from the
surface atoms should decrease the tensile stress and could turn it into a compressive
one (9,10). The curved and flat regions react differently to CO adsorption, modifying
the proportion of under-coordinated sites. The nanocrystal surface modification is
directly influenced by the surface stress tuning the catalytic performance of the

nanocrystals.
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Figure 5.11. Three-dimensional views as function of strain of the gold nanocrystal under both
atmospheres air and CO/O: at RT.
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Figure 5.12. Cross-section views as function of strain of the gold nanocrystal under both atmospheres
air and CO/O2 at RT. The inset represents the four cross-section planes shown.

5.4. IN SITU DYNAMICS AND CATALYTIC ACTIVITY

5.4.1. In situ surface dynamics

We succeeded in capturing in situ the surface restructuration of the same
nanoparticle during the catalytic reaction of CO oxidation into CO2 at 200 °C and
400 °C. The catalyst presents an increased activity at 400 °C compared to 200 °C, and
none at room temperature as shown in Figure A2 (Appendix). On the following Figures,
a green gradient is illustrating the increase of catalytic activity as function of the
temperature. Figure 5.13 and Figure 5.14 show the three-dimensional phase and strain
distributions of the same nanocrystal at RT, 200 and 400 °C during the conversion of
CO into COz2, revealing the nanocrystal surface dynamics, with the reconstitution of
sharper edges and corners. As previously stated, nanocrystal corners and edges are
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regions of low-coordinated atoms and the location of the active sites. The direct
correlation between the nanocrystal surface modifications and its catalytic activity is
here uniquely unveiled by in situ Bragg coherent X-ray diffraction imaging.
Furthermore, this surface reshaping is driven by inner modifications as described
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hereafter.
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Figure 5.13. Three-dimensional views as function of phase of the gold nanocrystal under CO/O: at RT,
200 °C and 400 °C. The green gradient represents the increase of catalytic activity as function of the
temperature.
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Figure 5.14. Three-dimensional views as function of strain of the gold nanocrystal under CO/O: at RT,
200 °C and 400 °C. The green gradient represents the increase of catalytic activity as function of the
temperature.
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Under working conditions, the surface modifications are also accompanied by a
one-fold increase of the average surface strain, reaching 1.35-104 and with corner
regions of surface stress > 6 N.m™. This is in agreement with the “d-band centre theory”
(11), the increase of tensile strain can enhance the surface adsorption and lead to
improved catalytic activity.

The presence of strain due to the lattice distortions, change the d-band of the
metallic nanoparticle: overall, tensile (expansive) strain reduces the orbital overlap,
narrowing the d-band. The narrowing caused by tensile strain or lower coordination
should lead to an up-shift of the d-band center. An expanded lattice raises the d-band
center: a higher d-band center results in stronger bonding in the chemisorption process
of the molecules to the metal surface. The altered d-band center affects the interaction
with adsorbates (12,13). As the strain clearly modifies the d-band center, reducing or
increasing the adsorption energies of the atoms/molecules, the catalytic performance
can be improved by tuning the strain.

The huge development of quantum theoretical calculations is allowing us to
calculate energy barriers, adsorption energies and activation energies for processes
occurring on metallic nanoparticles surfaces. Changes in the lattice constant inducing
strain are relatively simple to calculate and offer information regarding the reactivity of
the nanoparticles. Hammer and Ngrskov (12,14) have demonstrated that changes in
electronic structure on the surface causes predictable changes in the surface chemical
properties, for example, the adsorption energy of molecules. In this approach, the
authors succeeded in correlating the energy of the d-band state and the chemisorption
energy of atoms/molecules, demonstrating that it is possible to correlate the electronic
states with the catalytic performance. A correlation between the energy of the d-band

and the adsorption energy of several atoms and small molecules was stablished.

5.4.2. Nanotwin network formation

The surface modifications are accompanied by strong lattice dynamics in the
core structure of the nanocrystal, along with anisotropic strain patterns are observed
(Figure 5.15 and Figure 5.16). The phase evolution between the nanocrystal at RT,
200 °C and its catalytic active state at 400 °C is emphasised in the line scans (Figure

5.17), the latter exhibiting an oscillatory behaviour. Each phase oscillation corresponds
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to an atomically defective domain, spanning across the nanocrystal and forming a
network of parallel ribbons with strained interfaces. At 400 °C it is clear the presence
of these ribbons seen in both plots (phase and strain) crossing the nanocrystal. These
defects enable accommodating the tensile strain which built up within the nanocrystal

and is attributed to a nanotwin network.

Figure 5.15. Cross-section views as function of phase of the gold nanocrystal under CO/O: at RT,
200 °C and 400 °C. The inset represents the four cross-section planes shown. The green gradient
represents the increase of catalytic activity as function of the temperature.
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Figure 5.16. Cross-section views as function of strain of the gold nanocrystal under CO/O:2 at RT,
200 °C and 400 °C. The inset represents the four cross-section planes shown. The green gradient
represents the increase of catalytic activity as function of the temperature.
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Indeed, twin domains are planar defects comprised of at least two adjacent
stacking faults. They occur when a stacking sequence of planes share one of these
planes and follow a mirrored packing order (15). Instead of the usual ABCABC...
sequence of the {111} planes, twin domains can be formed by the stacking
ABCABCBACBABCABC... (bold letters mark the planes belonging to the twinned
crystal, the underlined the shared ones), as highlighted in Chapter Il. Twin domains
should be “invisible” in the retrieved Bragg electron density maps, since the twin crystal
does not satisfy the Bragg condition (15). The phase offset between the parent crystals
should be proportional to the twin width, although the twin boundary interfaces as well
as the strain contribute to the phase variations explaining the lower phase offset

observed here.
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Figure 5.17. Line scans of the phase and strain along the dashed line of the cross-sections presented
for illustration at 400 °C under CO/O2. The black line corresponds to the gold catalyst at room
temperature, with no catalytic activity, the blue line to the same cross section at 200 °C, and the red line
to the same, but active gold catalyst at 400 °C.
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Since the nanotwins are smaller than the resolution achieved here (12 nm) they
cannot be faithfully reconstructed, but the network and their positions are indeed

resolved to a much higher precision, as shown by the black arrows in Figure 5.18.
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Figure 5.18. 3D and cross sections of the distribution of the low (yellow) and high (green) phase shift of
the same Au/TiO2 nanoparticle under CO/O2 at 200 °C (A) and 400 °C (B). The black arrows indicate
the position of the nanotwin network.

The nanotwins play a crucial role in the deformation mechanism, facetting
process and catalytic behaviour of the gold nanocrystals. The large positive surface
stress at 400 °C under reactive condition, is the trigger to the surface reconstruction
through a glide motion. According to dislocation theory (16), glide motion is performed
by the movement of a dislocation or the formation of two partial dislocations (Shockley
partials), the latter being energetically more favourable than a single dislocation in the
case of fcc metals. When surface stress is applied (Figure 5.19), Shockley partial
dislocations are emitted leading to the twin nucleation which propagate across the
nanocrystal. The nanotwin network is well evidenced in Figure 5.19, showing its
formation between 200 and 400 °C, which correlates with the increased catalytic

activity of the gold nanocrystal.

113



200°C, Co/0, 400°C, CO/0,

~——

Figure 5.19. Phase shift distribution for the Au nanocrystal at 200 and 400 °C under CO/Ox. Distribution
of the maximum phase (0.4-1.1) of the same Au/TiO2 nanoparticle under CO/O2 at 200 °C in top view
(A) and at 400 °C in top (B) and side view (C). The crystal at 200 °C shows highly distorted areas
concentrated at the surface. At 400 °C, a complex network is present with highly distorted areas crossing
the entire volume of the crystal.

It is important to notice that the same features are not seen for the nanopatrticle
measured under air at the most reactive temperature (400 °C), as shown in Figure 5.20
where cross-sections displayed as function of both, phase and strain seems to have

random distribution over the crystal.
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Figure 5.20. Cross-section views of the nanoparticle measured at 400 °C under air in function of both,
phase and strain.

5.4.3. Strain energy density

The formation of defects, or nanotwin network enables accommodating the
tensile strain which built up within the nanocrystal. We can estimate the elastic strain
energy Es and the strain energy density (i.e. strain energy per volume) using the three-
dimensional strain distribution.

Strain energy is the energy stored in the body due to deformation. When force
or load is applied it undergoes some deformation in shape, size and length, as revealed
by the 3D strain maps.

According to equation (12), the strain energy density can be determined:

2

(1 26 +3I [ (Quyqq)’ 3 0uy14
ES = Jzz O—ijgijdV = > J (ax111> dV = EK(T) f (axlll) dv (12)
tJ

where K is the bulk modulus for gold (220 GPa) and the volume integral is over the
entire Bragg electron density.

A component of strain, which is projected on the momentum transfer vector
(111) is used to evaluate the elastic strain energy. Because gold is cubic lattice
structure, it is sufficient to represent the strain energy over the volume (17). It turns out
that the strain energy density is varying from 2.73-10% to 6.85-10* J-m3 between room
temperature and 400 °C (Table 2).
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As we observed above, the introduction of structural defects, nanotwins may
reduce the strain energy and sustain stability of the nanostructure, which usually
occurs in large (> 100 nm) nanoparticles. However, it does not relieve the strain to the
level of single nanoparticles (18), neither to single crystals, because the magnitude of
the elastic strain energy density is approximately four times higher than that of the

single nanocrystals (Table 2).

Table 2. Evolution of the strain energy and strain energy density as function of temperature.

Temperature RT 200 °C 400 °C
Strain energy (aJ) 26.58 63.04 63.91
Strain Energy Density (J-m-3) 2.73 x 10* 6.73 x 104 6.85 x 10

CONCLUSIONS

In this chapter we showed the results regarding the Bragg CDI experiment
where we measured the sample 120_AuTiO2-m in situ under ambient pressure (air and
CO/O2 atmospheres) and at elevated temperatures (up to 400 °C). This is the first work
describing in situ 3D imaging of a single gold catalyst under realistic working conditions
for the CO oxidation. We reach a spatial resolution of 12 nm. We were able to track a
single gold nanocrystal at different temperatures and measure its strain response to
different gas atmospheres, nonreactive and reactive.

We observe and quantify the adsorbate-induced surface stress on the gold
nanocrystal, leading to the surface restructuration. Furthermore, the present study
discerns the role of nanotwin network in the deformation of the gold nanostructure and
sheds further light on the defects mechanisms responsible for its catalytic properties.

This work is an illustration of the importance of in situ/operando defect dynamics
imaging and it paves the way to elucidate chemical processes at the single nano-object

level towards defect-engineering nanomaterials.
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CHAPTER VI: Looking In situ at Twinned

Nanoparticles
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6.1. INTRODUCTION

Twins can be produced during the crystal growth, heat treatment or mechanical
deformation. For fcc metals, like gold, the twin boundaries can be coherent (CTB) and
incoherent (ITB). The CTB present low-energy and a mirrored stacking order can be
seen in the twin and parent crystal. The ITB has high boundary energy and a partial
dislocation on each slip plane (1).

In this chapter we discuss on Bragg CDI measurements performed on
nanoparticles presenting those twin defects after synthesis. We applied the same
experimental method with in situ Bragg CDI to follow both the calcination under air (for
a crystal referred as Particle 2) and the catalytic reaction under CO/O: (for a
nanoparticle referred as Particle 3). The studied nanocrystals (120 _Au/TiO2-a from
Chapter IIl) are from the same batch of the one presented in Chapter V and their

reconstruction was done using the same parameters.

6.2. TWINNED GOLD NANOCRYSTAL UNDER AIR

The patrticle, called Particle 2, was measured under air at three temperatures:
RT, 200, 400 °C.

6.2.1. Pristine twinned nanoparticle

Figure 6.1 shows a sequence of 2D Bragg peaks recorded for Particle 2
measured at RT under air atmosphere. The central 2D diffraction pattern is the one
inside the red square and represents the pattern measured at the middle of the rocking
curve. If we compare these 2D patterns with the ones recorded for Particle 1, the
distinct changes seen are clear: while the patterns recorded for Particle 1 are more
symmetric, where the fringes assume a form similar to a ring (section 5.3), the current
patterns are much more asymmetric. This is indicative of strain in the nanostructure of

the gold nanocrystal under study.
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Figure 6.1. Series of 2D coherent diffraction patterns of a gold nanocrystal (Particle 2) presenting twin
defects recorded at RT under air (for sake of clarity, only one every two patterns is shown (0.04°)). The
intensity of the diffraction patterns scales from 0 to 84120 counts; the rocking curve was measured by
ten exposures of 5 s each of them.

Figure 6.2 (a) shows the reconstructed gold nanocrystal for the measurement
done at RT under air. A notable feature of this structure is that there are three pieces
satisfying the chosen Bragg condition (denoted as 1, 2 and 3 in the Figure) and two
regions where there is no electron density, the so-called missing Bragg electron
density. This means that for these two missing segments, the crystalline lattice was
not well oriented for the chosen Bragg condition, i.e. the (111) reflection. This
corresponds to the presence of twins. Indeed, the formation of twin boundaries
involves shearing of crystal planes and the final structure assumes a new orientation.

In this process, the atoms of the original crystal structure are called “parent” and the
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misoriented crystal is the “twin”, and it is the mirrored reflection of the original crystalline

structure, as shown in Figure 6.3 (2).

(a) Top
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Figure 6.2. (a) Reconstruction of the 120 nm Au/TiO: catalyst measured at RT under air in function of
phase. 1, 2 and 3 correspond to the three pieces of the parent crystal; the designation of the top/bottom
parts is shown. (b) STEM image of another nanoparticle from the same batch; the red arrows point to
regions of darker contrast, characteristic of twin domains. The scale bar is 50 nm for both, the
reconstruction and the STEM image.

twin / =P twinning

Figure 6.3. Twinning domains formation for the (111) planes. The black dotted lines link the parent
crystal, here called matrix, with the twinned crystal, which is formed as the mirrored images of the original
structure. Figure from reference (2).

Figure 6.2 (b) displays a STEM image (dark field mode) of one single gold

nanoparticle prepared in the same batch as Particle 1. We can see the similarity in
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terms of size between the reconstructed object and the STEM picture (130 nm in the
direction represented by the black line in the Figure 6.2 (a)), demonstrating agreement
between the Bragg CDI reconstruction and electron microscopy. Another feature seen
in the STEM picture is the presence of stripes with lighter/darker contrasts distributed
horizontally across the nanoparticle, as pointed by the red arrows and attributed to the

presence of several twin domains inside the nanopatrticles.

6.2.2. Calcination treatment

Figure 6.4 shows the reconstructed twinned gold nanocrystal (Particle 2) at
three different temperatures (RT, 200 and 400 °C) under air. We notice a phase switch
in parent piece 2 from RT to 200 °C, going from +x to -7 values and them it comes
back to positive values at 400 °C. This could be due to the fact that the positive and
negative values of m are the same from the physical point of view: if one atom is
displaced by +m in the crystal lattice or the atom right above is displaced by -m, they
will be at the same position. Physically, it is equivalent. Both objects will give the same

diffraction pattern and there is an indetermination in the reconstruction process.

Top Bottom Side 2D slices

RT,
air

200°C,
air

400°C,
air

Figure 6.4. Reconstructions in function of phase for the nanoparticle measured under air at the three
different temperatures (RT, 200 °C and 400 °C) showed in top, bottom and side views. The last column
shows 2D slices taken as shown in the inset below the slices.
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Unlike the widely described coherent twin boundaries (CTBs), where the
interface between the parent/twinned crystal is assumed perfect, most of the real
nanocrystals present irregular interfaces between the twin and the parent crystal. At
room temperature, the phase offset between the parent regions 1-2 and 2-3 is
approximately -2.09 rad or -2r/3, indicating perfectly coherent twin boundary
interfaces. With increasing temperature, the phase offset slightly decreases between
the parent regions 2 and 3 (Table 3). The coherent twin boundaries become defective
with incoherent segments and these defects along with strain will lead to deviations
from the theoretical values in the measured phase offsets (3,4). It is known that
coherent twin boundaries can be very mobile during heat treatment (5). However only
a slight decrease in the twin domain size (between 2-3) is observed during the heating.
The thermal stability of the twin domains indicates that the local lattice structure has

reached a free energy minimum during the annealing pre-treatment (400 °C).

Table 3. Phase offset and distance between the parent and twin portions.

Temperature  Phase offset (rad) 1-2  Phase offset (rad) 2-3 I(Dr:ig?nlcze I(Dr:it]?r;cg
RT 2.1 2.0 19.2 13.3
200 °C 1.7 1.9 20.0 13.0
400 °C 2.1 1.3 19.0 9.6

6.3. TWIN GOLD NANOCRYSTAL UNDER CO/O2

After the calcination treatment under air, Particle 2 was placed under CO/O2 gas
mixture at RT. Figure 6.5 compares the reconstructions of Particle 2 under both gas
conditions. As already shown in Chapters IV and V, it is noticeable the corners become
more rounded for the particle measured under the reactive atmosphere, as highlighted
by the yellow marks. This can be explained by the adsorbate-induced surface
transformation described in Chapter V.
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Figure 6.5. Reconstructions of the nanoparticle measured at RT under air (left) and under CO/Oz2 (right).
The yellow marks are showing the faceted and rounder shapes of the nanoparticle, depending on the
gas environment.

Unfortunately, because of the unexpected loss of the diffraction signals due to
“‘uncontrolled” drifts and rotations of the gold nanoparticle during the thermal treatment,
we cannot provide a complete description of this twinned gold nanocrystal through the
entire cycles, from RT to 400 °C. However, from the same batch of sample, we
successfully measured another twinned crystal (Particle 3) under reaction conditions
during heating at 200 and 400 °C and after cooling down at room temperature (referred
as RT back).

A clear signature of twin domains in the nanoparticle is observed in Figure 6.6
with regions with missing Bragg electron density on the reconstruction of Particle 3
under reaction conditions at 200 °C. The size of the reconstructed object is 120 nm
across at the widest point and the shape (seen from the bottom view) is hexagonal, in
great agreement with the previous discussed results. The two parent pieces for this
crystal are represented by the numbers 1 and 2 in the first 3D reconstruction shown in
Figure 6.6. It deals with a twinned nanocrystal with incoherent boundaries with high
boundary energy and a partial dislocation on each slip plane (1).
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Top view

Bottom view

Figure 6.6. Different views of the 3D reconstruction of Particle 3, shown as function of phase for the
measurement done at 200 °C under CO/Oz. The scale bar is 50 nm.

Figure 6.7 displays different 3D views for the reconstructions from the sample
at 200 and 400 °C whilst the catalytic activity is increasing. We also show the
reconstruction at RT back under CO/O2 atmosphere where no more catalytic
conversion can be measured. Corresponding cross-sections are shown in Figure A3
(Appendix). It is noticeable that for the temperatures of 200 and 400 °C the corners of
the NP are well faceted, as the reaction occurs. Then, when back to RT, where no CO
conversion is observed, the corners become more rounded. The presence of the
corners with the low-coordinated atoms is directly linked to the catalytic properties.

Besides, the phase offset between the parent regions at 200 and 400 °C is
approximately 0.8 rad. The size of the twin domain slight increase from 18 to 21 nm
during the heating from 200 to 400 °C under reaction conditions. The distribution of
phases is random over the parent regions, and we don’t observe formation of partial
dislocation or nanotwin propagation as seen for the initial twin free nanoparticle
(Particle 1) presented in the previous chapter. The partial dislocation is already present
on the slip plane of the incoherent twin boundaries imperfection. In this case the
adsorbate-induced surface stress seems to induce a slight motion of the twin domain
instead of the previously described nucleation of nanotwin.
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Figure 6.7. Different views of the 3D reconstructions for Particle 3 at the three different temperatures
measured. The data are shown as function of phase.

CONCLUSIONS

These results demonstrate that Bragg CDI is a highly powerful technique to
uncover defects found in crystalline structures, such as twin domains, under realistic
working conditions. Although the influence of twin domains in gold nanocrystals in the
CO oxidation reaction is not well established, it is known that it does influence the
catalytic properties, as pointed out by few works (6). The interface between the parent
and twinned portions can change the surface energy on the nanoparticle and
consequently alter the reaction pathway.

In the case of the nanoparticles presented in this chapter, under the reactive
gas atmosphere, the adsorbate-induced surface stress caused by the reactants gas
molecules seems to provoke a slight motion of the twin domain. Given the nanopatrticle
studied in the previous chapter and the ones presented in the current chapter, the
structural differences between them reveals inhomogeneities in the crystalline lattice,
which can induce different catalytic properties for them. This work demonstrates the
importance of studying heterogeneities present in the composition of nanomaterials.
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CHAPTER VII: Gold Nanorods Stability
Studied by Nanodiffraction
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7.1. INTRODUCTION

Comprehensive knowledge of the structural/morphology stability of thin gold
nanorods is crucial for their reliable use in a wide range of applications such as
functional nanoelectronics and mechatronics devices, medicine and theragnostic. In
this Chapter, by using microscopy techniques, X-ray nanodiffraction/fluorescence and
scanning electron microscopy, we discovered that the Rayleigh instability phenomenon
exists in ultrathin nanorods at room temperature.

It is well-known that gold nanoparticles present the ability to absorb and confine
light because of the presence of the SPR band. Gold nanorods (Au NR) exhibit two
SPR bands, the transverse and longitudinal modes. As the band position in both modes
is sensitive to the size and shape of the nanorods, one can tune the position of the
band by controlling the aspect ratio (length/diameter) value. This property is crucial for
photocatalysis applications (1-4).

Another promising application related to this phenomenon is in the field of
nonlinear optical response. The lack of suitable optical modulators in the visible region
restrict severely the progress of visible pulsed lasers. Au NR with low aspect ratio value
usually have the transversal and longitudinal SPR bands in the visible region, which
makes them promising candidates for optical response in visible lasers (5). Still in the
optical response area, study of the decay channels derived from the SPR absorption
in Au NR in ultrafast time scale is nowadays a matter of fundamental importance
because it is related to their mechanical and electronical properties (6). One of the
major consequences of decay relaxation is the increase in the thermal energy which
causes deformation on the nanopatrticle surface (7). In this case, nanoparticle stability
under an external perturbation (such as thermal energy) can be crucial and it is a key
issue for the understanding of the decay process. Another relevant area for Au NR is
in the biological field. Since the process of surface functionalisation of gold nanorods
is relatively simple, several biomolecules can be attached to the rod surface and
subsequently conjugated to a biological agent, making them relevant to a variety of
applications including drug delivery (8), biological sensing (9,10), and photothermal
therapy (11).

But nanorods structures are prone to instabilities. This is known as Rayleigh
instability, a phenomenon discovered by Plateau and theoretically pioneered by

130



Rayleigh in the 1870s (12); it corresponds to the decay of a liquid cylinder or wire into
a row of spherical droplets for achieving surface energy minimisation. Nichols and
Mullins systematically extended the Rayleigh’s theory to solids (13). The
rearrangement of the surface morphology would lead to significant variations in the
electronic structure and electrical transport properties.

According to Nichols and Mullins, free-standing nanorods will break up into
nanospheres with larger diameter. Nanorods will fragment into nanospheres with a
radius Rys = 3.78Rygr, Where Rnr denotes the radius of the nanorod and Rns of the
nanosphere. They also demonstrated that the rod shape is not stable against a
perturbation whose wavelength is larger than the rod circumference. In this case, the
fragmentation will occur for the minimum wavelength of perturbation A, iticai = 277yg -
From the thermodynamic point of view, the origin of the phenomena is that if the A of
the undulation obeys the criteria 1 > 2m Ryg, then, mathematically, the surface area
will be reduced, consequently achieving surface energy minimization.

Another noteworthy conclusion is that the maximum growth rate occurs at a
maximum wavelength 4,,,, and therefore is expected to control the distance between
the final spheres formed under the influence of the perturbation. In this extrapolation
for solids rods it was found that the phenomenon happens through mass transport
mechanisms, where A,,,, = 8.89,9.02 and 12.96Ry for surface diffusion, internal
volume and external volume diffusion, respectively. In the fragmentation process, the
rod volume is conserved, and as the surface atoms are more unstable and easier to

be moved, the phenomenon is usually governed by surface atoms diffusion.

7.2. X-RAY NANODIFFRACTION EXPERIMENTS OF Au NR

7.2.1. 26-ID-C beamline at APS

Scanning nanodiffraction and fluorescence measurements were performed at
the 26-ID-C nanoprobe beamline (14) of the Advanced Photon Source (APS) at the
Argonne National Laboratory (Argonne, USA). A schematic of the setup is presented
in Figure 7.1.

The beam was focused using a coherently illuminated Fresnel zone plate (FZP)

with a diameter of 100 um and an outer-most zone width of 30 nm, corresponding to a
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focal length of 9 mm at 9 keV. The nanocrystals were placed into the X-ray beam focus
(30 x 30 nm?) and raster scanned by translating the FZP with 10 nm steps on a 300 x
300 nm? sample area. At each scanning position, diffraction patterns of 10 s exposure
time were recorded with a piXirad detector with 60 x 60 um? pixel size placed 500 mm
downstream from the sample. For each scan the fluorescence (Au L1-edge) radiation
of the same region was recorded as well. The detector was positioned on the (200) 26
Bragg angle to record the coherent diffraction pattern (theoretical 26 = 39,5°). The total
duration of a 31 x 31 scan was about 3 hours. No X-ray radiation damage was detected

during the measurements.
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Figure 7.1. (a) Picture of the 26-ID-C beamline setup and (b) schematic representing the as showed
picture of the experimental setup for diffraction/fluorescence mapping; a sketch of the NR composed by
the {111} and {200} planes is also displayed.

7.2.2. Sample preparation

The synthesis of the gold nanorods is described in Chapter IIl. Then one drop
of the colloidal dispersion containing the Au NR was placed directly onto a 30 nm thick
silicon nitride membrane (PELCO support films - TedPella). The sample was dried for
24 hours and characterised by scanning transmission electron microscopy (STEM).
Figure 7.2 shows the STEM image of the gold nanorods dispersed on the membrane,

that will be used for the X-ray nanodiffraction and fluorescence measurements.
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Figure 7.2. Scanning transmission electron microscopy of the gold nanorods dispersed on the silicon
nitride membrane used for the nanodiffraction and fluorescence measurements.

7.2.3. Gold nanorod alignment

After a coarse alignment with an on-axis optical microscope, the SisNa
membrane was raster scanned over a large-area (3 x 3 um32), recording the Au
fluorescence signal (L1-edge). The 2D Au fluorescence map was acquired
simultaneously with the total diffraction at (200) 26 Bragg angle. The 100 nm step size
of the latter scan revealed adequate to identify the individual nanocrystals, by
fluorescence and the properly oriented nanocrystals by diffraction. Indeed, it is a major
challenge with Bragg diffraction measurements to align both the sample and the beam
in both real and reciprocal space (15,16). The real-space alignment requires
positioning and controllably moving the sample in the nanofocused beam, with a
precision that should be significantly smaller than the focus size, here inferior to 30 nm.
The reciprocal-space requirement means that the beam and the sample lattice must
be aligned at the correct angle to fulfil the Bragg condition.
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7.3. GOLD NANORODS

Figure 7.3 presents the STEM (a) and combined X-ray fluorescence and
nanodiffraction ((b) and (c), respectively) results of the same region of a membrane
with the gold nanorods. The dashed white square represents the same area in (a) and
(b) and the whole area of (c). The bright spots in Figure 7.3 (c) corresponds to gold
nanorods which sample lattice is aligned at the correct angle to fulfil the (200) Bragg
condition. Three nanorods were studied, indicated by the green arrows in (c) and
named NR1, NR2 and NR3 in the next sections.

5000
4800

4600

4200
4000

3800

Figure 7.3. (a) STEM image of the explored area during the nanodiffraction experiment (scale bar 1um);
(b) fluorescence pattern recorded on the area detector of the region highlighted by the white dashed
square in (a); (c) diffraction pattern of the same region recorded simultaneously as the fluorescence.
The green arrows point to bright diffraction spots derived from well oriented objects. The 26 angle was
configured to the (200) reflection.

Figure 7.4, Figure 7.5 and Figure 7.6 display the STEM, fluorescence and
diffraction data collected for NR1, NR2 and NR3, respectively. For all the figures, (a)

shows the SEM image taken before the experiment. The scale bar is 500 nm. In (b)
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and (c) is displayed the fluorescence mapping and diffraction pattern, respectively, of
the same area shown in (a). In (d), (e) and (f), the same data sequence described
previously is shown, but the scan was done in the smaller area inside the blue squares
in (b) and (c) using finer steps. For NR1, we investigated a region of 320 x 320 nm
using 20 nm steps in both, x and y axes, 10 s exposition at each position. In this case,
the scan has 16 x 16 points, which results in 256 acquisitions. For NR2, a region of
120 x 220 nm was investigated using 20 nm steps, 10 s of exposure, resulting ina 11
X 6 points scan and 66 acquisitions. For NR3 was the same as NR1 but using 10 nm
steps, resulting in 31 x 31 points, i.e., 961 points. It is worth mentioning that this
beamline has unprecedented capabilities such as high stability and optics manipulation
precision, enabling the use of such small steps for scanning the sample. In (f) the area
highlighted by the dashed rectangle represents the same area as in (d), that shows a
zoomed in image of the SEM shown in (a). The rows 1, 2 and 3 inside the dashed
rectangle are the ones taken for the strain calculation. In Figure 7.4 (f), the white arrows
represent the direction of the scan: from the left to the right, from the bottom to the top.
SEM images

Fluorescence map Diffraction pattern
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Figure 7.4. (a) STEM image (scale bar 500 nm) of the region mapped in fluorescence mode shown in
(b); (c) diffraction pattern of the same region. The area highlighted by the blue square in (a) is shown
zoomed in (d) (scale bar 100 nm); (e) and (f) fluorescence mapping and diffraction pattern, respectively,
of the same area using finer steps. In (f), the white arrows represent the direction of the scan (from the
left to the right, from the bottom to the top) and the rows 1, 2 and 3 inside the dashed rectangle are the
ones taken for the strain calculation.
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Figure 7.5. (a) SEM image (scale bar 500 nm) of the region mapped in fluorescence mode shown in (b);
(c) diffraction pattern of the same region. The area highlighted by the blue square is shown zoomed in
(d); (e) and (f) fluorescence mapping and diffraction pattern, respectively, of the same area using finer
steps. In (), the rows 1, 2 and 3 inside the dashed rectangle are the ones taken for the strain calculation.
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Figure 7.6. (@) SEM image (scale bar 500 nm) of the region mapped in fluorescence mode shown in
(b); (c) diffraction pattern of the same region. The area highlighted by the blue square is shown zoomed
in (d); (e) and (f) fluorescence mapping and diffraction pattern, respectively, of the same area using finer
steps. In (f), the rows 1, 2 and 3 inside the dashed rectangle are the ones taken for the strain calculation.
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7.3.1. Strain determination

Regarding the white dashed rectangles in Figure 7.4, Figure 7.5 and Figure 7.6,
we averaged the strain values of the columns of rows 1, 2 and 3. Figure 7.7 shows the
corresponding diffraction patterns of row 2 inside the red rectangles for the three
nanorods studied. The strain was then calculated as just mentioned for each positions

of the three gold nanorods.

Figure 7.7. Diffraction patterns measured along the NR1, NR2 and NR3. The red squares indicate the
patterns used for the strain analysis.

The lattice spacing is determined applying the Bragg law and the strain is
defined by using equation (8) (described in Chapter Il). As the 26 position changes as
function of the presence of strain in the crystal, having measured the relative Bragg
positions we can determine the relative variations of the strain distribution across the
sample.

The strain as a function of the position over the nanorod length is presented in
Figure 7.8. The final resolution achieved is determined by the X-ray beam size, 30 x
30 nm?, although this could be improved by performing a “ptychography” analysis, as

the data were collected is overlapping scans.
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Figure 7.8. Strain as function of the distance from the center of the nanorod, for NR1, NR2 and NRS3.
Black dots are the strain data and the red curves the sin fitting.

From each fitting we can determine the perturbation wavelength A: Anr1 = 27,5
nm, AnrR2 = 47,4 nm and Anr3 = 26,1 nm. The radius of the nanorods is 6.6 nm.

According to Nichols and Mullins, for a minimum wavelength of perturbation of:

Acritical = 2TRygr = 2m - 6.6 = 41,5 nm (13)

the fragmentation of the nanorods should occur. This would apply to NR2 for which
Anr2 > Acriticar- The stability of NR2 could be explained by the adsorption of the CTAB
surfactant molecules on the surface of the nanorods which stabilise it. Nevertheless,
we can observe in Figure 7.4 (d) nanospheres of diameter ~ 50 nm. The latter

corresponds to the diameter predicted by Nichols and Mullins, where nanorods will
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fragment into nanospheres with a radius Rys = 3.78Ryg, (Rnr denotes the radius of the
nanorod and Rns of the nanosphere).

On the other hand, for NR1 and NR3, Ayr3 < Ayr1 < Acriticar the fragmentation
into nanospheres is not expected. Nonetheless, the strain analysis (Figure 7.8) reveals
a sinusoidal behavior of the strain along the nanorod length, corresponding to the

Rayleigh instability that is schematised in Figure 7.9.

e
J ; NI, 2
| flm i
tikinnans;;, . I, i 7
LT 1T
\ e

; /]
oS T T T ]
S it

Figure 7.9. Schematic representation of the Rayleigh instability for a solid rod.

CONCLUSIONS

In conclusion, we mapped the strain over the gold nanorod. The strain pattern
encoded in the nanorods structure is in agreement with the so-called Rayleigh
instability and this work demonstrates that the phenomenon exists even at RT. Further
analysis of the ptychography data will enable to improve the spatial resolution below
30 nm and determine the strain with higher accuracy.

As the properties of such gold nanorods make them suitable for a wide range of
applications, the existence of these instabilities emphasises that the stability of Au NR

must be considered before employing them in nanoscale devices.
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CONCLUSIONS AND FUTURE WORK

Regarding the main part of this thesis, the characterisation of single gold
nanoparticles under working conditions was done using Bragg CDI. We succeeded in
following the changes in the internal and surface structure of the nanocrystals during
the reaction occurrence by mapping the phase/strain of the reconstructed
nanoparticles in the different measured conditions.

We developed an in situ cell (Chapter IV) to perform Bragg CDI under controlled
gas/temperature environments, which is crucial for in situ/operando measurements.

The changes in the surface morphology of the gold nanocrystal discussed in
Chapter V indicates that even at RT the adsorption gases strongly interact with the
surface atoms. This interaction is evidenced by the compressive to tensile strain swap
from air to CO/O2 atmospheres at RT. The adsorption leads to a compressive surface
stress, resulting in the smoothing curves seen for the reconstructed nanoparticles.
During the reaction, there is the reconstitution of the sharper edges of the
nanoparticles, which are regions of low-coordinated atoms and represent the catalytic
sites for the reaction. As the temperature increases and the NP becomes active, there
is the formation of ribbons seen as phase oscillation inside the particle and it was
attributed to the formation of a nanotwin network, which was correlated with the
increased catalytic activity of the gold nanocrystal.

The capability of Bragg CDI to observe changes in morphology/crystalline lattice
under dynamic conditions is very powerful and fills up the gap for 3D characterisation
under in situ/operando conditions to get atomic scale information.

The reconstructions shown in Chapter VI is a twinned Au NP, a very common
type of defect in crystalline structures. As the presence of twin domains does influence
the crystal properties, the investigation of twin domains is of paramount importance.
The slight changes in the twin domain size between the parent crystal regions can
influence the catalytic properties as the number of active sites may change in this case.
As future work for this part of the thesis, the calculation of the stress, as was done for
the particle in the previous chapter, would help to get insights about the link between
the structure and the catalytic properties of this particle.

Another important additional work to do would be to study the crystalline
structure of the seed particles to verify if they are single crystals or twinned patrticles.

141



Twinned nanoparticles can grow from either twinned or single-crystalline seeds. If
single-crystalline, a nanopatrticle seed can generate twin defects during the growth of
the larger particle (or through a coalescence mechanism). Alternatively, if the
nanoparticle seed has a twinned structure, it can growth layer-by-layer in the twinned
sequence. Understanding the nanoparticle structure formation is important for
controlling the reaction conditions so we can selectively enhance or suppress the
single-crystalline/twinned nanoparticle growth, depending on the material’'s desired
properties. We have evidences that the seed precursor is formed by twinned
nanoparticles, but a deeper investigation is needed to draw a conclusion. If we consider
that the seeds are in fact twinned, most probably the defected structure of the seed is
somehow transferred to the entire larger particle, as already reported in few works.
This could happen through epitaxial growth. In the case that the seed dispersion is
composed by single crystals, it would be interesting to investigate when exactly the
twin domains are formed in the crystalline structure: does it form during the wet
synthesis procedure or during the calcination process? As it does affect the catalytic
properties, this investigation is interesting for the future.

An important study regarding this topic would be to control the degree of twin
domains in gold nanoparticles, having twin free crystals in one case and twinned
nanoparticles in another case and investigate the structural differences between both
and try to correlate this with the catalytic properties of the nanoparticles. Then, we can
answer the question: is there any difference between the catalytic performance of
defect free and twinned Au NP?

Although the resolution of the CDI techniques does not yet reach the atomic scale
as in electron microscopy, this will be dramatically improved with the operation of 4™
generation synchrotron sources like SIRIUS (under construction in Campinas, Brazil,
where the Catereté beamline will be dedicated to perform CDI and is planned to
operate in 2019). When Catereté beamline will be in operation, coherent X-ray
diffraction imaging techniques will achieve the spatial and time resolution required to
study real devices and the techniques could be applied during in situ/operando
measurements: thermal treatment; use of dedicated cell under different atmospheres;
study of charge/discharge in batteries systems; among many other possibilities. This
will undoubtedly expand new horizons for the scientific community once in SIRIUS the

coherent flux of photons will be 2 to 3 orders of magnitude higher than the available
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ones, which means that time resolution in the second range will be possible with an

improved spatial resolution.
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APPENDIX
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Figure A.1. Reconstructions of the NP measured at RT under air atmosphere, using different number of
iterations (shown vertically on the left). The reconstructions are shown along different direction axes
(shown in the first line on the top).

144



MS signal (a.u.)
S
=

o
=

Temperature

|
M3
=

co
=

T (RLERELE BLELELE BLALEL B

Time

Figure A.2. Mass spectrometry signal of O,, CO and CO2 during heating inside our in situ CDI cell of the
gold catalyst under CO/O2 gas mixture (CO:0O,, 0.5%:3.7%).
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Figure A.3. Cross-section views taken as shown in the inset (1 and 2 are the parent crystal pieces) at
the different temperatures for Particle 3. The data is shown in function of phase.
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ANNEX

Characterisation techniques

A. Electron microscopy

The electron microscopy measurement was performed at the Brazilian
Nanotechnology National Laboratory (LNNANO, Campinas-SP). The seed Au NP,
50 Au, 120 _Au, the Au NR and the sample NPILCIAuCl-a were imaged using a High-
Resolution E-SEM FEI Quanta 650 FEG, operating in an accelerating voltage of 30 kV
using different detectors for scanning and scanning/transmission modes. The samples
NPILBrAuBr, NPILBrAuCl, NPILCIAuBr, and NPILCIAuCI were characterised by a
JEOL JEM 3010 microscope operating at 300 kV (1.7 A resolution). The samples of
Au NP were prepared dropping 6 pL of the colloidal dispersion on Ultrathin Carbon
Film copper grids. Those samples made of TiO2 were analyzed by dispersing a small
amount of the solid in water and 3 L of this suspension were supported in the same

type of grid. The samples were dried at room temperature for 24 hours prior to analysis.

B. UV-Vis

The UV-Vis spectroscopy was performed in an Agilent 8453 equipment in a
spectral range of 200-1000 nm to verify the surface plasmon resonance band position
using a quartz cuvette of 1 cm of optical path length.

The plasmon band is defined as a physical phenomenon caused by collective
oscillation of the conductive band of the metal. This phenomenon is due to the fact that
the electrons are disturbed by the interaction with the electromagnetic radiation of the
incident light. The electric field of the incident radiation leads to the formation of a dipole
in the nanoparticles, with the negative charges of the surrounding electrons away from
the positive charges that form the metal. To compensate the formation of this dipole, a
characteristic wavelength resonance frequency appears, which can be seen in the UV-
Vis spectrum (1,2). For gold, the absorption wavelength of the plasmon band is in the
visible region for spherical particles and it can be extended to near infrared for
anisotropic shapes.

The position of the band of the plasmon resonance gives us an estimate of the
size of the nanoparticles. Haiss and collaborators (1) have made an empirical-
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mathematical treatment and as result, two formulas were proposed for calculating the
diameter of Au NP. When they are in the range of 35 to 100 nm, the calculation is done

using the following formula:

Aspr - AO
l"( L, ) (14)

The mean value of the absolute error in the calculation for the particle diameter
is only 3%. The theoretical values of the formula are: Ao = 512; L1 = 6.53; L2 = 0.0216
and Aspr is the wavelength position of the SPR band.

For nanoparticles in the range 3-35 nm, we can use the formula:

Aspr _

g (B E) (15)

Experimentally determined parameters (B1 = 3.00; B2 = 2.20) leads to an error
of 11%, which represents a reasonable estimate for the size of the nanoparticles. Asp
and Aasso are the absorption values of the wavelengths of the SPR band and at 450 nm,
respectively.

For AuNP smaller than 3 nm, there is no experimental formula derived for the
calculation of the particle diameter, but the position of the plasmonic band of absorption
in the region of the UV-Vis, in this case, will appear in smaller wavelengths (around
500- 515 nm). In this case, microscopy techniques and X-ray scattering at low angles

are essential for the nanoparticle’s characterisation.

C. SAXS

This technique was used to characterise the synthesised gold nanopatrticles at
the SAXS1 beamline of the Brazilian Synchrotron Light Laboratory (LNLS, Campinas-
SP). The X-ray beam used was monochromatic at 8 kV (A = 1.54 A). A Pilatus detector
was positioned at the two different distances from the samples, 1 m and 3 m, resulting
in a q range of 0.01 to 0.4 A1 and 0.004 to 0.14 A, respectively.
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D. XRD

The XRD patterns were measured at XPD beamline at LNLS. The X-ray beam
used was monochromatic at 8 kV (A = 1.54 A). The diffractograms were recorded using

a Mythen 1K detector and the 26 range was from 10 to 70°.
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