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Abstract

Liquid phase transmission electron microscopy (LPTEM) enables us to visualize structures
and the evolution of processes directly within liquid environments, with high spatial and
temporal resolution. As such, LPTEM can shed light on both fundamental questions in
physics, materials science, chemistry, soft matter and bioscience. In this thesis, an LPTEM
platform was developed, based on silicon nitride membrane encapsulation of the liquid
sample. This thesis explores three questions leading to new ways to perform LPTEM and
providing new types of information on fundamental processes:

e |Isit possible to perform LPTEM studies of freely diffusing particles’ dynamics?
Detailed LPTEM observations were made of free Brownian motion of nanoparticles in
liquids, where all previous studies have focused on the far slower particles that are
strongly interacting with the membranes. We measure to what extent it is influenced by
the electron beam and discuss how this may be used for new LPTEM studies that may
better model bulk liquid behavior than particles trapped on the membrane.

e Can electron holography be used to measure electrical potentials in liquids?
Electron holography has been widely used in mapping electromagnetic fields in solid
matter, and if electron holography can be reliably applied in LPTEM it could lead to
better understanding of the driving forces in electrochemistry, imaging magnetic
interactions etc.
Quantitative liquid phase electron holography is demonstrated in LPTEM using a newly
developed nanochannel liquid cell. The mean inner potential (MIP, Vo) of liquid water is
measured to be Vo0 = 4.48 £ 0.19 V, which is comparable to revised quantum
mechanical model calculations. The consistency between the quantum mechanical MIP
and experimental MIP is an essential benchmark to improve the quantum mechanical
models that help us understand water interactions in liquid processes.

e Can we measure local charge distributions of nanostructures in liquid by using electron
holography?
Mapping charge distributions on nanostructures in the liquid phase would provide a
new approach to understanding the important electrostatic interactions in liquids.
Electron holographic analysis was used to explore the possibility to quantify the charge
distributions in LPTEM systems and on individual nanopatrticles immersed in liquid.

This thesis takes the first initial steps in developing LPTEM holography, and find it is a
promising method that likely will open up many fascinating possibilities to study
electromagnetic interactions at the nanoscale in liquids, and hence lead to new insights in
nanoscale dynamics.
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Resumé (Danish)

Veaeske-fase transmission elektron mikroskopi (LPTEM) ger det muligt at observere
strukturer og udviklingen af processer direkte i vaesker med hgj oplgsning i rum og tid.
LPTEM kan derfor hjeelpe med at give ny information om grundleeggende spgrgsmal inden
for fysik, materialer, kemi, og biologiske strukturer og processer. | dette projekt blev der
udviklet en LPTEM platform, baseret pa siliciumnitrid membran til at indkapsle
vaeskeprgven. Afhandlingen udforsker tre spagrgsmal som leder til nye LPTEM metoder der
kan give helt ny information om grundlaeggende processer i veesker:

Er det muligt at lave LPTEM studier af partikler i fri diffusion?

Detaljerede LPTEM malinger blev lavet pa nanopartiklers frie Brownske beveegelser i
vaesker, hvor alle tidligere studier har fokuseret pa langt langsommere partikler steerkt
interagerende med membranerne i systemet. Vi har malt hvor meget elektron stralen
pavirker processen og diskuteret hvordan dette kan blive brugt i nye LPTEM studier der
bedre ville kunne imitere relevante betingelser af veeske end det er muligt med
partikler teet pA membranen.

Kan elektron holografi bruges til at male elektriske potentialer i vaesker?

Elektron holografi er blevet bredt brugt til at kortlaeegge elektromagnetiske felter i faste
stoffer og hvis metoden kan bruges i LPTEM ville det kunne give bedre forstaelse af
drivkreefterne i elektrokemiske greenseflader og vekselvirkninger mellem partikler osv..
Kvantitativ elektron holografi blev brugt sammen med et nyligt udviklet nanokanal
LPTEM system til at male det gennemsnitlige elektriske potentiale i vand (mean inner
potential, MIP) VO,H20 = 4.48 + 0.19 V. Veerdien er sammenlignelig med opdaterede
kvantemekaniske modelberegninger og er et vigtigt grundlag for at sikre gode modeller
der bidrager til bedre forstaelse for mange processer i vand.

Kan vi male ladningsfordelinger pa nanostrukturer med elektron holografi?

Hvis vi kan kortlaeegge ladningsfordelinger i vaesker vil det give en helt ny tilgang til at
forsta grundlaeggende elektrostatiske drivkreefter i mange processer | vand. Elektron
holografi blev brugt til at undersgge om det er muligt at kvantificere ladningsfordeling i
LPTEM systemer og pa individuelle nanopartikler i veesker.

Denne afhandling tager pa denne made de farste skridt til at udvikle LPTEM holografi og

viser at det er en fascinerende metode der sandsynligvis kan dbne nye muligheder for at
forsta elektromagnetiske vekselvirkninger i veesker. Dette kan give fornyet forstaelse for

nanoskala processer og dynamik i vaesker.
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List of abbreviations and symbols

TEM Transmission Electron Microscopy
STEM Scanning Transmission Electron Microscopy
LP(S)TEM Ligquid Phase (Scanning)Transmission Electron Microscopy
FEG Field Emission Gun
BF Bright Field
DF Dark Field
ADF Annular Dark Field
HAADF High Angle Annular Dark Field
FOV Field of View
CCD Charged Coupled Device
FFT Fast Fourier Transform
IAM Independent Atom Model
UHV Ultra-High Vacuum
SiNy Silicon rich nitride
SizNg Stoichiometric silicon nitride
CVvD Chemical Vapor Deposition
MSD Mean Square Displacement
CVE Covariance-based Estimator
SD Standard Deviation
Wave length h Planck constant
A or Inelastic mean free ) _
path Vo Mean inner potential (MIP)
t thickness p(r) Charge distribution
1] Electron wave Q Cell volume
B Electron source brightness D Diffusion coefficient
I Image intensity n Viscosity
A Image amplitude ks Boltzmann constant
M Fringe contrast V2 Laplacian operator
dc Fringe carrier frequency €0 Vacuum permittivity
wW Fringe width
(0} Image phase
Oy Phase sensitivity
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