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Preface
This PhD-thesis is written based on work carried out during the author’s PhD-project
in the ATOMICAR-group at the Department of Physics at the Technical University
of Denmark. The project was supervised by professor Peter Christian Kjærgaard
Vesborg and co-supervisor associate professor Christian Danvad Damsgaard.

It is the overall goal of the ATOMICAR-group to develop a device, which can
facilitate the discovery of nanoparticles with outstanding catalytic properties, and
the PhD-project of this author contributed to this development. This thesis reports
of work aimed at the development of a chip with arrays of cavities in which catalytic
processes can be monitored with ultrahigh sensitivity - an ATOMic Insight Cavity
Array Reactor (ATOMICAR). The author has mainly been concerned with the design,
fabrication and characterization of samples, on which the present ATOMICAR-design
is based.

During the project, preparations have been made to publish some of the insights
gained while developing the ATOMICAR-device, and the draft of an article is in-
cluded in the appendix of this thesis. It remains a draft (planned to be submitted
in February), as focus has been on technical progress rather than on scientific inves-
tigations of phenomena discovered during the project. In order to reflect this, the
thesis is structured as a guide to the prioritizations made in the design of the present
version of the ATOMICAR-device, and it describes and discusses how the device can
be build and used.

Kongens Lyngby, 14th December 2021

Hjalte Rørbech Ambjørner
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Abstract
The aim of much modern catalysis research is to develop new catalysts, which can
be utilized to convert excess green electricity to chemical energy. In pursuit of this
goal, the composition and configuration of catalytically active nanoparticles are op-
timized to obtain the ideal catalyst. However, with presently available methods, it
is not possible to measure the catalytic activity of single nanoparticles. Instead, the
chemical activity of ensembles of nanoparticles is investigated, making it difficult to
establish the true correlation between nanoparticle morphology and activity. If cata-
lysts with extraordinary activities exist within these investigated ensembles, it is not
likely that they will ever be discovered. Thus, there is a need for the development of
a tool with which the catalytic activity of single nanoparticles can be studied. This
thesis describes a new device consisting of a thin free-standing slab with arrays of elec-
tron transparent cavities sealed by sheets of few-layer-graphene. It is demonstrated
that the total internal pressure of such sealed cavities can be tracked through mea-
surements of the shape of the sealing membrane. Moreover, the partial pressures of
gasses captured in cavities of the new device can be monitored via electron energy
loss spectroscopy. Utilizing this, the catalytic activity of single nanoparticles can be
studied with the novel device, provided that the nanoparticles catalyze a pressure
altering reaction. Furthermore, the electron transparency of the cavities can be ex-
ploited to correlate the activity of investigated nanoparticles with their structural
characteristics. To enable studies of the catalytic activity of single nanoparticles, a
new method for isolating a single nanoparticle in a cavity has been developed. With
the device, presented in this thesis, the field of catalysis is gaining a tool, which
potentially can provide invaluable aid in the search for new catalytic nanoparticles
enabling the transition to a sustainable society.
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Resumé
Formålet med meget moderne katalyseforskning er at udvikle nye katalysatorer, som
kan bruges til at omdanne overskydende grøn elektricitet til kemisk energi. For at
nå det mål, bliver sammensætningen og konfigurationen af katalytisk aktive nanopar-
tikler optimeret for at opnå den ideelle katalysator. Med de nuværende tilgængelige
metoder er det dog ikke muligt at måle den katalytiske aktivitet af enkelte nanopartik-
ler. I stedet undersøges den kemiske aktivitet af ensembler af nanopartikler, hvilket
gør det vanskeligt at fastslå den sande sammenhæng mellem nanopartikelmorfologi
og aktivitet. Hvis der findes katalysatorer med ekstraordinære aktiviteter inden-
for disse undersøgte ensembler, er det ikke sandsynligt, at de nogensinde vil blive
opdaget. Der er således behov for udvikling af et værktøj, hvormed den katalytiske
aktivitet af enkelte nanopartikler kan studeres. Denne afhandling beskriver en ny
enhed bestående af en tynd fritstående plade med rækker af elektrongennemsigtige
kaviteter forseglet med ark af få-lags grafen. Det bliver demonstreret, at det to-
tale indre tryk af sådanne forseglede kaviteter kan spores gennem målinger af den
forseglende membrans form. Desuden kan partialtrykket af gasser fanget i kaviteter i
den nye enhed overvåges via elektron-energitabs-spektroskopi. Ved at udnytte dette
kan den katalytiske aktivitet af enkelte nanopartikler studeres med den nye enhed,
forudsat at nanopartiklerne katalyserer en trykændrende reaktion. Desuden kan elek-
trongennemsigtigheden af kaviterne udnyttes til at korrelere aktiviteten af undersøgte
nanopartikler med deres strukturelle karakteristika. For at muliggøre undersøgelser af
den katalytiske aktivitet af enkelte nanopartikler er der blevet udviklet en ny metode
til isolering af en enkelt nanopartikel i en kavitet. Med apparatet, præsenteret i denne
afhandling, får katalyseområdet et værktøj, som potentielt kan give uvurderlig hjælp
i søgen efter nye katalytiske nanopartikler, der muliggør overgangen til et bæredygtigt
samfund.
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Abbreviations
TEM Transmission Electron Microscope

EFTEM Energy Filtered Transmission Electron Microscope

AFM Atomic Force Microscopy

AM-AFM Amplitude Mode - Atomic Force Microscopy

CM-AFM Contact Mode - Atomic Force Microscopy

EELS Electron Energy Loss Spectroscopy

SEM Scanning Electron Microscopy

FLG Few-Layer-Graphene

FEG Field Electron Gun

E-cell Environmental cell

GIF GATAN Image Filter

ET Everhart-Thornley
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2.1 Electron microscopy 25

Figure 2.2. Sketch of GIF used to separate transmitted beam electrons according to their
energy loss. A set of lens systems are used to map the electron beam from entrance aperture
to electron detector. During this mapping, a so-called drift tube is used to disperse electrons
as a function of their energy in the plane of the energy selecting slit. The GIF can either be
used to acquire EELS data or to form energy filtered images.

lower kinetic energy and are therefore bend more by the drift tube. In this way, the
electrons are dispersed at the end of the drift tube according to their energy loss. At
the end of the drift tube, a slit can be inserted to exclude electrons with energy losses
outside an energy interval. To make this selection precise, the entrance and exit faces
of the drift tube are angled with respect to the symmetry axis of the drift tube. This
geometry ensures spatial focusing of the image formed by the electrons entering the
GIF. However, the focusing ability of the drift tube is not perfect, and curved drift
tube faces and lenses compensate for that.

The energy-selecting slit has a specific physical width. To change the energy
interval allowed to pass through the slit, a lens system is positioned after the drift
tube and used to control the magnification of the electron beam on the slit. The
following lenses project the energy selected pattern onto the electron detector at the
end of the GIF structure. If the energy selective slit is retracted, a greater part
of the energy loss spectrum passes to the electron detector and EELS spectra can
be recorded. This operation mode of the GIF is called ”spectroscopy mode”. The
projector system can also be used to form an image equivalent to the one entering
the GIF aperture. In this mode, referred to as ”imaging mode”, an inserted energy
selecting slit determines the energies of the electron beam, which are allowed to pass
to the electron detector. Thereby, images of the sample can be formed of electrons
scattered on e.g. oxygen. This technique is called Energy Filtered TEM, and is the
subject of the following section.




































