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Abstract

In response to climate change and its potential negative impacts, there is a growing trend of using
sustainable energy to replace fossil fuels. Developing related fuel production and storage technologies is
becoming increasingly important. Solid oxide electrolysis/fuel cell (SOEC/SOFC) has become a research
hotspot due to its high energy conversion efficiency, relatively lower cost, low noise, and scalability.
However, its degradation mechanisms at high working temperatures are still unclear. In order to enable
larger-scale commercial applications, further optimization is required in terms of cost and operational
stability. The performance of SOC-related components, such as electrodes and electrolytes, needs to be
improved, and their degradation mechanisms need to be further studied. Advanced characterization
methods, especially in situ techniques, are necessary to introduce.

Electrochemical impedance spectroscopy is a powerful technique in electrochemistry, and one of its
advantages is allowing operando characterization on a running system without causing damage to the
research object. It works by applying an oscillating voltage/current (the frequency usually ranges from 0.01
to 1000000 Hz) and collecting response current/voltage. By fitting the data with an equivalent electric
circuit model (ECM) of the electrochemical system, one can get the contributions of different processes in
the reaction.

Environmental TEM can inlet different gases into the column and, with a DENS solutions lighting holder,
heating and biasing can be also applied to the sample. This unique combination allows us to mimic the
practical environments of running a solid oxide electrolysis/fuel cell/materials. In addition, by combining
simultaneous EIS or biasing signal, one can investigate the structural/elemental evolutions and their effect
on the electrochemical performance on a running system inside the ETEM.

In this PhD project, | focus on the application of electrochemical ETEM to investigate the properties of
solid oxide materials/structures used for SOFC/SOEC, which can potentially also be applied to batteries
and thermoelectric devices. Firstly, | identify the key considerations for conducting solid-state
electrochemical TEM experiments, including sample preparation, electrochemical measurement, failure
factors, and optimization methods. | developed an entire sample preparation process using FIB-SEM and
provided examples of typical EIS spectra for pure electronic, pure ionic, and mixed ionic and electronic
conductors, as well as cell structures. Next, | demonstrate the feasibility of combining EIS with
environmental TEM to investigate the electrochemical properties of a micro CGO sample in reactive gases
at elevated temperatures, the derived transport and surface reaction data are consistent with those from
literatures. Finally, | conducted the high temperature EIS-TEM measurement on a nano CGO-YSZ-CGO
model cell and applied a high temperature biasing measurement on an nano LSC-YSZ-LSC cell in different
atmospheres and at high temperatures. The results from EIS-TEM and biasing-TEM are consistent with we
expected with two arcs contributed by transport and surface properties respectively. For high temperature
biasing-TEM experiments, the (S)TEM structure analysis, the STEM-EDS, and STEM-EELS results
revealed the decomposition of LSC layers under the cathodic biasing. Those results demonstrated the
feasibility of apply high temperature EIS-TEM or biasing-TEM experiments on the cell structures in the
ETEM.

Generally speaking, this work demonstrates the feasibility of performing high temperature electrochemical
measurements on solid oxide samples inside the ETEM, which can serve as an important methods for future
studies on energy materials or cell studies.



Chapter 1: Introduction

1.1 Motivation

Fossil fuels have been a primary energy source of humankind for more than hundreds of years.
The great amount of usage not only results in global warming, but also significant pollution,
leading to issues such as climate change, public health risks, and depletion of natural resources.
Therefore, it is urgent to adopt sustainable energy sources such as wind, solar, or biomass energy.
However, those energy sources have the drawback of fluctuating production, for instance, solar
energy is unavailable at night, and wind turbines require wind. In order to match supply with
demand, further development of energy conversion and storage techniques are necessary, which
should be able to scale up and highly efficient. The solid oxide electrolysis cells (SOEC) and solid
oxide fuel cells (SOFC) are very promising candidates. SOECs can produce chemical fuels by
electrolysis of H.O, CO. or CO2+H>O, and SOFC can generate electricity and heat by
electrochemical reactions with air/oxygen and fuels such as Hz or hydrocarbons 2, SOECs/SOFCs
have very high energy conversion efficiency 3, and H and syngas are very good energy carriers
for energy storge. However, the current cost of solid oxide cell (SOC) system is still high. The
median system cost in 2020 was around $2,450/kWhet 4. And the relatively high degradation rate
of 1% per 1000 hours calls for improvements of the SOC systems with more rational design. Some
of the problems in SOC needed to be tackled are Sr element segregating on the perovskite LSCF
or LSC cathode materials during ORR process >8, Ni coarsening in the anode material Ni-YSZ 7,
and poisoning caused by Cr 8, S ° CI . In order to solve existing problems and improve the SOC
performance and to lower its price, it is necessary to develop new characterization methods to
know the root causes. Especially, it is critical to determine the relationship between the
electrochemical activity under working conditions and the structure/composition of components

for the energy devices and coupling them %,

Transmission electron microscopy (TEM) has demonstrated its potential in analyzing crystal
structures and observing micro-sized samples, thanks to its very high resolution, which can be
below 0.05 nm 2. Since SOFC/SOEC operate at high temperatures and in reactive gas
environments, the performance of related materials needs to be characterized under those
conditions. The environmental TEM (ETEM) equipped the gas supply system can provide gas
environments in the sample chamber, and special TEM holders and matched
microelectromechanical systems (MEMS) chips can provide stimulus like heating and biasing. In

2



those conditions, the reactions can happen on the sample while doing the TEM characterization,
enabling the in-situ ETEM characterization 3. Meanwhile, electron energy loss spectroscopy
(EELS), energy dispersive X-ray spectroscopy (EDS), scanning TEM (STEM), and SAED can
reveal important information like the element distribution or migration or their valence state

change 4.

Electrochemical impedance spectroscopy (EIS) is a powerful and widely used technique in
electrochemistry with the advantage of allowing non-destructive operando characterization of an
active system °. With those experimental conditions described above, it is feasible to perform
electrochemical ETEM on SOC using in situ TEM and in situ EIS/biasing experiments. Through
this method, researchers can directly observe real-time reactions occurring at the atomic scale
under practical conditions. The evolution of chemical, structural, and morphological changes, as

well as simultaneous electrochemical responses, can be recorded without damaging the sample .

1.2 Goal of project

The main objective of this project is to develop a characterization method for high temperature in
situ electrochemical ETEM measurements where EIS/biasing and TEM are combined (EIS-TEM
or biasing TEM). We try to simulate the practical working environment of a SOC by using special
TEM sample holder and matched MEMS chip to provide high-temperature and electrical signals,
and run the electrochemical experiment in gas atmosphere inside the ETEM. This method
combines EIS and biasing measurements, and techniques related to ETEM/TEM to acquire
electrochemical response and structural and elemental information such as new phase formation,

element diffusion, and valence change of the target.

1.3 Thesis overview

In Chapter 2, we present the theory and methods related to this thesis. In Chapter 3, we review the
literature on in situ heating/biasing experiments of SOC and related EIS interpretation. In Chapter
4, we discuss general considerations for the method of high-temperature solid-state
electrochemical TEM experiments, including sample preparation, electrochemical measurement,
failure factors, and recommended optimization methods for both pure materials and cell structures.
In Chapter 5, we demonstrate the concept of combining EIS with environmental TEM (ETEM) by
testing a specially designed micro-CGO sample. In Chapter 6, we demonstrate the feasibility of

conducting high-temperature EIS-TEM or biasing-TEM experiments on model SOEC/SOFC cells.



Finally, in Chapter 7, we summarize the results and conclusions derived from the experiments and

provide an outlook in Chapter 8 for future method development and experimental design.
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Chapter 2: Theory and Methods

This chapter is to provide readers basic theory and introduction to experimental methods utilized
in this thesis. The goal of this project is to build an in-situ platform for high-temperature solid-
state electrochemical experiments inside the TEM. Therefore, | will begin by introducing the
principles and configuration of electron microscopy including the environmental TEM.
Subsequently, I will introduce how to conduct TEM experiments in an in-situ manner. Moving on,
I will provide an overview of the principles of EIS and explain the related data analysis.
Additionally, I will offer readers a brief introduction to SOC. Finally, I will introduce the
equipment utilized for model cell sample preparation, namely the PLD system for film growing
and the FIB system for lift-out and sample structure fabrication.

2.1 Electron Microscopy
When a beam of high-energy electrons interacts with a material, it generates various signals. Above
the sample, signals such as backscattered electrons, secondary electrons, cathodoluminescence,
and characteristic x-rays are produced,
Incident electron beam . .
while below the sample, transmitted and
Back-scattered electrons Characteristic X-rays diffracted electrons can be detected

(Figure 1) 2. These signals provide

Bremsstrahlung X-rays : : !
Secondary electrons valuable information about the sample's
Visible light . q . q
(cathodoluminescence) COMPoOSition, structure, and properties an
Auger electrons .
Heat can be used to create images, maps, and
5 spectra for further analysis 3.
Sample Interaction volume .
o J\ Figure 1: Signals generated by electron
Transmitted electrons Diffracted electrons interaction with the sample.

Different signals carry different information about the target sample. For example, (scanning)
transmission electron microscopy (TEM/STEM) collect transmitted electrons and diffracted
electrons. Scanning electron microscopy (SEM), on the other hand, collects backscattered
electrons, secondary electrons, and Auger electrons . In contrast, Energy dispersive spectroscopy
(EDS) collects characteristic x-rays and bremsstrahlung x-rays that are produced °. By those
signals from electron microscopes, researchers can obtain valuable information about the sample's

properties, enabling them to better understand the material and its behavior.



211 TEM
Transmission electron microscopy (TEM) visualize the structure of materials and biological
specimens at high resolution, with its first version built by Ernst Ruska and Max Knoll °.

According to Rayleigh’s earlier work ’, in optical microscopy, the relation between the point

resolution r, the light wavelength 4, and limit angle g of aperture can be described by the equation:

- 0.614 (21)

sin

Which means the smaller the wavelength of the wave is, the higher resolution the microscopy can
reach. There are several common waves like electromagnetic waves such as visible light and x-
ray, and electron wave. Visible light has wavelengths between 400 to 700 nm 8. X-rays have shorter
wavelengths, typically ranging from 0.01 to 10 nm °. While the electrons shortest wavelength.

According to de Broglie’s studies 1, the wavelength X can be expressed by:

h

A= (2.2)

Where the h is Planck constant, p is momentum of the electron. The accelerating voltage can affect
the speed and therefore the momentum of the electrons. For example, considering the relativistic
effect, for a 300 kV electron gun, the wavelength is around 2 pm . So, the electron microscope
has the potential of making microscopy with much higher resolution compared with visible light

and x-ray.

2.1.2 The configuration of TEM

The main parts of TEM include these: the electron gun, the condenser system, the sample, objective
lens system, the projector system, and detectors *2. Most of my TEM work is conducted by a FEI
Titan ETEM. Figure 2 presents the configuration of the ETEM in DTU Nanolab.

2.1.2.1 Gun system

The gun in a TEM is the source of the electron beam that is focused and accelerated towards the
sample. Common types of electron sources used in TEMs include tungsten filament, lanthanum
hexaboride (LaBe), and field emission guns (FEGs) *. Among them, FEGs are preferred due to
their ability to generate a highly coherent and intense electron beam with a small size, enabling
high-resolution imaging. The FEGS need a high vacuum environment during operation, so an extra

IGP closed to the gun is added to keep the pressure around 1E-10 mbar *°.



2.1.2.2 Condenser systems

The condenser system is responsible for shaping and focusing the electron beam before it reaches

the sample. It also includes apertures, which control the size and shape of the electron beam, and

a set of deflector/alignment coils such as stigmators to move and correct for any beam

displacement or distortion. The condenser system works as we adjust the intensity, spot size and

beam shift on the user interface .

The system typically consists of two or more condenser lenses work together. In TEM mode, the

C1 and C2 work together to make the electrons to illuminate the specimen with parallel beam.

FEG elactron
Source
Extraction anode
Lenses!
monochromator
—*IGP

Retraclable CCD
camera Gatan Image

Filter (GIF)

Lenses

While in the STEM mode, all condenser lenses are used,
and upper-objective pole piece (C3) work together to
focus the beam to the smallest possible spot onto the

sample.

Figure 2: Schematic diagram of the ETEM and pump
system in ETEM column, with key components such as
FEG: field emission gun; IGP: ion getter pump; TMP:
turbo molecular pump; RGA: residual gas analyzer; PC:
plasma cleaner; C1 to C3: condenser apertures; SA:
selected area aperture. 13 (the usage of this figure has
got the permission from authors and the publisher,

license shown in Appendix 3)

2.1.2.3 Sample

In order to allow the electrons to go through the TEM
sample, it is necessary to make the sample electron
transparent, normally below 100 nm. The sample is
installed on the sample stage of the TEM holder. While

the TEM holder is inserted, the sample stage and goniometer work together to allow for the

positioning, rotation, and tilting of the sample during imaging and analysis. These functions enable

the acquisition of images and diffraction patterns from different regions and angles of the sample

and are compatible with various sample types and sizes '.



2.1.2.4 objective lens, intermediate lens, and projector lens

The lens of TEM, which is the electromagnetic coil, can concentrates electrons by electromagnetic
force due to negative charge of electrons. The majority of TEMs are equipped with twin-lens
objective lens with one pole piece above and one below the sample. The one above the sample is
to provide additional beam control, while the other is situated below the sample to amplify the
image by approximately 50 times 8. In TEM mode, the latter works, and is responsible for focusing
the electron beam transmitted through the sample. In STEM mode the one above the sample works

to focus the beam to smallest spot together with condenser lenses.

The intermediate lens is positioned between the objective lens and the projector lenses. The
intermediate lens can switch to project either the back focal plane or the image plane of objective
lens to form images or diffraction patterns of the sample to switch between imaging and diffraction
with minimal distortion *°. There are many projector lenses, and their purpose is simply to magnify.
The image plane of intermediate lens is put on the object plane of the first projector lens to achieve

larger magnification.

The selected area electron diffraction (SAED) aperture can be put in the image plane of objective
lens, and can be used to select a small area of the specimen, from which the diffraction pattern of
corresponding region can be obtained. The SAED aperture can be adjusted in size to control the
size of the selected area. The objective aperture, on the other hand, is in the back focal plane of the
objective lens. It is used to control the convergence angle of the electron beam. By adjusting the
size of the objective aperture, the electrons with highest scatter angle can be removed, and this

aperture can be used to control the contrast of bright-field images (BF-TEM) %°.

2.1.3 Difference between TEM mode and STEM mode

As Figure 3a shows, when we use TEM mode to characterize, a parallel electron beam is controlled
to shine the sample. After interaction with the sample, the electrons scattered will be focused by
objective lens, forming the diffraction pattern and images at back focal plane and image plane
respectively. Both the transmitted electrons and the scattered electrons can be collected for

imaging.

Unlike the TEM, as Figure 3b shows, a STEM illuminates a small region and scans across the

sample by with a convergent smallest spot. Scan coils the is used for moving the beam by charging



in the coils, scanning the sample with the constant incidence angle 2*. After interactions with the

sample, the electrons are scattered into different angles.
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Figure 3: Electron path diagrams for different instruments of TEM, STEM and SEM respectively.

2.1.4 Detectors

For TEM mode electrons are usually projected on either a fluorescent screen or a CCD camera.
The fluorescent screen is typically made of a thin layer of Zn-sulfide, which emits visible light
when struck by electrons, on which the operator can do the microscope alignment and preliminary
observations. In front of the CCD is a phosphor scintillator that converts the electron signal to

visible light. The CCD camera has array detectors to record those light signals.

For STEM mode, if the scatter angle of electrons is over 50 mrad off axis, they can be collected
by High Angle Annular Dark Field (HAADF) detector, while for the angles of 10 - 50 mrad and
smaller than 10 mrad (unscattered), the Angular Dark Field (ADF) and Bright Field (BF) detectors
can be applied respectively to collect those signals and image the sample respectively. The
HAADF and ADF detector with a ring structure allows the electrons to go through the center, in
this case the Electron energy loss spectroscopy (EELS) can be applied to collect those electrons
unscattered and slightly scattered with small energy loss after interaction with the sample, which
can be called STEM-EELS %,
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2.1.5 Contrast

2.1.5.1 Mass thickness contrast

Both TEM and STEM will use Mass-thickness contrast for imaging. Mass-thickness contrast in
electron microscopy is a result of incoherent elastic scattering (Rutherford scattering) of electrons
in the sample. This scattering is strongly correlated with the atomic number Z and the thickness t

of the specimen 2.

In STEM mode it is possible to achieve high-resolution mass-thickness contrast, so-called Z
contrast, by using the HAADF detector. The higher thickness and atomic number of materials
result in a brighter contrast in HAADF images due to more electrons scattered at a large angle, and
inelastic scattering can be negligible here (Z-contrast). For basic dark field imaging, annular dark
field (ADF) detector can be used, and for basic bright field imaging, BF detector can be used,
which gives an opposite contrast to HAADF images. HAADF detector can record images at the
atomic level by Z-contrast, which is especially useful when combined with electron energy-loss
spectroscopy (STEM-EELS) 2.

2.1.5.2 Diffraction contrast

For crystalline samples, some scattered electrons that are diffracted by a precise group of hkl planes
in Bragg's condition. This results in intensity change in the images and is known as diffraction
contrast. In the bright-field image, areas in Bragg’s condition appear dark due to a loss of image
intensity. Conversely, in the dark-field image, the corresponding areas appear bright due to an

increase in image intensity.

There will be diffraction contrast in most TEM images. In mass-thickness contrast imaging, they
can be effectively removed by using an objective aperture to block the diffracted electrons in the
back focal plane %,

2.1.5.3 Phase contrast

After the electron wave interaction with materials, both the phase and the amplitude of the electron
beam is altered during the elastic scattering. Detectors are only able to directly measure the
amplitude. However, the phase shift will also affect the imaging by wave interference patterns that
can be measured via the intensity in the image plane. As a result, the HRTEM can record the phase

changes from very small features down to the atomic scale 2*.
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The phase shift is known as the Contrast Transfer Function (CTF), which can be described by the

following equation:

Afdq?

K(q) = sin [2n(— >

+CA%q"/4)] (2.5)

Where the Af is defocus of the objective lens (using the convention that underfocus is positive and

overfocus is negative), C, is the spherical aberration of the objective lens 24, q is the spatial

frequency (units of m™) and 1 is electron wave. We can find the CTF is the function of C, and Af,
and it can directly affect the electron wave in the back focal plane. If we apply FFT of the image

of a thin amorphous layer, we will be able to find the effect of CTF by adjusting the focus.
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Figure 4: Examples of PCTF for an accelerating voltage of 200 kV and the coefficient C; = 1.2
mm. (a) In-focus (Af = 0 nm), (b) Scherzer focus ((Af = -55 nm) The image is created by

ctfExplorer %,

Figure 4a, b compared the typical CTF diagrams for defocus = 0 and defocus = -55 nm respectively
for the conditions of accelerating voltage of 200 kV and the coefficient C; = 1.2 mm. The function

values oscillate giving the maximum image contrast at CFTmax and no contrast when CFT = 0.
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When the CTF is positive, the atoms present bright, while dark when it is negative. The first
crossover with x-axis in the CTF is defined as point resolution of the crystal structure image, below
this resolution, direct interpretation of high-resolution TEM images of weak phase objects is
possible, meaning that in this region all atoms will appear dark on a bright background if it is
underfocus, as Figure 4b shows. Our aim is to maximize the width and depth of the region between
0 and the point resolution 2°. Scherzer found this can be optimized by fine-tuning the defocus to
achieve an optimal balance of the effect of spherical aberration and electron wavelength , and
this defocus is called Scherzer defocus. The 1.2 times Scherzer defocus is seen as best defocus to

take HRTEM. In the condition described above, Scherzer defocus is -55 nm after calculation.

2.1.5.4 Spatial resolution
Spatial resolution describes the ability to distinguish between closely spaced objects. In the context
of transmission electron microscopy (TEM), spatial resolution refers to the minimum distance

between two points on a sample that can be resolved in an image.

The resolution of TEM can be described by equation 2.1 %’. However, the spatial resolution of
TEM is affected by various factors, including aberrations, which are imperfections in the electron

optical system that led to deviations from ideal imaging.

The two main types of aberrations in TEM are spherical aberration and chromatic aberration.
Spherical aberration arises from the fact that electrons passing through a lens are refracted
differently depending on their distance from the optical axis. This can result in a blurring of the
image, which reduces the spatial resolution. Nevertheless, modern TEMs employ advanced
aberration correctors that compensate for spherical aberration and improve spatial resolution. Thon
ring can be seen as the rotation of CTF around y-axis. The aberration correctors are applied to

make the thon ring more symmetrical to achieve better CTF condition %,

Chromatic aberration, on the other hand, occurs because electrons of different energies have
different wavelengths. As they pass through the lens system, they are refracted at different angles,
causing blurring and a loss of contrast in the image. Chromatic aberration can be minimized by
using monochromators to produce a beam of electrons with a narrow energy spread range of

electrons %°.
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2.1.6 In situ environmental TEM (ETEM)

2.1.6.1 Differential gas system

As Figure 2 shows, for this thesis, an ETEM (Titan 80-300 kV) equipped with a differential
pumping system and an image aberration corrector (FEI Europe, Netherlands) from DTU Nanolab
is applied . This Titan ETEM is designed and equipped with a gas system, which can provide
various kinds of gases such as Oz, Hz, H20, N2 and CO with partial pressures from 10E-6 mbar to
26 mbar. One can control the needle valves and mass flow controllers to mix two or more kinds of
these gases and fix the partial pressures for experiments. The gas system has high-pressure mode,
ca 1-15 mbar and low-pressure mode, ca 10E-5 to 10E-2 mbar.

After shift to ETEM mode, the sample region is first pumped to 10E-3 mbar by using a turbo
molecular pump (TMP1), then another TMP2 is added above/below the sample region to pump
the pressure to 10E-6 mbar, finally an ion getter pump (IGP) closer to the monochromator region
is pumped to 10E-9 mbar. The mass flow controllers are added to control the gas inlet.

In high-pressure mode, the needle is fully open, and the gas is directly controlled by the gas flow
controller. The pressure is measured by a Barocel Rressure Transducer, BOC EDWARDS. One

can directly use the mass flow controller to adjust the flows to inlet one or mixed gases.

In low-pressure mode, a constant pressure is maintained in the gas inlet system to form a higher-
pressure reservoir, then the pressure in the sample region is adjusted using a needle valve between
the gas inlet system and the sample region. The pressure is measured by a Wide Range Gauge,
BOC EDWARDS.

The mix of different gases from different modes are also achievable if we mix the water vapor
with other gases because there is an extra water inlet channel with a separate needle valve._In this
thesis, by mixing H2 and H20 vapor, low oxygen partial pressures were successfully achieved, and
the values can be derived by simple thermodynamics calculation. The experiments were mainly
carried out in three different gas environments: (a) 3 mbar O, (b) a H2/H>O mixture with partial
pressure ratio of 0.003 (total pressure 5 mbar) and (c) a H2/H20 with partial pressure ratio of 0.8

(total pressure 3 mbar).

The (a) 3 mbar Oz and (c) H2/H20 with partial pressure ratio of 0.8 (total pressure 3 mbar) can be
created by using high-pressure mode. For the first one, we adjust the gas flow controller to 2 ml

(min)?, and then it will automatically give the pressure around 3 mbar. For the latter one, we first
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inlet 2 ml (min)? of H, and the pressure will reach around 1.2 mbar. Then we open the needle
valve of the H20 channel to make the total pressure reach 3 mbar, and thus the H2/H2O with partial
pressure ratio of 0.8 can be reached. For (b) a H2/H20 mixture with partial pressure ratio of 0.003
(total pressure 5 mbar) the low-pressure mode is applied. Firstly, we build the Hz high pressure
reservoir of 60 mbar in the gas inlet system, and then we control the needle valve to make the
pressure of Hz reach 2E-2 mbar, and then we use the needle valve of the water channel to make

the total pressure reach 5 mbar, and thus the pressure ratio of Hz and H2O can be 0.003 3L,

2.1.6.2 Dens lightning holder

For the in situ ETEM experiments, the DENS solutions Lightning holder is applied. The matched
MEMS chip integrates heating and biasing functions together. The holder is a double tilt holder,
by which we can do the B-tilt to make the sample lamella perpendicular to the electron beam.
While we do the EDS measurement, we can also a-tilt to make the signal better collected by the
EDS detector.

As Figure 5a,b shows, for the MEMS Lightning chip, the Mo microheater is encapsulated with
silicon nitride (SisN4) to prevent it from interacting with the sample and gas atmosphere, so the
heater can work in the oxygen without the oxidation of Mo. While the Pt chip electrodes are
deposited on top of the suspended SiNx without encapsule, which make sure the current collector
of our cell can directly connect to the Pt electrodes. Figure 5b shows the position of heater spiral

and Pt electrodes on the chip.

For the temperature control of 4 heating and 2 biasing chips, a closed-loop feedback system was
created in order to enable the accurate temperature read-out while keeping it stable. As a result,
the temperature to be delivered around the sample can be accurately controlled, as two contacts
supply the current that heats up the microheater, while the other two contacts act as read-out the
temperature delivered to the specimen. The temperature is determined by measuring the resistance
of the Mo heater, which changes as a function of temperature 2. For the biasing of the chip, the
holder and the chip can supply up to 100 V inside the holder, which is large enough for the SOC

test 32,

2.1.6.3 Instrument connection
In this work, there are two kinds of instrument connection styles applied. One is for the EIS-TEM

measurements, and the other is for the heating-biasing experiments.
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For EIS-TEM experiments, a split wire is used which splits the signals to heating and biasing. Here
the biasing wire is connected to an external potentiostat (Gamry Femostat), which is controlled by
an external computer with Gamry software to conduct the EIS measurement. The heating is
connected following the pure heating experiment style from the Dens solution (which is detailed

described in the manual).

For heating-biasing experiment, we accept the
heating-biasing connection style from the Dens
solution with 4 heating electrodes and 2 biasing
electrodes. Here, a Keithely box provided with
the holder is used for the biasing signal. With this
connection style, if we add positive bias in the
Keitheley, the right Pt electrode on the chip is
giving the negative voltage while the left is
positive if the chip is put as Figure 5b shows with
two Pt electrodes come from the “bottom”. This
means if we make a symmetric cell structure as
presented in chapter 4 and chapter 6, the upper
layer in the image will be negative biased while
Pt electrdes the lower one is positive biased if we put positive

\ ] ]
number in the Keitheley box.

Figure 5: (a) The overview of Dens lightning

MEMS chip, and (b) the zoom-in image of

yellow rectangle region in (a)

2.1.7 SEM

SEM has similar basic principles to STEM. However, due to its application on the large thick
sample, no electrons can penetrate through the entire sample and normally there is no detector
underneath the sample. Meanwhile, the SEM has a large depth of field controlled by the aperture
size and focus of the electrons, which allows a larger region in the specimen to be in focus at one

time 32,
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2.1.7.1 Working voltage

Compared with STEM, the working voltage of SEM is much lower. The typical accelerating
voltage of SEM is between 0 and 30 kV. The electrons in the beam have lower energy, which
means they penetrate only a few nanometers or micrometers into the sample before being scattered
or absorbed by the atoms in the sample depending on the material and voltage 2’. This is ideal for
imaging the surface topography and morphology of the sample, as the electrons are mostly

reflected from the surface, providing high-resolution images .

2.1.7.2 Detectors

Different detectors such as secondary electron detector (collect SE2), in lens secondary electron
detector (collect SE1), back scattered electron detector and in lens back-scattered electron detector
can be installed in the SEM chamber and above the sample. In this work, the SEMs (Zeiss
Ultra/Merlin) and Crossbeam (also has SEM function) from DTU energy were mainly applied,

also for the SEM-EDS maps and spectrums 34,

2.1.7.3 Sample preparation
Samples for SEM must be conductive or coated with a conductive layer (e.g. C/gold) to prevent
charging effects. In this thesis, all the pellets sample are first polished and coated with 8 nm gold

before imaging to avoid charging *.

2.1.8 Electron energy loss spectroscopy (EELYS)

After interaction with the sample, some electrons are elastically scattered, and some electrons
inelastically. Electron Energy Loss Spectroscopy (EELS) collect the information from the latter.
By examining the energy distribution of all the electrons that were inelastically scattered, valuable
insights can be gained about the local environment of the atomic electrons. This, in turn, can

provide information about the physical and chemical properties of the specimen 3637,

2.1.8.1 EELS spectrometer

The EELS signal is commonly collected by using a Gatan magnetic prism spectrometer, which is
positioned underneath the imaging chamber of a (S)TEM. Most energy-loss electrons can be
collected because they are scattered in a small angle, and the collection angle is also very small.
The spectrometer's magnetic field separates the electrons and focuses them into a dispersion plane,
where their position corresponds to their energy loss (AE). This dispersion pattern can be detected

using a Gatan's imaging filter (GIF) 383,
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2.1.8.2 Zero Loss Peak (ZLP)

Figure 6 presents a schematic illustration of a typical EELS spectra. From the left to the right on
the spectra, Zero Loss Peak (ZLP) at 0 eV is formed by the elastically scattered electrons, which
is the most intense peak, reflecting the stability and energy spread of the electron gun, recognized
by its full width at half maximum (FWHMSs). During alignment, the spectrometer is adjusted to
focus as well as possible to eliminate the broadening of ZLP.

2.1.8.3 Plasmon Peak

The next region is the plasmon peak. The Plasmon peak describes the charge oscillations of the
“free electron gas” which are often delocalized. In some solids, particularly metals, the bonding
electrons behave as a free electron gas. When an incident electron moves through this gas,
plasmons are generated. The energy of plasmons increases with electron density, allowing EELS
spectra in the low-loss range to be utilized for estimating the density of free electrons *°. The
density of valence electrons can change by the change of the temperature, and this change can be

revealed by the shift of the plasmon peak in different temperatures 4%,

ZLP and Plasmon peaks can be referred as the low loss region reflecting the solid-state properties,
and the low loss region extends from 0 to around 50 eV. The low loss region contributes the main

background of core loss edges /42,

The data of the low loss region can also be used to calculate the thickness of the specimen, for

example, by the EELS log-ratio method, as the following equation shows:
=In (= (2.6)

where the t is specimen thickness in units of nm, A the inelastic mean free path (nm), I is the total
intensity of the entire spectrum, lo is the intensity of the zero loss peak, and N is mean number of
inelastic scattering events per incident electron. A is affected by average atomic number Z, Primary
energy Eo (keV), collection angle B (mrad), relativistic factor F according to the following

equations 344

__ 106F(Eo/Em)

= In 2BEo/Em) (2.7)
E, =7.67°36 (2.8)

_ 1+4E,/1022

T (1+Ey/511)2’ (2.9)
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Figure 6: A typical EELS spectra

2.1.8.4 Core Loss Edges
For the core loss region, the energy loss range is normally from 50 eV to thousands of eV, and the

main features are core loss edges which provide the elemental information. The core loss region
reflects the atomic characters of the sample. When a beam of electrons with energy Eo hit the shell
electrons, they will lose the energy 4E and deflected at a small angle, by which the shell electrons
are excited, and jump from starting shell to final one by using some energy Eg, and gained
momentum Exin, in this case AE = Eg + Exin. 2/, and this information can be read from the core loss

edges.

The near edge fine structure (ELNES) is within the first 30-40 eV above the edge threshold, which
provides information about band structure (density of unoccupied states), and extended fine
structure (EXELFS) reflects atom-specific radial distribution of the surrounding atoms and the
ejected electron during ionization. Their shapes strongly depend on the electronic functions in the
electron transitions. For example, the inelastic collisions between incident electrons and K-shell

electrons of free atoms generate sharp, saw-tooth like edges *°.

2.1.9 Energy dispersive spectroscopy (EDS)
Two kinds of x-rays can be generated during the electron interacting with core shell electrons and
atom nucleus, which are characteristic x-rays and Bremsstrahlung. Bremsstrahlung and

Characteristic radiation differ in that Bremsstrahlung X-rays generate a continuous X-ray spectrum,
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while characteristic X-rays are produced at distinct narrow energy bands. EDS mainly analyze the

characteristic x-rays, which is generated by relaxation of excited atoms %,

Bremsstrahlung X-ray is a type of electromagnetic radiation that results from the deceleration of
the electrons as it gets deflected by an atomic nucleus. The loss of the energy from the electrons
will generate X-ray, as it usually has a continuous spectrum., and the higher the energy the electron

has, the bremsstrahlung become more intense 4.

While the characteristic x-ray is generated when the material is bombarded with electrons, causing
the electron to be ejected from the inner shell, leaving behind a vacant energy level known as a
core hole. The outer shell electrons then fall into the inner shell, resulting in the emission of
quantized photons with energy levels equivalent to the difference between the higher and lower
energy levels. Each element has a unique set of energy levels, so the emission of X-rays produces
frequencies characteristic of that element #’. By collecting and analyzing those signals, the element
can be identified by the location of the peaks in the spectrum, and the concentration of the element

is indicated by the strength of the signal.

2.1.9.1 Artifacts

For the detection of X-rays. Firstly, the signals from the SEM/TEM holder and chamber may
contribute to the spectra, and the possible contaminations such as carbon elements need to be
excluded. Secondly, the detector of X-rays is usually made of Si, and Si detector can generate a
voltage pulse as a function of energy of X-rays. After signal amplification, the energy value can
be displayed as Gaussian peak where the intensity can represent the counts of X-rays with specific
energy. However, after the X-rays interaction with Si, some of the X-rays lose 1.74 keV because
Si Ka isaround 1.74 keV. This makes extra peaks that are shifted 1.74 keV lower than the expected
positions, called escape peaks. Meanwhile, the internal fluorescence peak at 1.74 keV in the EDS
spectra can also generate during the interaction between X-rays and Si. Thirdly, if two X-rays enter
the detector simultaneously, it will cause summed energies of the peaks, which is possible for any
combination of two peaks from different elements, but mainly happen for the major elements 2,

2.1.9.2 Data analysis of EDS spectra
One can analyze the EDS spectra by following steps: 1) Find the most intense peak and start to
find the peak from higher energies; 2) If the high intensity peak like Ka (or Lo and Ma) matches

with reference, then check if other lines are at expected positions for the same elements and with
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the expected relative intensities. 3) Check if the peaks overlap with the peaks from other possible
elements. 4) Check the non-identified peaks and the minor peaks, and exclude the effects of

artifacts.

2.2 The solid oxide cell (SOC)

Electrochemical cells transform the energy released from chemical reactions into electrical energy
note as galvanic cell, and conversely, electrical energy can be utilized to drive electrochemical
reaction note as electrolytic cell. Among the diverse array of electrochemical cells, one can find
batteries, fuel cells, and electrolytic cells etc. An electrochemical cell consists of two half-cells
whereby, each half-cell consists of an electrode interacting with either gas environments or
solutions. A full cell is formed by connecting two half-cells both ionically and electrically. In one
of the half-cells, electrons are discharged through an oxidation process. These electrons then travel

through the external circuit and reach another half-cell, where suitable reduction reactions occur
49

A typical electrochemical cell includes several parts such as electrodes and electrolyte. The anode
is where oxidation reaction takes place, while the cathode is where the reduction reaction takes
place. The electrolyte between the electrodes allows the ion conduction. There is a major difference
between galvanic cells and electrolytical cells. For example, the reactions that happen in galvanic

cells are usually spontaneous, while it is non-spontaneous in electrolytic cells *°.

If we use the concept of the galvanic cell and electrolytic cell to the solid oxide cells which can
convert the energy between gas fuels and electricity, then they are solid oxide fuel cell (SOFC) or
called solid oxide electrolytic cell (SOEC) respectively. For the electrolyte, it is usually made
dense and used for ionic conduction and electrical insulation. For the electrodes, they are made
porous to allow the gas flow, and it normally contain the electronic conductor, ionic conductor
because the reaction happen at gas-electronic conductor-ionic conductor triple phase boundaries
(TPBs) in the electrode regions close to the electrolyte which we note electrode-electrolyte

interface °%.

2.2.1 Working principles of SOEC and SOFC
The principles of SOEC and SOFC are illustrated respectively by Figure 7 52, here we use the
reaction among Hz, Oz, H20 as an example. In Hz, Oz, H20 atmospheres, and the overall reaction

that takes place can be described as:
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H20(g) = H2(g)+1/202(g), (2.10)

In SOFC mode, as Figure 7a shows, the H2 molecules are oxidized at the fuel electrode (anode)
side, and lose electrons, while O> molecules are reduced at the oxygen electrode (cathode) side
and get electrons. The oxygen ion from reduction diffuses through the dense electrolyte and react
with Hz, and then form H»O at the fuel electrode side. In this process, the electrons go through the

outer circuit and drive work. The reactions on both sides can be expressed as:

Oxygen electrode side : O2 + 2e”— 0% (ORR)
Hydrogen electrode side: H, + 0% — 2e—2H,0 (HOR)

In SOEC mode, as Figure 7b shows, by applying the potential/current, water vapor can be reduced
into H; at the fuel electrode side, and the leftover O% diffuses through electrolyte, and is oxidized
at the oxygen electrode side. The flow of electrons needs a driving force (potential) outside of the

cell. The reactions on both sides can be expressed as:

Oxygen electrodes side: 0> — O, + 2e”~ (OER)

Hydrogen electrodes side: 2H,0 — Hz + 0% - 2e” (HER)

(a) H, H,0 (b) H,O H,
Porous \ Porous \
Dense 02 q.‘@ Dense l 02 ,&‘{—

Porous (/ . Porous -
O,

Figure 7: Schematic illustration of working principle of SOFC (a) and SOEC (b)

2.2.2 Thermodynamics of SOC

Thermodynamics is the study of energy transformation from one state to another, and it plays a
vital role in comprehending the performance of SOFC/SOEC. By employing fundamental
thermodynamic concepts, one can forecast the potential, temperature, pressure, volume, and moles
of a cell system. Here are the Nernst equation and Gibbs free energy for the cells related to the

thermodynamics which can be used to forecast the performance of the cell 53-5°,
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The relationship between Gibbs free energy of reaction (AG) of the cell reaction and ideal

equilibrium electrical voltage (Enm, electromotive force) can be described by the equation °°:
-AG = n-F-Ent, (2.11)
where n is the number of electrons transferred in the total reaction, and F is Faraday constant.
AG = AGo + RTInK, (2.12)

Where 4Go is the Standard Gibbs free energy of the reaction dependent on the reaction species,
and K is the constant in the law of mass action associated with the conditions of those reaction
species. R represents the universal gas constant, and T denotes the temperature in Kelvin.

Therefore, the Nernst equation in Hz, Oz, and H20 atmospheres can be described as:

Eny = Eq + 20 In—"22— (2.13)
Hp POZ
where Py, o, Py,, and Py, are pressures of H20, Hz and O2 gases respectively. Eo is the standard

electrode potential, while E represents the cell potential at non-standard conditions.

For example, SOFC fed by H> and Oz, at standard conditions (25 °C and 1 atm pressure), the E is

1.23 V, with Hz and O access to the fuel and oxygen electrodes respectively *.

2.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful method to study electrochemical
systems °"%8, EIS works by applying an oscillating voltage/current (usually ranging from 0.01 to
1,000,000 Hz) and collecting the response current/voltage. By fitting the data with an equivalent
electric circuit model (ECM) of the electrochemical system, one can obtain the contributions of
different processes in the reaction. As Figure 8 shows, in an EIS measurement, an AC potential or

current is applied on the electrochemical system, and the response signal is collected.

EIS measurements are normally carried out by using a small excitation signal, which will be non-
destructive to the system equilibrium. In a linear system, after interaction with electrochemical
system, the frequency of the signal will not change while its phase may shift. During the fitting of
EIS data, the interaction between electrochemical system and input signals can be exemplified by

the electric elements exhibiting different block/through performances for the current with different
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frequency domain. For example, in high frequency range, the capacitor (C) can be seen as

connective, while in low frequency range, it can be seen as cut off.

For EIS test on the electrochemical system, the excitation potential and output current can be
expressed as:

E(t) = E, sin(wt) (2.14)
1(t) = I, sin(wt + @) (2.15)

where Eo and lo are the amplitudes of the potential and current respectively. ¢ is phase shift, @ is

radial frequency, and
w = 2nf (2.16)
where f is the frequency, and t is the time.

So, the impedance can be described by Ohm’s law, and the impedance Z can be expressed by:

_ @ _ Epsin(wt)
Z(w) = I(t) Iy sin(wt+) (2.17)

In the complex plane,
Z(w)=|Z|cos@ + |Z|sing = Zg, + jZim (2.18)

Where j is the imaginary unit, and Zre and Zim are the real part and imaginary part of the impedance
respectively. Therefore, the measured EIS data can be presented in a so-called Nyquist Plot by

plotting them as the X- and Y-axis, respectively.

Ry Frequency: 0.1 - 1000 kHz Ry
Ry R, iy -
..,A,M,&_JVIV)_"_} {1 -
1
Cdl Cdl
High frequency path Low frequency path
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Figure 8: Schematic illustration of EIS principles and the current flow of elements in different

frequency domain °°

Figure 9 presents a typical EIS Nyquist plot of an SOC in the complex plane. Interpreting EIS data
requires a proper electrical circuit model composed of various elements, such as resistor (R),
capacitor (C), inductor (L) and CPE element. Assigning physical or chemical processes to different

electrical elements can be achieved through experience or the creation of mathematical modeling.

For example, in a SOC system, there is the transport resistance representing the resistance of ionic
conduction during operation, which is noted by Rs element. The electrochemical reactions take
place in the electrodes during operation such as surface exchange reactions between active regions
and gas environments, the gas diffusion, or the gas conversion can be described by several R-CPE
elements denoted as (R-CPE:), (R-CPE2) and (R-CPEs), and those are in series with Rs. An

electrical circuit model (ECM) of these processes is presented in Figure 9 .

A
—__1 {1 |

= ] R R, Re  —
°F Rs
G, \ S \ S \ <

= CPE, CPE, CPE,

E
o

1 o . T M -,

g y \.
] ] ] [ | [ | [ | ] ] L ] )
Rs I Rp

Figure 9: A simplified typical EIS spectra for the test on the SOC

2.4 Focused ion-beam scanning electron microscopy (FIB-SEM)

A FIB-SEM system combines a focused ion beam (FIB) with an SEM, which is a very powerful
tool in the TEM sample preparation. This instrument works at high vacuum around 10E-6 mbar as
in the SEM 8. In addition to the normal function of SEM, the ion sources are added for the milling,
deposition, and imaging. Through a micro-manipulator, lift-out and mounting of micro a sample
is also achievable 2. The ion source can be ionized Gallium accelerated by electric field and
focused by the electric lens. For the Plasma FIB (such as Helios Hydra DualBeam), the ion source
can be expanded to Xe, N, O and Ar. The high maximum current of plasma makes it possible for
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high throughput milling process for large volume characterization and avoid the possible Ga

injection contamination 8364,

For the ion beam imaging, the accelerated ions will hit the target materials and sputter out the
atoms. At the same time, the inelastic scattering will release the phonons and secondary electrons,

and the electron signals can be captured by the detectors for imaging .

For the metal deposition, the gas injection system (GIS) can normally provide different precursors
of deposition materials such as Pt, W and C. The high energy ion beam can break the bonds of
molecules absorbed on the target surface, leave the deposition materials, and release the rest part
of hydrocarbon (I-beam deposition). The electrons can also be used for the deposition, called E-
beam deposition. However, the electrons are not effective for breaking the bonds, leaving more

carbon in the deposited sample .

For the sample manipulation, a micromanipulator is normally equipped in the chamber to
manipulate the sample, which can be controlled to move in x/y/z direction in a precise step. This

tool is vital in the lift-out and attachment processes of the TEM sample to the target position.

2.5 Pulsed laser deposition (PLD)

Pulsed laser deposition (PLD) is one of the physical vapor deposition techniques which is widely
used in the thin film growth of ceramic and metal materials . It uses high-energy laser pulses to
vaporize the surface of a solid target inside a vacuum chamber and condenses the vapor on a
substrate to form a thin film up to a few micrometers in thickness. As Figure 10 shows, a typical
PLD instrument contains a chamber. Inside the PLD chamber, a target holder and a substrate holder
are placed against each other. A heater and thermocouple are placed in the substrate holder and the

pulsed laser beam 68,

For conventional PLD, during the deposition, the UV light with a wavelength of 248 or 193 nm
are generated by krypton fluoride (KrF) or argon fluoride (ArF) excimer lasers respectively, go
through the window on the chamber wall, and hit the target from a certain angle. This causes
ablation and producing a plume containing the materials containing many species including atoms,
molecules, electrons, ions, but those have stoichiometry similar to that of the target . This is one
of the main advantages of PLD. The plume species then either interact with the gas environment

or/and deposit on the target to form the film. Because of the high energy of ablated particles, they
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can promote surface diffusion with no damage of substrate, and thus crystalline or single crystal

film can be grown °.

Excimer laser Stainless Chamber
Substrate
] Holder
. Laser
_ ens
Mirror A | | Substrate Plume
Q " "l Target
: | > Holder
lﬂl | Target

Y

Figure 10: Schematic diagram of a pulsed laser deposition system

For the deposition, the nucleation and film growth depend on serval parameters, such as the laser
energy with is strongly related with the deposition flux and the nucleation density of the film. The
surface temperature of the substrate which can be controlled by the heater and measured by the
thermocouple, the roughness of the substrate, and the background gas conditions. It is possible to
control microstructures of the film in a wide range, from the sample produced can be amorphous,
dense porous, by properly selecting laser operating conditions "2, In this thesis, the oxygen
atmosphere is applied in the chamber, and the substrates are heated at high temperature to grow
the dense CGO, LSC and YSZ, the detailed information of experiments are presented in chapter 6.
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Chapter 3: Literature review

In situ TEM is a powerful technique that allows for the analysis of structural and elemental
properties by simulating experimental conditions through the application of various stimuli *. For
gas-solid experiments in TEM, there are generally two routes to achieve a gas environment around
the TEM sample, which were proposed as early as 30s 2. In the first route, the gas is contained
between two electron transparent windows. It was realized very early in 1960s °. After 2000s,
people have been developing microelectromechanical systems (MEMS) chip-based TEM holders
with windows to contain the gas °. The second route is to use environmental TEM (ETEM), which
introduces gas directly into the TEM chamber. The differential pumping by turbo molecular pumps
is applied to pump the gas leaked from sample region through special small apertures, and the

pumping speed will be over the leakage speed .

The advantage of the ETEM is that it will not sacrifice the resolution of the TEM due to
introduction of cell window membrane, and standard heating holders can be directly used.
Nowadays, ETEMs can be equipped with a field emission gun (FEG) !, and can also be
equipped with an aberration corrector, monochromator, energy filter for electron energy-loss

spectroscopy and energy dispersive X-ray spectrometer 2,

In this work, we use an ETEM, and we aim to combine in-situ TEM with the three different stimuli:

heating, electrical polarization and a gas environment.

In this chapter, I will briefly review the development of the heating, biasing and combined heating-
biasing experiments in the TEM with reactive gases and present the current status and challenges.
This starts from the TEM heating experiments in reactive gases, then TEM electrochemical biasing
experiment in gases, and in situ heating and biasing experiment. Finally, 1 will briefly review
publications related to the interpretation of EIS results which helps to understand the

electrochemical data we derived for our samples.

3.1 TEM heating experiments in reactive gasses
The type of heating TEM holders include holders with a furnace such as the heating holders from
Gatan *3, or Hummingbird 4, and the MEMS chip-based heating holders such as DENS solution

wildfire 15,
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To the best of our knowledge, no scientific publications prior to the present work show the
combination of heat, gas and electrical polarization on a solid oxide cell. There are, however, a

few ETEM studies with focus on the solid oxide cell or its components.

Ni-YSZ is a common fuel electrode which provides the anodic catalytic activity of reducing the
fuel gas in SOFC 8, The Gatan Inconel heating holder can heat the sample furnace up to 1000 °C,
by which Q. Jeangros and coworkers investigated the redox cycle of a commercially applied Ni-
YSZ fuel electrode in a Titan ETEM. The microstructure evolution and reduction/oxidation
mechanism are studied by heating the Ni-YSZ sample in oxygen and hydrogen atmospheres in the
ETEM . A NanoEX™-i/v sample holder with MEMS microheater can provide the precise and
stable temperature of 1300°C 8, Junko Matsuda and coworkers used heating function of this holder
and conducted the experiments in a Titan ETEM to follow the redox cycling of Ni-ScSZ anode,
studied the Ni oxidation, NiO reduction mechanisms, and volumetric and morphological change

of Ni during the redox reactions *°.

CGO is commonly applied in SOC as the buffer layer between oxygen electrode and electrolyte
and is also a material that the present work focussed on 2°. FEI Tecnai F20 field-emission ETEM
with the differential pumping system can reach the high resolution of 0.13 nm in 4 mbar H; 2.
Peter A. Crozier and coworker applied a Gatan Inconel heating holder in this ETEM, studied the
dynamic changes of cerium-based oxide nanoparticles during redox processes. Their work
revealed the phase formation the reconstruction of specific crystal plane at 730 °C in hydrogen. In
the same study, CGO nanoparticles with fluorite structures are found easier to be reduced
compared with pyrochlore structures in hydrogen atmosphere 22. Mingyun Zhu and coworkers
used the Protochips fusion heating holder and MEMS E-chips to study the thermal stability of
CeO: nanoflowers in vacuum and oxygen atmospheres by a Titan ETEM. The sintering and
decomposition in oxygen, and the phase transition from CeO2 to Ce»O3, and sublimating in a higher

temperature in vacuum are revealed 2.

The aim of the present work is to develop a method for studying solid oxide model cells in
operando, i.e. during cell operation. Such studies have not been presented before, but multilayer
cell structures have previously been studied in the TEM with observations of the interfaces at high
temperature. Takaaki Shimura and coworkers studied the interface diffusion phenomena of CGO-

YSZ sintered at high temperature by in situ/ex situ TEM. Their study showed delamination
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between YSZ and CGO during sintering if both YSZ can CGO are fixed rigidly on the chip 2*.
Another example is Fabrizio Gaulandris et al. who also elucidated cation diffusion and Co

oxidation states at the interfaces in a model SOFC in oxygen as a function of temperature 2>%,

The examples above show that solid oxide cells and their components can be studied in reactive
gassed and elevated temperatures. What is missing in the examples above in order to study the
materials and cells in operando, i.e. during relevant electrochemical conditions, thie addition of an

applying an electrical polarization.

3.2 In situ biasing experiments in gases

To apply an electrical polarization, a so-called TEM biasing holder is needed, such as the
“Nanofactory Instrument” AFM-TEM holder 2" or Hummingbird Scientific’s in-situ electrical
biasing holder. These holders have mainly been used for ion battery research, and mostly in
vacuum, for the characterization of materials 2834 and cell configurations *>-%’, revealing reaction
mechanisms such as intercalation, alloying, and conversion, and their corresponding structural
evolutions 27383° However, these holders do not include a heater element and can therefore not be

used for studying solid oxide cells in operando where elevated temperatures are needed.

Recently, combined heating-biasing holders were developed, and today these holders are
commercially available. One of the first attempts to develop and apply a combined heating-biasing
holder was in a study with focus on redox reactions and ionic conduction of a Pt-CGO-W cell in
oxygen by Amir H Tavabi and coworkers through a Hitachi HF-2000 cold-FEG TEM with a
homemade ETEM system and a special holder with electrodes and a Ta ribbon heater. The authors
combined off-axis electron holography and EELS to follow the oxidation state in different
atmospheres and different temperatures “°. The published work from this group, however, only
presented results from experiments that combined heat and gas, while the addition of an applied
electrical potential to the cells was not presented.

Another attempt was made by Fabrizio Gualandris and coworkers of our group. They tried to
achieve electrochemical operando TEM on a symmetric cell Pt-LSC-YSZ-LSC-STN cell
fabricated from PLD. The combination of heating, gas, and biasing was presented at the IMC19
conference, but the electrochemical operando results were not published because the group
suspected that the electrochemical measurements where influence by leak currents between the

chip electrodes and heater membrane of the heating-biasing chip from Protochips.
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3.2.1 Interpretation of EIS response signal

In this work, the interpretation of EIS signals is very important. Our FIB prepared sample are
prepared from single material pellets or PLD prepared films. They can be made with well-defined
sample geometry, composition, orientation, and crystallinity %, Since the interpretation of EIS
signal from nano cells has not been reported before, here | briefly review some excellent works

related to the EIS interpretation of PLD sample, which can be important reference.

Gun Tae Kim and coworkers prepared La2NiOas+s films on both sides of a YSZ (100) single crystal,
with gold meshes serving as current collectors, and tested in the oxygen atmosphere. The
impedance spectra showed oxygen ion conduction of YSZ, interfacial resistance between the thin
film and YSZ, and surface reaction properties of the thin-film electrode in different frequency
domains. Because of the thin film geometry, the reaction rate is not limited by gas diffusion, and
the surface reaction properties represented by the low frequency domains are not affected by a gas
gradient. The surface exchange coefficient of the thin PLD film was consistent with that of a bulky
ceramic sample #2. This shows that EIS results from model cells prepared from PLD can be related
to bulk samples.

William C. Chueh and coworkers deposited Sm doped ceria on both side of YSZ, and used Pt
metal as current collectors, and tested in the reducing atmosphere. The chemical capacitance values
after considering interfacial effects can be derived *3. Christoph Riedl and coworkers deposited
lanthanum strontium ferrite (LSF) films with or without Pt doping on a YSZ single crystal substrate.
They found that the surface exchange reaction gave higher resistance compared to the transport

resistance because of excellent transport performance of those films %4,

Generally speaking, the interpretation of EIS spectra of model cells needs to consider the
contributions of charge species transport, such as ions and electrons (which are reflected in the
high-frequency domain), the contribution of surface reactions (which is evident in the low-
frequency domain), as well as other possibilities such as chemical capacitance, interfacial
resistance/capacitance or gas diffusion processes. In addition, for the measurements, one may also
need to consider the potential contributions that may arise from the counter electrodes, the test set-

up, or other factors that could impact the EIS measurement.
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Abstract

In this paper, we present and discuss the experimental requirements for conducting solid-state
electrochemical TEM experiments in general, including sample preparation, electrochemical
measurements, failure factors, and possibilities for optimizations. Particularly, we describe the
methodology of performing reliable electrochemical impedance spectroscopy measurements in
reactive gasses and at elevated temperatures for both single materials and for solid oxide cells. The
presented examples include impedance measurements of electronic conductors, an ionic conductor,
and a mixed ionic and electronic conductor, all materials typically applied in solid oxide fuel and
electrolysis cells. It is shown how transport properties and surface exchange properties can be
measured by impedance spectroscopy in the TEM of materials with nanoscale dimensions.
Simultaneously with the electrochemical measurements are the structural and elemental evolution
directly observed via TEM and STEM imaging and spectroscopy. The ability to perform both the
electrochemical and structural/elemental characterization in the same experiment and at the

nanoscale makes it possible to directly link the electrochemical performance to the material
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properties. These methods can have broad applicability in developing materials and structures for
solid oxide cells, solid state batteries, thermal electrical devices and other solid state

electrochemical devices.

1 Introduction

In situ and operando transmission electron microscopy (TEM) has proved its potential with its
high spatial resolution in real-time characterization of nano-scale samples under various conditions
and stimuli, like thermal, electrical and reactive gas environments 7. In particular, the
combination of environmental TEM (ETEM) and heating holders have made it possible to reveal

the dynamics and mechanisms of solid-gas reactions at the nano and even atomic scale &2,

Recently, MEMS chip-based TEM holders have opened new possibilities for combinations of
more stimuli in one experimental process 2*?3, One of these new fields is the simultaneous
application of heating and electrical biasing ?*?’. An ETEM combined with such a heating-biasing
holder makes it possible to study solid state electrochemical reactions at elevated temperatures in
reactive gasses [Chapter 5]. Important examples of high-temperature solid state electrochemical
technologies are the green energy conversion technologies solid oxide electrolysis and fuel cells
(SOEC and SOFC).

We predict that high temperature solid state electrochemical TEM investigations will become
increasingly important for the further development of these green energy technologies. In this
article, we will discuss the experimental requirements for such experiments. As an example, we
will focus on the solid oxide electrolysis cell (SOEC) and relevant materials. This P2X technology
is particularly interesting by being the most efficient type of electrolysis cell and can be expected

to play a critical role in green energy infrastructures 8,

The case of SOEC is chosen, not because it is easy to adapt this for the operando TEM experiments
compared to other energy conversion technologies. On the contrary, this is very challenging. For
example, SOECs have a complex layered 3D structure consisting of current collectors, porous
electrodes (anode and cathode) and a gas tight electrolyte 2%3°, The materials of these components
are combinations of hard, brittle ceramics and metals 3. The cells are operated at elevated
temperatures (typically 800 °C or above) in reactive gasses (typically H>O, Hz, Oz, CO2, CO) and

under electrical polarization 3232, The electrochemical reactions take place at interfaces or triple
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phase boundaries for which the chemical states, crystal structures and morphologies are known to

depend on operation conditions 3+,

The capabilities of the (S)TEM, electron diffraction, EELS, EDS, for analyzing the nano-scale
structural and compositional dynamics motivates the application of operando TEM investigations
of SOEC, but the demand for downscaling the cell dimensions for TEM analysis leads to
challenges, such as a) designing a cell with relevant materials and suitable dimensions, b)
designing a sample preparation routine with minimal risk of contamination or damage to the
sample, c) ensuring sufficient electrical contact between the sample and chip electrodes d)
avoiding loss of electrical contact or sample fracture as a result of thermal expansion when the
temperature is elevated, €) ensuring that the electrochemical measurements represent the sample
and are not dominated by the system around the sample and f) ensuring that the effects from the
electron beam are negligible in the electrochemical, image and spectroscopy data.

In the present work, we will show how these challenges can be overcome for two types of samples:
1) single materials such as: a) Yttrium stabilized zirconia (YSZ) which is a pure ionic conductor ,
b) Nb doped SrTiOz (STN) and Pt which are electronic conductors, and ¢) Gd doped ceria (CGO)
which behaves as mixed ionic and electronic conductor in reducing atmospheres, and 2) a full
symmetric model SOEC cell with a YSZ electrolyte, CGO electrodes, and Pt and STN current
collectors with three different cell geometries. The details of the experiments are described in the
Materials and Methods section, and the challenges and solutions are discussed in the Results and

Discussion section.

2 Materials and Methods

2.1 Materials and cell preparation

The single material CGO sample was fabricated by compressing the Ce.9Gdo.101.95-5 (CGO)
powder (Solvay) by a 10 mm diameter stainless steel mold with a uniaxial pressure of 3 MPa
followed by isostatic pressing at 325 MPa. Afterwards, the compressed pellet was sintered at
1500 °C in air for 12 h and slowly cooled to room temperature at a rate of 0.5 °C min™. The
geometrical density of the sample was between 94 and 97% of the theoretical density *. The YSZ
and STN samples were prepared from single crystals directly purchased from Crystec, GmBH.

The Pt sample was prepared by Ga FIB-SEM ion-beam deposition.
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In order to form a model SOEC cell with a layered structure, the cell was grown via pulsed-laser
deposition (PLD) using a KrF excimer laser (248 nm; LPX 305, Coherent, Inc.) on Nb (0.5 wt. %)
doped SrTiO3 (001) single crystal substrate (Crystec, GmBH). The cell is symmetric with a 150
nm thick ZrO2 with 8 mol % Y203 doping ((ZrO2)o.02(Y203)0.08) electrolyte and approx. 100 nm
thick electrodes consisting of CeO, doped with 10 at. % Gadolinia (Ceo.9Gdo.1O1.95). Theoretically,
the strain between the STN and CGO layers is 1.45 % and 5.51 % between YSZ and CGO.
According to XRD theta-2theta scans of the model cell, the lattice constants are 5.4 A and 5.2 A
for CGO and YSZ, respectively. Phi-scan around the [111] peak shows a 45° difference between
the CGO and YSZ [111] peaks and the STN [111] peak. The surface roughness of the final CGO

layer is 1.45 nm as determined by AFM over a5 um x 5 um area.

2.2 TEM sample preparation

Our sample preparation processes are achieved by employing a Crossbeam (ZEISS, 1540XB) and
a DENS solutions FIB Stub 3.0. The Omniprobe micromanipulator system need to reach the
sample from the top of the stub. We modified the shape of needle with an arc to avoid the possible
crash between the needle and the chip top edge during the needle insertion as shown in Figure S1.
For all samples, the lamellas were mounted on a heating-biasing MEMS chip (DENS Lightning,
4 contacts for heating, 2 for biasing) as presented in Figure 1. As for a standard FIB-SEM sample

lift-out process, 1 pum thick layer of Pt is deposited to protect the top sample surface.

Figure 1. Geometries and relative positions in the FIB-SEM chamber during the sample
preparation process. (a) Milling to create the sample lamella. The sample surface is normal to the
ion beam; (b) Lift-out. The lamella is vertical; (c) Mounting. The chip surface is 80° from the
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horizontal plane. There is a 10° angle between the lamella surface and the chip surface; (d)

Thinning. The lamella surface is parallel to the ion beam.

Figure 1a-d illustrates the relative positions of different parts in the preparation process. In Figure
1a, the sample surface is normal to the ion beam with stage tilt to 54°. Two deep trenches are
milled to form the lamella, and a standard J shape undercut is made for the lift-out process (Figure
1b) with the stage tilt back to 0. The lamella is vertical to the horizontal plane before lift-out. When
mounting the lamella at the chip, the stage is tilted 35° and there is a 10° angle between the lamella
and the chip surface (Figure 1c). The 10° angle is needed to be able to perform a final thinning of
the lamella after mounting on the chip. For the final thinning process, the stage is rotated 180° and
tilted 19° to make the lamella surfaces parallel to the FIB (Figure 1d). All the detailed steps are
described in Table 1.

Table 1: Steps of lamella preparation onto a MEMS chip

# Step name Stage position Milling and Deposition parameters
Rotation Tilt Milling Milling area  Milling Current /  Time / PtGIS Voltage / kV
/° /° area top bottom area pA min
length / length/pm Height
pm [ pm
0 Chip trench milling 0 9 500 Out 30
1 Pt protection layer 0 54 20 20 1 200 2 In 30
2 Trench top 0 54 30 20 15 5000 20 Out 30
3 Trench bottom 0 54 20 30 15 5000 20 Out 30
4 J shape cut 0 0 1000 Out 30
5 Needle connect 0 0 15 15 15 20 15 In 30
6 Lift-out — cut free 0 0 15 15 3 500 1 Out 30
7 Attaching to chip 0 35 2 2 15 50 2 In 30
8 Free the needle 0 35 2 2 1 500 1 Out 30
9 Circuit Pt deposition 0 15 50 10 In 30
10 Thinning front side 180 21 4 4 2 500 10 Out 30
11 Thinning back side 180 17 4 4 2 500 10 Out 30
12 Cut  trenches for 0 -1 500 10 Out 30
lamella/cell
13 Final thinning front 180 21 4 4 0.5 50 10 Out 30
side
14 Final thinning back 180 17 4 4 0.5 50 10 Out 30
side
15 Final polishing front 180 24 10 10 5 50 10 Out 5
side
16 Final polishing back 180 14 10 10 5 50 10 Out 5
side

2.3 Electrochemical TEM

The electrochemical investigations were carried out in an ETEM (FEI, Titan 80—-300 kV) equipped
with a differential pumping system and an image aberration corrector ¥/, where the sample is
exposed to the reactive gases Oz, H2 and H>O vapor. By mixing H2 and H.O with different pressure
ratios, low oxygen partial pressures were achieved. The experiments were carried out in three

different gas environments: (a) 3 mbar O, (b) a 5 mbar Hz/H.O with pressure ratio of 0.003, and
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(c) 3 mbar H2/H>O with pressure ratio of 0.8. The temperature ramping rate was 50 °C/min and
TEM imaging and electrochemical impedance spectroscopy (EIS) measurements were carried out
at each temperature ranging from RT to 800 °C after 3 min waiting time for the system to stabilize.
A potentiostat (Gamry FAS2 Femtostat) was connected to the TEM holder (DENS Lightning) to
add electrical bias signal on the electrodes of the chip. Two-probe EIS measurements were carried

out with an amplitude of 20 mV and frequency range from 100 kHz to 0.1 Hz.

Because of the small dimensions of the TEM sample, uninteded disturbances such as static
electricity or e.g. connection of the TEM holder to an instrument with a different grounding level
can destroy the sample. The procedure we have applied to minimize the risk of this type of sample
failure is one where no cables are connected, no equiptment is grounded or turned on after the
sample is mounted in the holder. The procedure is: Before connecting the cable to the TEM holder,
all other eqiuptment are connected and grounded to the same ground. The TEM holder is then
connected and the potentiostat is turned on. The operator is grounded to the same ground as the
equiptment with a wrist band, and finally the MEMS chip with the sample is mounted in the TEM
holder.

3 Results and discussion

In this work the methodology of high-temperature solid state electrochemical TEM is presented
and the method of electrochemical impedance spectroscopy TEM (EIS-TEM) is introduced. The
method is exemplified by two different types of TEM samples: a) single materials, allowing us to
investigate the transport and surface/structure evolution as a function of temperature, gas
environment and applied electrical potentials and b) solid oxide cells, allowing us to observe
chemical and structural changes at the cell interfaces while also analyzing its electrochemical
performance. In particular, the structural and compositional evolution at interfaces can be linked
directly with experimental conditions and electrochemical measurements. As a representative
example, we present a Pt-CGO-YSZ-CGO-STN model cell.

3.1 TEM sample preparation routine

One major challenge when conducting in situ or operando research with MEMS chips is the
process of preparing and mounting the sample. Our group attempted to use an ultramicrotome to
cut thin samples of model SOEC/SOFC cells, but despite being able to produce thin lamellas of

these hard and brittle materials, the overall cell structure and individual layers suffered from
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fractures 3. An alternative solution is the use of FIB-SEM, which has been proven to be an
effective method for preparing cells for TEM analysis. The routine we have developed is described
in detail in section 2.2 in this article. A key advantage of FIB-SEM is that it allows the
simultaneous deposition of metals such as Pt or W to build circuits on the sample, enabling
electrical testing *°. In the following section we discuss considerations related to the FIB-SEM

instrument and to the deposition of Pt.

3.1.1 FIB-SEM geometry
It is important to take into account the geometry of the instrument chamber. This includes the angle

between the electron beam and ion beam, the position and shape of the Omniprobe needle and gas
injection system (GIS), and the structures/dimensions of the stub used for lift-out and mounting

processes.

For instance, the angle between the electron beam and ion beam varies in different systems. In the
FEI system and JEOL MultiBeam, it is 52° 3%4°, while in the ZEISS system it is 54° 4L, The internal
structures of the instrument chamber, such as the position of the detectors, can also vary. To create
a successful sample, one may need to modify the positions of the GIS nozzle or the Omniprobe

needle in the FIB-SEM chamber to meet the desired position.

In the absence of a special stub and modified Omni-needle, the sample can be mounted on the chip
with multiple lift-out processes. Firstly, the sample is transferred to an intermediate omnigrid.
Then, after tilting the stage, the sample can be transferred to the MEMS chip placed on a 45-degree
stub. However, in our experiment, we were able to mount the sample on the MEMS chip with only
one lift-out process by using a special stub (DENS solutions FIB Stub 3.0) and a modified
Omniprobe transfer needle, as described in the experimental part of this article.

3.1.2 Creating electrical contact
lon or electron beam deposited Pt or other metals can be used for establishing electrical contact
between the sample and chip electrodes.

The advantage of ion beam deposition compared to electron beam deposition is that it typically
yields more conductive layers, and allows faster formation of thick layers 2. The conductivity and
proportion of Pt to hydrocarbon precursor in the deposited layer will vary depending on the ion
beam current 3. The higher the ion beam current, the greater the conductivity of the deposited Pt

4 The main disadvantage of ion beam deposition in this context is a higher degree of Pt overspray,
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i.e., thin layers of Pt deposited in other regions than where the beam is focused. The Pt overspray

may form pathways for leak currents.

The Pt overspray at the TEM sample can be removed by thinning and final polishing with the FIB
after ion-beam deposition. Electron deposition forms less overspray, which can be important for
samples where post deposition thinning is not possible. The main disadvantages of electron
deposited Pt is that the deposition process is slower, while it yields a higher hydrocarbon content

and lower conductivity 4.

It may be desired to remove the hydrocarbon component from the deposited Pt layer before in
situ/operando experiments. An example of this is reported in our recent publication where the
pores in the deposited Pt were used for gas transport [Chapter 5]. One method to remove the
hydrocarbon component is to treat the sample in a few mbar of O at approx. 500 °C for 5 minutes

or more.

In a recent publication, the properties of ion deposited Pt as electrical contacting material in

operando electron microscopy experiments is discussed in more detail [Appendix 2].

3.2 Background Resistance and Capacitance

It is important to know the resistance and capacitance of the empty MEMS chip to be able to
determine to what extent these will influence the actual measurements of the sample mounted on
the chip. Figure 2 a and b presents an SEM image of an empty MEMS chip at two different

magnifications.

We have measured the resistance and capacitance of several empty chips by EIS. The
measurements were conducted in air. To describe the resistance and capacitance the impedance
spectra were fitted with an electrical circuit model (ECM) consisting of a resistor, Rs, and a CPE
element referred to as CPE-shunt in parallel. It is expected that the resistance is mainly contributed
by the SiN membrane between the Pt electrodes on the chip, and that the capacitance can be from
the chip, holder, and wires [Chapter 5]. Figure 3 presents the measured resistance as function of
temperature of an empty chip in air (black stars). According to the figure the resistance of a new
empty chip remains high, over 100 Gohm, from room temperature to 800 °C.

A used empty chip was also measured. This is a chip that has undergone multiple sample mounting

processes of different samples, and which was exposed to several heating-cooling cycles.
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According to Figure 3 the resistance of the used empty chip (blue open stars) becomes significantly
lower than the new empty chip as the temperature is raised. The reason for the lower resistance of
the used chip is most likely that the SIN membrane between the chip electrodes has been
contaminated with Pt overspray from Pt deposition, hydrocarbons from the air, and/or from

redeposited sample material during FIB thinning.

Figure 2: (a-b) SEM images of the heating biasing
chips used in the present work. The brightest features
are Pt electrodes for biasing. The less bright pattern
with circular shapes is a Mo heater spiral. the Mo
heater spiral is encapsulated in a 400 um thick SiN
membrane. Pt electrodes are supported by the SiN

membrane, but is not encapsulated.

Figure 4a-b shows an example of a used chip with a
layer of such contamination. In Figure 4a the
contamination layer is observed as a bright contrast
region, and the EDS map in Figure 4b shows that this
layer consists of Pt. This chip was plasma cleaned for
10 min after which the contamination layer became

visible in the electron SEM images. This suggests that

the Pt-organic compounds from the gas injection
system have condensed on the SiN membrane during Pt deposition. Irradiating with an electron or
ion beam or using plasma cleaning can decompose these compounds into Pt nanoparticles.
Similarly, Figure 4c shows the same type of contamination on a sample after ion-beam Pt
deposition. The area of this contamination region is approx. 80 um in diameter.

As Figure 4a-b shows, plasma cleaning is not a feasible method for cleaning this type of
contamination. Instead, the condensed Pt-precursor compounds can be removed by using the chip
heater element to elevate the temperature to evaporate the compounds from the SiN surface. This
process should be carried out before beam exposure. For the same reason it is recommended to
minimize the SEM scanning time or area during sample preparation in the FIB-SEM to prevent

decomposition of any Pt-precursor material adsorbed at the surface of the MEMS chip.
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Another source of contamination is hydrocarbon molecules adsorbed on the chip/sample surface
when it is exposed to air outside the microscope. This can lead to carbon building up on the surface
during exposure to the electron beam. The carbon is electrically conductive and can cause leak
currents over the membrane or sample. This type of contamination can be removed by heating the

chip to around 500°C in an oxidizing environment.

1E+6 Figure 3: The figure presents measured
1E+5 — —R; YSZ 150 nm ]
” ] — R, YSZ10pm resistances for a new and a used empty
= 1E+4 | \O —-(O—R, CGO 100nm . .
£ 1E43} \o Rp CGO 1um MEMS chip (DENS solutions).
O 1E+2} Theoretical transport resistance, Rt of
—
Q 1?; ] YSZ with the length in the direction of
+0F
E 1E-1 the current, 1 = 150 nm or 10 pm and the
(4]
‘o 1E-2F cross section area of A =100 nm x 5 um
Q
x 1E-3f

—%— R, New empty chip

1E-4F —¥r— R, Used empty chip .
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compared with the theoretical surface

electrodes with | =100 nm or 1 pm and
A = 100 nm x 5 pum. The calculated
resistance values for these dimensions of CGO are based on measurements in a gas environment
with Ho-to-H»O ratio of 0.8 [Chapter 5].

Another method to mitigate the effects of contamination, whether it is Pt overspray, hydrocarbon
contamination or redeposited material from the FIB-SEM work, is to further separate the chip
electrodes by cutting a long trench between the electrodes with the FIB. An example of such a
trench is shown on the chip presented in Figure 4a-b. From the images it can be seen that the trench
in this example is slightly too short compared to the contaminated area, and in hindsight should
have been made longer. When the trench is sufficiently long it reduces the likelihood of leak

currents along the surface of the chip.

According to Figure 3, the resistance of used chips can be significantly lower than of new chips,
and to ensure precise electrochemical measurement of the target sample, it is recommended to
measure the resistance of the same chip two times: a) before mounting the sample to confirm that
its resistance is high enough and b) after conducting experiments. In the latter case, the sample can

be disconnected, and the background resistance measured again. By considering the chip’s
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contribution, the resistance of the sample can be corrected by subtracting the current that may leak

through the chip.

Figure 4: (a) SEM image of the chip after it has
undergone mounting processes and plasma cleaning.
The region contaminated with platinum (Pt) is marked
by a blue dotted line, (b) SEM-EDS map that shows
the distribution of Pt (red) and molybdenum (Mo)
signals (orange), and (c) SEM image of a PLD sample

before lift-out. Pt precursor contamination is observed

' (h) : B B ' inacircular pattern around the ion beam deposited Pt.

1 ' RN 'f:" While the user would prefer the resistance of the
empty chip to be as high as possible, the capacitance
of the entire connected system, i.e., the chip, TEM
holder and wires connected to the potentiostat, should

. be as low as possible. For the system used for our

‘st we .. measurements, the measured capacitance is constant

e and stable as a function of temperature with the value

3.8 - 10" F. The value is the same when using a new

and a used empty chip. The contribution to the

capacitance is likely mainly from the wires in and
connected to the TEM holder. The capacitance value

from the present system is small enough compared to

typical capacitive contributions expected for

SOFC/SOEC TEM samples, such as surface capacitance and chemical capacitance [Chapter 5].

To confirm the consistency of the resistance and capacitance values measured in air, the EIS
measurements were repeated for a new chip in the ETEM in 3 mbar of Ho/H>O with a gas pressure
ratio of 0.8 and in 3 mbar O>. In both gas environments similar resistance and capacitance values

were obtained.
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3.3 Sample fracture

One of the main challenges when conducting solid state electrochemical TEM experiments at
elevated temperatures is the thermal expansion and contraction of the materials during heating and
cooling processes. This can result in variations in the electrical contact resistance and even in loss
of electrical contact between the sample and the chip electrodes [Appendix 2]. It can also result in

fracture of the sample and delamination of the deposited Pt.

Figure 5 shows an example of a sample that was broken by heating it in the ETEM. As can be
observed from the figure, a crack has formed from one of the 90-degree corners in the sample. We
have observed that cracks often start at sharp corners, and that the problem with crack formation

can be reduced by adjusting the geometry so that sharp corners are modified with the FIB into

more rounded shapes.

Figure 5: (a) TEM image of CGO-YSZ-
CGO U cell (U cell will be introduced in
detail later in this paper); (b) TEM image
of the U cell after one cycle of heating and

cooling.

3.4 Influence of electron beam

An important question to address is if the electron beam will influence the EIS measurements when
conducting EIS-TEM experiments. Figure 6 presents an experiment where the electron beam
covered different regions of an ion beam deposited Pt sample and/or the Pt electrodes on the
MEMS chip while conducting the EIS measurement in 2 mbar O». Figure 6¢ shows the position
and area of the beam for each EIS measurement. The results show that exposing the Pt electrodes
or the sample to the electron beam does not influence the EIS measurement (Figure 6a). This means

that it is possible to record EIS spectra and TEM images simultaneously.

On the other hand, it is well-known that an electron beam can cause structural changes, so-called
beam damage in a TEM sample ¢ and for this reason the beam current density and total dose
should always be kept as low as possible while still being able to record the needed information.
This is particularly important for in situ and operando experiments where the same region of the

sample is exposed to the electron beam several times 2.
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It can be expected that beam damage to the sample will influence the EIS measurements. Figure

6b shows EIS measurements from the same sample as in Figure 6a, but after deliberately inducing

beam damage to the sample by focusing the beam to a small spot on the sample in 3 min. TEM

images clearly revealed structural changes in the ion beam deposited Pt (Figure 6d, e). Consistently,

Figure 6b show significantly larger arcs in the Nyquist plots compared to Figure 6a. This shows

that this beam induced structural change led to a significant increase in the sample resistance.

Again after beam damage, there was no significant difference in the EIS spectra recorded with or

without the electron beam.

Due to the risk of beam damage, we usually blank the beam during our EIS-TEM measurements,

and only expose the sample to the electron beam in the short time frame it requires to record images,

diffraction patterns or spectroscopy data.
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3.5 EIS-TEM measurements of single materials

Figure 6: (a) EIS measurements at the
conditions: The electron beam is blanked
(red squares), covers the sample and both
chip electrodes (blue triangle), covers left
electrode (green tilted square) and covers
only right electrode (purple triangle). (b)
EIS measurements from the same sample,
The EIS

measurements with the beam covering

after beam  damage.
sample and blanked. (c) The positions and
areas of the electron beam at the thin film
Pt sample. (d-e) The thin film Pt sample
(d) before and (e) after exposure of a

focused beam for 3 min. The red arrow

To demonstrate the EIS-TEM method applied on single materials, we have chosen three different

types of conductors 1) electronic conductors, Pt and STN, 2) an ionic conductor, YSZ, and 3) a

mixed ionic and electronic conductor, CGO.
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3.5.1 Electronic conductors

The simplest case is EIS-TEM measurements on an electronic conductor. This type of sample only
requires sufficient electrical connection to the chip electrodes. This will allow electrons from one
chip electrode to be transported through the electronic conductor by an applied voltage to reach

the other chip electrode.

STN is an example of an electronic conductor. Figure 7a and 7c present an STN sample mounted
on the heating-biasing MEMS chip. Examples of Nyquist plots of EIS data and the fitted ECM are
shown in Figure 7b. For a purely electronic conductor, a typical EIS spectrum would exhibit a

straight line parallel to the y axis with a fixed

(a) = 700 °C P{H,)-to-P(H,0) 0.003
700 °C P(H,)to-P(H,0) 0.8

e intercept on the x axis, which corresponds to its

T
CPE shunt

transport resistance, R:. However, the presence

of the resistance from the TEM holder and

r -'.. ..-
—t S ¥ ) : . :
0————L3 wires, the shunt capacitance described in

0 1 2
Z'/10° ohm

_30" SN bt section 3.2, will influence the shape of the EIS
(d) 300°c| (e) 400 °C 600 °C
=2t E'3°‘ sore T00°¢l spectra. Therefore, we can anticipate a single
-8_10_—K§:|—aﬁv— £ —m—m— arc in the Nyquist plot with the second intercept
Ry ol . :1 o0 ) B B representing the transport properties. The

Aot 15p e @ Nyquist plots in Figure 7b are consistent with
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Z'/ ohm Z' | ohm this expectation.

Figure 7: (a) SEM image, (c) schematic diagram, and (b) EIS spectra recorded in the ETEM of
STN sample mounted on heating-biasing MEMS chip. The EIS spectra are all recorded at 700 °C
in a mixture of H> and H20 with the pressure ratio of 0.003 and 0.8 as indicated for each sample.
(d-e) Nyquist plot of EIS-TEM data of an ion beam deposited Pt thin film. The spectra are recorded
from 300 °C to 800 °C in 2 mbar Oz [Appendix 2].

From the measured dimensions of the central part of the STN sample, we can calculate by ohm’s
law that the transport resistivity at 700 °C is 6.7 ohm cm in 3 mbar H2/H20 with gas pressure ratio
of 0.003, and 1.5 ohm cm in 5 mbar H2/H>O with gas pressure ratio of 0.8. According to the
measurements, the STN demonstrates higher electrical conductivity in a more reducing
environment, which is in accordance with previous reports and can be attributed to an increased

concentration of electrons *’.
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Another example of an electronic conductor is ion beam deposited Pt. In a recent publication we
investigate the temperature dependence of ion-deposited Pt in vacuum and in Oz and show that the

EIS-TEM measurement agree with previously reported results [Appendix 2].

Figure 7d-e show Nyquist plots from EIS-TEM measurements of a Pt thin film sample, deposited
between the electrodes of the MEMS chip, recorded from 300 °C to 800 °C. The ECM model used
for fitting the data is also presented. Compared to the measurements of the empty chip showing a
resistance of tens or hundreds of GQ (Figure 3), and of the STN in the range of MQ, the resistance
of the Pt is in the kQ range. From the discussion of the EIS-TEM results for the STN sample one
would expect the appearance of a capacitive semicircle in the Nyquist plot due to the contributions
of the Pt film resistance and the shunt capacitance. However, the EIS measurements of the Pt film
do not show a semi-circle as observed for the STN sample, and we found that the data could only
be fitted well if an inductance element, L is added in series with the sample R: and the shunt
capacitance, C in the ECM. The absence of the capacitive semicircle is due to the magnitude of
the film resistance being much smaller (approx. 10° times) than the capacitive impedance even at
the highest frequencies of the measurement (100 kHz), resulting in effectively short circuiting the
shunt capacitance. On the other hand, the EIS data reflect a component of inductance in this case.
From the fitted data the inductance values are around 0.0002 H. The inductance is likely due to
the influence of the experimental equipment such as the wires, chips, and the sample holder. We
found that the values of the inductance are stable from 25 °C to 850 °C for this sample. Therefore,
it may be beneficial to consider the inductance contribution when fitting low resistance

measurements.

Furthermore, Figure 7d, e shows that the resistance of ion beam-deposited Pt changes as a function
of temperature. This has been reported before and shown to be related to changes in the Pt
nanostructure [Appendix 2].

3.5.2 lonic conductors

The situation is more complicated for the case of ionic conductors where the electronic current at
the electrodes needs to be converted to ions that are then transported through the ionic conductor.
This conversion involves a surface exchange reaction that takes place at the triple phase boundary
(TPBs) between the electronic conductor, the ionic conductor and the gas phase. The TPB is the
active region in the vicinity of which the reaction occurs, driven by the applied polarization.

55



Therefore, the surface exchange reaction resistance, R, will depend on the length of the TPB. The
measured total resistance in the EIS-TEM experiment will be the sum of Rt and Rp, where the latter
depends on the TPB.

When preparing the EIS-TEM sample of an ionic conductor one should consider how to control
the TPB length. One approach to making a well-defined TPB length is to prepare the sample as a
layered cell, like those presented in section 3.6 below. Another approach is to mount the ion
conducting material directly on the chip and connect it to the chip electrodes by ion beam-
deposited metal similar to the STN sample. The example presented in this section follows the latter

approach.

700 °C P(H;-to-P(H;0) 0.003 Figure 8: (a,d) SEM images, (c,f)
700 *C P(H,)-to-P(H,0) 0.8

71 "o schematic diagrams, and (b,e) EIS
spectra recorded in the ETEM of YSZ
and CGO samples mounted on heating-
. biasing MEMS chips. The EIS spectra
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which conducts oxygen ions at elevated
temperatures. lon beam-deposited Pt connects the YSZ to the chip electrodes, and therefore the
TPB is defined by the contact zone for YSZ, Pt and gas. A challenge of this approach of depositing
the electronic conductor is that the TPB length is not very well-defined. Firstly, the exact shape
and dimensions of the deposited material can be difficult to control. Secondly, the deposited
material has a complex nanostructure and is mixed with hydrocarbons and ions from the FIB
[Appendix 2]. The hydrocarbons are removed if the sample is heated to 500 °C in the presence of
oxygen [Appendix 2], resulting in Pt with a nanoporous structure. Our recent work indicates that

the nanopores increase the TPB length compared to dense Pt by allowing gas diffusion in the pores
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[Chapter 5]. However, it is not straight forward to control or to determine the pore volume, pore

size and tortuosity of the deposited Pt.

Figure 9 presents STEM images of a lamella prepared from ion beam-deposited Pt as a function
of temperature in Ho/H20. The figure demonstrates that heat treatment in a reducing environment
is a method for removing the pores in ion beam-deposited Pt to achieve a dense Pt contact. This is
one route for making the TPB more well-defined, but shorter compared to the porous structure.
The use of this method prior to the actual EIS-TEM measurements is only feasible for samples that

can tolerate a reducing environment at such high temperatures.

Figure 9: STEM-HAADF images of
cross-sections of Pt samples at
different temperatures in 3 mbar
H2/H20 with gas pressure ratio of 0.8

Figure 8a-c presents EIS-TEM results
for a YSZ sample contacted to the chip
electrodes with ion beam deposited Pt.
In this case, a heat treatment in 2 mbar

O at 500 °C was carried out to remove
hydrocarbon and create pores in the ion beam-deposited Pt to maximize the TBP length. The EIS

spectra were recorded at 700 °C in the two different gas ratio mixtures of H and H20.

For a pure ionic conductor two arcs can be expected in the Nyquist plot, one in the high frequency
range representing ionic transport and another in the lower frequency range representing the
surface exchange reaction at the TPBs. In the environment with Hz-to-H.O ratio of 0.003, the EIS
spectrum in the Nyquist plot appears as a squeezed semi-circle suggesting there are likely more
than one processes superimposed. The spectrum can be fitted well with an ECM representing two
arcs from two processes, which is consistent with the expectation. The same ECM could fit well
the EIS spectrum recorded in the environment with Hx-to-H20 ratio of 0.8, i.e., with lower oxygen

partial pressure.

For the gas ratio of 0.8, the obtained Ry, represented by the second arc, is approx. 1/3 of that in the
ratio of 0.003, while the first arc, representing Rt, shows similar values in both gas environments.
This result is expected, since the Rt should depend on temperature, but not on the oxygen partial
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pressure within the range employed here, whereas R, depends on the gas environment and

decreases with increasing Hz concentration as expected “.

3.5.3 Mixed conductors

In the case of mixed electronic and ionic conductors (MIECs), some electrons will be converted
to ions through surface exchange reactions as described for the ionic conductors and transported
as ions through the MIEC, while some electrons will directly leak through the sample as described

for the electronic conductors.

If the electronic conductivity of the MIEC is sufficiently high and/or the nanoporous structure of
the current collector sufficiently fine, the surface exchange reaction will not be limited to the TPB,
but will extend to the sample surface S exposed to the gas environment in the vicinity of the current
collector. For the MIEC it should be considered how far the active surface extends from the TPB.
The important parameters are: a) the gas environment and temperature which control the degree
of electronic conductivity. b) sample geometry, in thin sample regions, e.g., the part of the sample
that is so thin that it can be studied in the TEM, fewer electrons may flow to the surface sites due
to the higher resistance compared to thicker parts of the sample, e.g., the side parts that are
connected to the electrodes. Samples with such thin regions in the center and thicker regions

connected to the MEMS chip electrodes are presented in Figure 8d-f. c) the polarization strength.

It is not trivial via a-c to determine to what extent each surface of the sample contributes to the
surface exchange reaction, but in general the thicker side parts will be more active, and thin central
part less active [Chapter 5]. This is illustrated schematically in Figure 8f. For Ry, it is the thin region

that mainly contributes.

An example of a MIEC is CGO in gas environments with a low oxygen partial pressure. Figure
8d-f presents EIS-TEM results for a CGO sample at 700 °C in two different gas ratio mixtures of
H> and H20. Like the ionic conductor, we can expect to observe two arcs in each EIS spectra, with
the first arc representing Rt and the second representing the surface exchange reaction. As
anticipated, the EIS spectra presented in Figure 7h both have two arcs, and the arc representing Ry
decreases with decreasing oxygen partial pressure. In our recently published work, we have
presented a detailed EIS-TEM analysis of such CGO samples which shows that the absolute
resistivity values and activation energies match very well with literature values for bulk materials
[Chapter 5].
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3.6 Cell design

So far, we have described the EIS-TEM method applied on single materials. Now we will focus
on the method applied on a more complex sample: the solid oxide cell. The cell could represent an
SOEC or an SOFC.

The choice of cell to study can go in two different directions: a) industrial type cells or b) model
cells. Studying industrial cells offers a direct link between the fundamental study in the TEM and
the industrial application “°, while the advantage of the model cell approach is that the cell

complexity can be downscaled to allow for investigations of few selected scientific questions.

Figure 10 presents a symmetric CGO/YSZ/CGO cell, corresponding to a model SOEC with a state-
of-the-art YSZ electrolyte and two CGO electrodes. When electrically polarized, at elevated
temperatures in O, it would simulate the oxygen electrode of an SOEC at one electrode, and
simultaneously, the oxygen electrode of an SOFC at
the other electrode. Similar symmetric cells can be
made for studying the hydrogen electrodes of
SOECs and SOFCs. Using a symmetrical cell
design eliminates the need to separate fuel and

oxygen gasses, which is challenging in an ETEM.

Figure 10: TEM image of a CGO-YSZ-CGO model
cell. The top part is coated with Pt. The STN and Pt

function as current collectors.

In this case, the model cell electrodes are dense, contrary to industrial cells with porous electrodes
to allow for gas transport. Electrode porosity is not necessary when the cell is thinned for TEM
use, since the gasses have access above and below the cell. The fully dense electrodes make the
cell less fragile and the TPB lengths and interface areas well-defined. The latter is needed when
converting EIS measurements of resistance, R (€2), into geometry independent parameters such as

resistivity, p (Q cm) and conductivity, ¢ (S/cm) for comparison with reference experiments.

Rt is in series with Rp, and these two make up the total resistance. One can adjust the total resistance

by controlling the thickness of the electrolyte and electrode layers.

59



The present model cell was designed using theoretical calculations to determine the appropriate
thicknesses for each cell layer material. The layer thicknesses were chosen based on the expected
total resistance, which should be within a range that can be measured using the available equipment
and significantly below the resistance of the empty MEMS chip.

The use of pulsed laser deposition (PLD) for preparing the model cell allows for fine-tuning the
thickness of the individual cell layers and adjusting the expected resistance, R for each layer. The
small cross-section areas, A of a TEM sample necessarily lead to relatively high measured transport
resistances, R, which scales inversely with A.

l
Rt = 'DZ’ (1)

where | is the length in the direction of the current, corresponding to the layer thickness, and p the

resistivity.

An industrial state-of-the-art YSZ electrolyte typically has a thickness of approx. 10 pm 5,
Figure 3 which showed the resistance of an empty chip also presents the calculated ionic R; for a
TEM sample of YSZ with a thickness of 10 um compared to 150 nm as used in the present model
cell. Firstly, the figure shows that the resistance of the YSZ is significantly lower than that of the
empty chip which makes an EIS-TEM measurement of the YSZ sample feasible. Secondly Figure
3 shows that the layer thickness of YSZ will strongly influence the measured R:.

Now focusing on the cell electrodes, in our case CGO, it is important to consider R, which is

inversely proportional to the active surface area [Chapter 5].
1]
R, =L (2)
where rp is the area specific surface exchange resistance.

By increasing S, Rp can be reduced if necessary. In an industrial cell, this can be achieved through
infiltration or by altering the porosity of the electrodes 2. In a reducing environment, the CGO in
the Pt-CGO-YSZ-CGO-STN model cell shows mixed ionic and electronic behavior as discussed
in section 3.5.3, and S is the entire CGO electrode surface. Therefore, the CGO layer thickness

controls Rp.

Figure 3 compares the calculated Rp for a 100 nm and a 1 pum thick CGO electrode in 3 mbar of

H2/H>O with a pressure ratio of 0.8. The figure shows that while R; (exemplified with YSZ)
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decreases with decreasing layer thickness, the trend is opposite for Rp. For CGO electrodes in the
given gas environment the surface exchange resistance will become comparable to the resistance
of the chip if the CGO layer thickness is too small. The figure indicates that EIS-TEM
measurements of the present CGO-YSZ-CGO cell are not feasible at temperatures below 400 °C.

3.7 Cell geometries
There are many ways a model cell like the one presented in Figure 10 can be shaped by the FIB
and connected to the MEMS chip electrodes. We will here present a few geometries and discuss

them.

The most intuitive geometry is perhaps to connect the current collectors directly to the electrodes
of the chip. We call this the "H-cell" and Figure 11a shows an example of how the cell is mounted.
Advantages of this geometry is that it is feasible to ensure electrical contact along the entire width
of the current collectors, while the actual cell (electrodes and electrolyte) is positioned in the
window for electron transparency. Compared to the other geometries, the H-cell is also relatively
simple. However, the preparation procedure for the H-cell can be quite challenging because it
requires rotation of the lamella by 90° after the lift-out. In our case, we used an omnigrid as an
intermediate carrier. Two lift-outs were performed, first transferring the lamella to the omnigrid,
rotating it by 90° outside the FIB-SEM system, and then performing a second lift-out to mount the
cell on the chip. Another challenge is that the ion beam is parallel to the cell interfaces after the
cell is mounted on the chip. When thinning the cell to approximately 100 nm, the different layers
in the cell will likely be milled at different rates. Because of this, there is a risk of damaging the
sample. An example is shown in Figure S2a and b, where a crack in the center of the cell formed

after the thinning process.

It can be an advantage instead to mount the cell on the chip so that the cell layers are normal to the
ion beam. However, the cell should still only be connected to the chip electrodes via the cell current
collectors. A geometry that satisfies these requirements is what we call the “Z-cell”, presented in
Figure 11b. The Z-cell does not require rotation of the sample and can therefore be prepared with
just one lift-out step. Electrical short circuiting is avoided by cutting trenches at different positions

on the lamella. The current path is represented by yellow dashed lines in Figure 11.

Introducing a conductive ceramic substrate, such as STN, as a current collector may contribute

additional resistance and yield inhomogeneous electrode polarization. To avoid the impact of
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introducing other current collectors than Pt, one can adopt the structure we call the “U-cell” to
realize a CGO-YSZ-CGO cell structure. A layer of CGO can be deposited directly on the YSZ
substrate, followed by one lift-out step, and cutting the geometry for the electrical circuits (Figure
11c).

Figure 11: SEM images and corresponding
schematic diagrams of three cell geometries:
"H-cell", “Z-cell” and "U-cell." The yellow
arrows indicate the direction of the current

H cell

FIB path.

l For high temperature EIS-TEM experiments,

the sample should be able to withstand heating

Zcell and cooling cycles. Our experiments have
shown that the Z-cell is robust enough to

withstand several heating and cooling cycles

in different gas environments and pressures

U cell without breaking. This may be due to the
plastic deformation ability of the metallic Pt neck in the upper left corner °3. Contrary to the Z-cell,
the U-cell appears to be less robust to heating and cooling cycles because the weakness of central
part due to stress concentration of ceramics. An example of this was given by Figure 5 showing a
U-cell before and after one heating and cooling cycle. However, the U-cell structure is still feasible

for low temperature applications, for example for solid state battery research.

3.8 EIS-TEM results from a cell

In Figure 12a, a STEM image of a Pt-CGO-YSZ-CGO-STN Z-cell structure is presented,
showcasing the lamella and cell structure mounted on the chip electrodes. Figure 12b presents
examples of EIS results from this cell obtained in two different environments: 3 mbar O, and 5

mbar of H2/H>O with a pressure ratio of 0.8.

The corresponding ECM is also presented. In this case, the transport resistance, denoted as R, is
mainly contributed by YSZ, while the surface exchange reaction on CGO can be represented by
Rp in parallel with the interface capacitance, CPEint (or chemical capacitance, CPEchem). All the

contributions from the sample are parallel with the CPEshunt from the holder and wires.
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As can be expected, it was found that the total resistance of the Pt-CGO-YSZ-CGO-STN structure
is significantly higher in an oxidizing environment than in a reducing atmosphere. The R is very
small in this configuration, so the EIS spectra only shows one arc from surface exchange resistance
Rp.

(b) ' A Figure 12: (a) STEM-HAADF image of a cell
>——
s mounted on the chip. The cell layers from top
B

4 to bottom being Pt, CGO, YSZ, CGO, and
2f 3 mbar O, STN. (b) EIS spectra of the Pt-CGO-YSZ-
of & P(H,)-to-P(H,0) 0.8 )
05 4 6 8 1012 CGO-STN  structure at 500°C in

Z'110° ohm

environments of 3 mbar O, and H2/H20 with
a gas ratio of 0.8. (c) Close-up STEM image
of the cell. (d) EDS maps of the region marked
with a red rectangle in (c), with the
corresponding signals for detecting Ce, Zr,
and Ti elements noted in the figure. (e) and (f)
HRTEM images showing the interfaces of Pt-
CGO and CGO-YSZ respectively.

Figure 12c shows the different layers in the
cell, with layer thicknesses of 105 nm, 150 nm,
and 110 nm for the lower CGO, YSZ, and top
CGO layer, respectively. Figures 10d present

corresponding EDS maps of the Ce, Zr, and Ti elements from CGO, YSZ and STN respectively.
These results indicate that the elements are uniformly distributed in the layers.

The interfaces between layers are particularly important in electrochemical devices *®%. Figures
12e, f present HRTEM images of the interfaces between Pt-CGO and CGO-YSZ. The lattice
fringes and corresponding FFT results confirm the amorphous structure of Pt and the fluorite
structures of both CGO and YSZ *.

Obviously, the parameter space that can be varied for such a cell in the EIS-TEM experiment
(temperature, gas environment, electrical polarization) is large but presenting a detailed

exploration of this parameter space is beyond the scope of the present work. The intention here is
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to provide examples of the type of data that can be obtained with EIS-TEM for a full SOEC model
cell. The results illustrate the high quality of the cell in terms of layer homogeneity and crystallinity.
The results also show that it is indeed possible to conduct EIS measurements on a model SOEC
cell in reactive gasses and at elevated temperatures while recording spectroscopy data and HRTEM

images of the interfaces.

4 Conclusion

In this work we have addressed the most important experimental requirements and challenges for
conducting high-temperature solid-state electrochemical TEM experiments. The experiments are
performed by combining an ETEM, with a MEMS chip-based heating-biasing TEM holder and a
Potentiostat for electrochemical measurements that can measure resistances in the GQ range.
Different approaches to sample preparation were presented for single materials and full solid oxide
model cells. It was shown that it is feasible to prepare samples by FIB-SEM, where the sample
was thinned after mounting it on a heating-biasing MEMS chip and connected to the electrodes
with ion beam deposited Pt. The possible influence from the resistance and capacitance of the
MEMS chip was discussed. It was found that contamination of the chip during sample preparation
can significantly lower the chip resistance. Strategies for minimizing the problem with
contamination were presented, as well as a strategy to minimize the risk of sample fracture during

heating-cooling cycles.

Emphasis is put on the combination of electrochemical impedance spectroscopy with TEM (EIS-
TEM). The feasibility of performing EIS-TEM experiments for all types of conductors (electronic,
ionic and mixed) is proven, as well as for full solid oxide model cells in a variety of gasses and at
elevated temperatures. For each type of sample, the specific experimental requirements are

discussed and tested solutions are presented.

The ability to combine electrochemical measurements with structural and compositional
characterization in the same experiment is shown. This will make it possible to directly link the
electrochemical performance to the material properties which can have broad applicability for

solid oxide cells, solid state batteries, and other solid state electrochemical devices.
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Figure S1
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Figure S1: the image showing the needle is blocked by the chip edge
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Figure S2

Figure S2: (a) the SEM image of Pt-CGO-YSZ-CGO-STN of H-cell after mounting process; (b)
the H-cell is cracked due to the different milling rate of different layers of materials.
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Abstract

The concept of combining electrical impedance spectroscopy (EIS) with environmental TEM
(ETEM) is demonstrated by testing a specially designed micro gadolinia-doped ceria (CGO)
sample in reactive gasses (O2 and H2/H20), at elevated temperatures (RT - 800 °C) and with
applied electrical potentials. The EIS-TEM method provides structural and compositional
information with direct correlation to the electrochemical performance. It is demonstrated that
reliable EIS measurements can be achieved in the TEM for a sample with nano-scale dimensions.
Specifically, the ionic and electronic conductivity, the surface exchange resistivity and the volume
specific chemical capacitance are in good agreement with results from more standardized
electrochemical tests on macroscopic samples. CGO is chosen as test material due to its relevance
for solid oxide electrochemical reactions where its electrochemical performance depends on
temperature and gas environment. As expected, the results show increased conductivity and lower

surface exchange resistance in H2/H>O gas mixtures where the oxygen partial pressure is low
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compared to experiments in pure O2. The developed EIS-TEM platform is an important tool in
promoting our understanding of nanoscale processes for green energy technologies, e.g. solid

oxide electrolysis/fuel cells, batteries, thermoelectric devices etc.

1 Introduction

The efficiency of green energy technologies such as P2X (including electrolysis), fuel cells, and
batteries directly depends on reaction rates in the involved electrochemical reactions. These again
depend on the structure and composition of the component materials. ! Comparison of
electrochemical tests with post-mortem microscopy investigations shows that structural and
compositional evolution at the nanoscale are the main reasons for efficiency losses. @ To
accelerate the implementation of particularly P2X and fuel cell technologies in the green energy
infrastructure, a detailed understanding of the correlation between electrochemistry and
structure/composition is needed so that efficient degradation mitigation strategies can be

developed.

Post-mortem microscopy has led to important developments in all areas of energy technologies.
However, results from post-mortem characterization only represent the end-result from the entire
electrochemical process history, including the effects of various gas environments, polarizations,
temperature ramps, as well as possible effects from sample preparation for microscopy. In order
to directly link a given electrochemical stimuli (e.g. reactant composition, temperature, electrical
polarization) with the structure/composition change of the material in its active state, we need to
develop a new operando characterization method that provides real time electrochemical

measurements with atomic level structure characterization under relevant conditions.

One group of methods with a potential to give insight into nano-structure/composition of materials
in their active state is in situ/operando TEM. These methods allow for structure and composition
investigations at high spatial resolution while exposing the sample to various selected stimuli, e.g.
controlled atmospheres, [ elevated temperature, ™! applied stress, ! electrical polarization 1 or

combinations of these.

On the other hand, an electrochemical method that can give information about the electrochemical
response of the functional materials under operating conditions is electrochemical impedance
spectroscopy (EIS). This has been widely used due to its nondestructive nature, high sensitivity,

and ability to study and distinguish between surface/interface and bulk processes. ']
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Electrochemical TEM investigations are already carried out at room temperature in vacuum or in
liquid phase, particularly with focus on battery materials. [ Recently, attempts have been made to
expand the electrochemical TEM capabilities to include operando experiments with focus on the
solid oxide fuel and electrolysis cells (SOFC and SOEC) [ requiring at least three stimuli:
electrical potentials, reactive gases and elevated temperatures. Today, chip-based heating-biasing
TEM holders are commercially available (e.g. Protochips Fusion, DENS solutions Lightning,
Hummingbird Scientific MEMS Heating Biasing, Thermo Fisher Scientific NanoEX). The
combination of such holders and an environmental TEM (ETEM) offers the possibility to study

the three stimuli combined.

Preparing and conducting high temperature solid state electrochemical TEM with relevance to
SOEC or SOFC is far from trivial. Here, a few of the challenges are listed: First, solid oxide
electrochemical cells have complex layered structures composed of a mixture of metals and hard,
brittle ceramics. These need to be thinned to electron transparency and mounted on the heating-
biasing chips while ensuring mechanical stability and sufficient electrical contact to the biasing
electrodes of the chip. Second, fracture of the sample or loss of electrical contract must be avoided,
taking into consideration the thermal expansion of the sample and the chip components during
heating. Most importantly, the currents in the chip heater must not interfere with the
electrochemical measurements and should be well separated from the sample. The combination of
relatively high resistivity, p, for the ceramic materials under investigation and the extraordinary
small dimensions of a typical TEM sample leads to very high measured resistances often in the
GQ range. It is therefore crucial to minimize the unavoidable leak currents through the chip

components.

Before high temperature solid state electrochemical TEM can exploit its full potential, it is crucial
to establish that these challenges can be solved in a manner that reliable electrochemical
measurements can be performed in the TEM. This we do in the present work. We present a
combined EIS-TEM analysis of Ce.9Gdo.101.955 (CGO), which is a popular SOEC and SOFC
electrolyte-electrode barrier layer material and is commonly used as a multi-functional component
in the composite electrodes of the cell. [*°) CGO is a good material for testing the reliability of EIS
measurements because its various electrochemical properties (ionic conductivity, electronic
conductivity, activity for surface-gas exchange reactions), which are dependent on temperature

and the gas environment, can be measured with EIS and are well documented.
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The results from this work show that the combined EIS and TEM (EIS-TEM) measurements agree
with reference experiments with larger CGO samples. The EIS-TEM method also allows for
establishing a direct link between the electrochemical activity and the nano-scaled structure and
composition of the material. The method is not limited to investigations of SOECs/SOFCs, but can
also be useful for linking functionality and structure/composition in studies of batteries,

thermoelectric devices, catalysis, corrosion, etc.

This paper presents EIS-TEM measurements on a CGO sample with nanoscale dimensions. The
temperature and pO. dependence of the ionic and electronic conductivity, as well as its surface
exchange resistivity in Oz and Hz2/H>O atmospheres, and its volume specific chemical capacitance
in Ho/H20, are measured. The influence of Pt porosity is studied and finally the result are shown

to be reproducible.

2 Results and Discussion

2.1 Structure of the CGO sample

Figure 1a shows an overview of the chip geometry while Figure 1b presents how the CGO sample
was mounted on top of the chip. It can be observed from the latter that the sample consists of two
thick side parts and a thinner central part with a thickness of ca. 100 nm (according to EELS log-
ratio analysis [*3)). The thick side parts (Figure 1b) are connected to the chip electrodes and the

thin central part spans over the hole in the center of the chip shown in Figure la.

The corresponding SEM-EDS map in Figure 1c shows that most of the top surface area of the side
parts is covered with ion-deposited Pt. On the other hand, there is no trace of Pt on top of the
thinned central CGO part, as well as on a small portion of the top surfaces of the two thick side
parts and on their side surfaces. Pt is also not expected on their entire bottom surface of the sample
(not visible, but with access to gas phase due to the 10° tilt between the CGO sample and the chip).

The TEM image of the thinned central part in Figure 1e shows its dimensions and reveals a single
grain boundary between two micrometer sized grains. The presence of a single grain boundary is
consistent with the grain size of few micrometers observed in the CGO pellet (Figure 1d).
Measurements on the HRTEM image (Figure 1f) of the region marked by a red square in Figure
1e are consistent with the crystal structure of Ceo.9Gdo.101.95-5 With the space group Fm3m observed

at zone axis [011]. [*?
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Figure 1: CGO sample mounted on a heating-biasing chip. (a) SEM image showing the center of
an empty heating-biasing chip; (b) SEM image of the sample connected to the Pt electrodes of the
chip; (¢) SEM-EDS map of (b) recorded at 15 kV, red color representing the Ce La-peak, green
the Pt Ma peak; (d) ion-beam image of the CGO pellet; (€) TEM image of center part of (b); (f)

HRTEM image, including crystal analysis of the region in (e) indicated by a red square.

2.2 Morphology and Oxidation state

Figure 2 presents an image series of the grain boundary region at temperatures from 200 °C to
800 °C, in Hz/H.O gas environment. As could be expected from previous studies, [ no
morphological changes were observed as a response to the elevated temperature (or as a response
to electron beam exposure or EIS measurements). Specifically, the sample stayed fully dense (i.e.
no pores developed), the interface between the sample and air (and between the two grains) stayed
straight and smooth, and no new structures were formed such as nanoparticle generating on the
surface. The changes in contrast in the images can be attributed to the displacement of the sample
position along the direction of the electron beam caused by thermal expansion. The sample is also

stable in the Oz environment.
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It is expected that the Ce oxidation state in the CGO will be Ce** in the oxygen environment, while
the amount of Ce®" increases in the reducing environments, especially at the CGO surface where
reduction initiates. This was confirmed by EELS Ce Ms-to-Ms white line ratio analysis, where
spectra measured in Oz and in Hz/H2O with ratio 0.8 showed Ce** in the central part of the thin

200 C 400 °C 500 C CGO, and an increased amount of Ce3* ca.

3 m 10 nm near the CGO surface This is

800 °C

Figure 3 presents Nyquist plots of the EIS data recorded in the three gas environments at

consistent with EELS analysis of pure ceria

(See Supplementary information sect. 5).
[14]

Figure 2: In situ TEM images of the CGO
sample in Hx/H.O with partial pressure

ratio of 0.8 as a function of temperature.

2.3 EIS electrical circuit model

temperatures from 500 °C to 800 °C. All spectra can be separated into two arcs. The electrical
circuit model (ECM) presented in Figure 3 is used to fit the two arcs. These include resistances, Rt
and Rp and constant phase elements, CPEshunt, CPEint and CPEchem. The topology of the ECM and
each of its elements is described in the following.

The CPEsnunt corresponds to the shunt capacitance from the electrical circuit on the MEMS chip,
the TEM holder wires, and the cables connecting to the potentiostat. This is connected in parallel
to the entire sample and all its contributions. The value of the CPEsnnt deduced from the
measurements carried out with a sample matches indeed the capacitance recorded for an empty
chip at each temperature from 500 °C-800 °C, i.e., ca. 3.8 - 101 F.

The high frequency arc starts at the origin of the real and imaginary axes at high frequencies and

can be ascribed to ohmic transport through the central thin CGO part.

For a mixed conductor, such as CGO, the ohmic transport resistance, Rt is related to the movement
of ions and electrons in the material, and therefore Ry has both an ionic and an electronic component
as will be discussed in detail later. The transport resistance is denoted by R in the electrical circuit

model (ECM). In principle, the ECM model should also include the bulk capacitance of the sample



in parallel with R:. For the present sample dimensions, the expected bulk capacitance is approx.

7.5 - 10 F m, negligible in comparison to CPEsnunt, and therefore not included in the ECM.

The second arc can be associated to several possible contributions including transport barriers at
grain boundaries, '3 gas diffusion and gas conversion contributions ¢ or the surface exchange
reaction. The grain boundary resistance 71 will be negligible for the present micrometer sized
sample with large grains, having only a few grain boundaries (only one visible in the central part
(Figure 1e)), and its expected capacitance (ca. 10* F, see Supplementary information sect. 6) (8]
is smaller than the measured shunt capacitance (ca. 10"** F). Considering the small sample
dimensions and the extremely small currents incited in it (ca. 10° A), gas concentration
impedances are also negligible. 61 The low frequency arc is therefore ascribed to the surface
exchange reaction resistance, denoted by Rp. It is coupled to the gas-solid interface capacitance
and the chemical capacitance of CGO, denoted by CPEint and CPEchem, respectively, in the ECM
(Figure 3).

(a) 3 mbar O, (b) P(H,)/P(H,0)=0.003 (C) P(H,)/P(H,0)=0.8
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Figure 3: EIS spectra (symbols) and fittings (lines) recorded in (a) Oz (3 mbar) and in a Ha/H20
with partial pressure ratio of (b) 0.003 (total pressure 5 mbar) and (c) 0.8 (total pressure 3 mbar);
10 kHz (square), 100 Hz (diamond), 1 Hz (circle), 0.1 Hz (triangle) are noted on the spectra, with
hollow symbols; ECM used for fitting the data are presented at the top for each gas composition.
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The ECM in Figure 3a is used to fit all spectra recorded in Oz, with CPEchem of CGO being
negligible, due to the very small concentration of small polarons (as discussed in Supplementary
section 5) and CPEin: being dominant. In Hz/H20, on the other hand, CPEchem 0f CGO is expected
to form a substantial contribution, which increases with increasing temperature and Hz-to-H20O

ratio to values substantially larger than CPEiq. [*°]

From Figure 3, for all gas environments, it can be observed that the magnitude of both the first and
second arc decreases as a function of temperature, indicating thermally activated processes as
indeed expected for both the transport and surface reaction. This is also in line with a negligible

gas concentration contribution that would be nearly temperature independent.

2.4 EIS data analysis

Both the conductivity and the surface exchange reaction of CGO depend on the gas environment.
Figure 4 presents a schematic illustration of the differences for our CGO TEM sample in O2 and
H2/H20. The overall chemical reaction formulae are different in the two cases. Also, in O, CGO
is a pure ionic conductor which limits the active surface close to the region of the electron
conducting Pt current collector. In the H2/H20 environment electrons are transported through the
side parts of CGO thereby allowing the entire CGO surface to be active.

In this section we will therefore analyze the transport and surface exchange resistance from the

EIS measurements in each type of gas environment separately, starting with the O2 environment.

Using the following equation and the dimensions of the thinned central part of the sample, the total
conductivity, o, consisting of contributions from both ionic and electronic conductivity, can be

calculated from R:.

1 1

Oy = —-— 1)

- Rt w-t !

where |, w and t are the length, width and thickness of the thin central part of the sample,
respectively. Notice that only the thin central part is considered for calculating ot since it
contributes to over 98% of the total transport resistance (see supplementary information, sect. 7).
Figure 5a presents ot as function of temperature in O, and is compared with reference data from
bulk polycrystalline CGO in air. 2% From the slope of the fitted line in Figure 5a, an activation
energy of Ea = 0.7 eV was determined, which is consistent with literature values: In 3 mbar O2

and 500-800 °C, CGO is primarily an ionic conductor, [1”* 21 and the determined Ea corresponds
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to that for the ionic conductivity, gion. The present EIS-TEM deduced ot values in O agree closely

with the reference data both with respect to Ea and to the absolute values for ot.

The resistance associated with the surface exchange reaction was also determined and compared
to literature values. To quantify the area specific surface reaction resistance, we need to estimate
the active CGO surface. For a pure ionic conductor, like CGO in 3 mbar O, the oxygen exchange
is expected to take place in a localized reaction zone near the triple phase boundary (TPB)
consisting of the ion conductor (CGO), the electron conductor (Pt) and the gas phase. For the
present sample, the TPB will therefore be close to the Pt current collector as illustrated in Figure
4a (red dots). [*2 178 As described in the experimental section, the Pt forms a nano-porous structure
after the carbon removal pretreatment. Compared to a dense Pt, the nano-porous Pt will enhance
the surface exchange reaction by an increased total TPB length. Perfect percolation through the
nano-porous Pt cannot be expected and the surface exchange reaction will be prohibited where gas
pores terminate before reaching the surface. This effect will be discussed later in this paper. The

area specific surface reaction resistance, rp, can therefore be calculated by using Equation 2.
T, =Rp*S, @)

where S is the interface between CGO and the nanoporous Pt (around 92 pm?). The result is
presented as a function of temperature in Figure 5b in comparison with data from a dense CGO
thin film model electrode tested in synthetic air. For the surface exchange reaction in Oz, Ea = 1.5
eV is deduced from the slope of Figure 5b for temperatures above 600 °C, a value that is close to
the reference value of Ea = 1.7 eV for the CGO thin film electrode. %2 In the temperature range
500 - 600 °C, the slope clearly deviates from the straight line, possibly because the total resistance
of the nano-scaled CGO sample approached the Giga-ohm regime where a current leak through

the chip starts to influence the measurements.

We will now focus on the experiments carried out in the Ho/H20 environment. The electronic
conductivity, gelec in CGO, depends strongly on the oxygen partial pressure as described by
Equation 3. [?°]

— — 0 —-1/4
Ot = Ojon + Oclec = Ojon + O-elecpoz ’ (3)
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where ¢, can be regarded as a constant for small deviations from oxygen stoichiometry. At low
oxygen partial pressures CGO is therefore a mixed conductor with both oxygen vacancies and

electrons as charge carriers.

Figure 5c presents ot as a function of oxygen partial pressure for the EIS-TEM measurements
compared with reference data. The figure shows that ot increases with decreasing oxygen partial
pressure, as expected according to Equation 3. Although the trend of o is as expected, the absolute
values deviate from the reference values. The ot measured at 700 °C and 750 °C matches well with
the reference data at 600 °C and 700 °C, respectively. 2% This could indicate an error in the
measured temperature in the order of 50-100 °C which is higher than the 5% error on the
temperature (corresponding to 35-38 °C for read out temperatures 700-750 °C) expected for these
commercials MEMS chips. A possible explanation is a temperature gradient across the thin central

part of the sample due to the relatively low thermal conductivity of CGO.

(a) In O, atmosphere

0, o1 V5 + 50 +2e' 205 e 0,
\gil O O o, % je
0%\ q'} ? /:e- { e /» i
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[ ..0..0.‘..0.&0 *%e 00 ..\..‘.”E/ Actlve
\ / o terf
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(b) InH,/H,0 atmosphere -
CGO
Active

== interface

Figure 4: lllustration of active surface area for Pt-CGO as (a) pure ionic conductor and as (b)
mixed electronic/ionic conductor. Arrows indicate direction of ions (red) and electrons (Navy). In
the actual experiment, the flow direction alternates with the frequency of the imposed AC

perturbation.
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To assess this hypothesis, a temperature calibration experiment was conducted based on the
melting point of Zn nanoparticles deposited on a similar CGO lamella. When ramping the
temperature up in 3 mbar H; at a rate of 20 °C min, the in situ TEM images showed Zn melting
ataca. 50 °C higher read out temperature in the center compared to the sides of the sample. (Figure
S3). This confirms that the temperature off-set observed in Figure 5c is most likely due to a
temperature gradient across the CGO lamella. Additional work, which is beyond the scope of the
present work, is needed to accurately calibrate or calculate the absolute temperature in different

positions of the TEM sample as function of nominal chip temperature.
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Figure 5: Electrochemical EIS-TEM measurements of CGO in different atmospheres. (a)
Arrhenius plot of total conductivity in 3 mbar Oz (red) and reference data for bulk polycrystalline
CGO in air (black); 2% (b) Arrhenius plot of the surface reaction resistance in 3 mbar Oz (orange),

and reference data from a CGO thin film electrode in synthetic air (black); 2?1 (c) total conductivity
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as a function of pO:z (colored), and empty black symbols refer to reference data for polycrystalline
CGO; 231 (d) surface reaction resistance as function of temperature in Hz/H20 atmospheres (blue,
green), and reference data from a CGO thin film electrode in H2/H2O with partial pressure ratio of
1.3 (black). 241

The thicker side parts of the sample are not expected to deviate substantially from the nominal
chip temperature (around 5% of read out value), and therefore the surface reaction rates and
associated capacitances determined by EIS are expected to reflect a fairly accurate temperature
dependence.

For the mixed conducting CGO in Ho/H20 environments, the surface exchange reaction takes place
not only near the TPB, but on the entire CGO-gas interface, 174 as illustrated in Figure 4b (green
line). The total surface area (S) of both thick side parts of the CGO (261 pm?) is therefore used in
Equation 2 to calculate the area specific surface reaction resistance, rp. The surface exchange
resistance Rp determined from the second arc, however, is influenced by an electronic leak current
through the thin central part of the MIEC CGO, i.e. not all the electrical current participates in the
electrochemical reaction. This can be corrected using the following equation: 72 241

RypRey
RSOT === Rion’ (4)
Retec—Rp

where the ionic resistance, Rion, represents the transport resistance recorded in O>. The electronic
resistance, Relec i determined from, celec, Using the dimensions of the central part in Equation 1
and oelec is determined from ot and aion via Equation 3. Finally rp corrected for leak currents is
calculated from R;°" using Equation 2. The effect of correcting for leak currents is shown in Figure
S6.

Figure 5d shows the temperature dependence of the corrected r, for CGO in Ho/H20 with partial
pressure ratio of 0.003 and 0.8. For both gas environments the measured E. = 0.8 eV. This value
is close to the reference value of 0.7 eV. 2] Also, the absolute values of rp, decrease with increasing
H2/H-0 ratio (Figure 5d), corresponding to a decreasing pO2 and increasing electronic conductivity
(Figure 5¢). A number of studies suggest that the second electron transfer (likely coupled with the
H-H association and desorption) is the rate-limiting step for the H evolution reaction (HER) on
ceria. 21 This will accelerate upon increasing the concentration of electronic charge carriers,

resulting in reduced rp upon increasing Ho/H20 ratio as observed in the present experiment. A
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decrease in rp upon increasing Hz/H»O ratio is also expected for the H. oxidation reaction (HOR).
[27]

The volume-specific capacitance, which can be calculated from CPEchem by using Brug et al.’s
formula and geometry of the CGO sample is presented in Figure 6. 281 Considering the 2000 nm

thick side parts, our results for 600 °C and 650 °C match well with the reference data of the film

with similar thickness of 2241 nm. £ Both of them follow the P, */* dependence as expected, and

45 this confirms that the capacitance is
- a—- 2241 nmM9 . . .

4.0 F Temp. of ref. data o 591nm dominated by the chemical capacitance.
n 35} . -o- 195 . - .
mE 3.5 600 ° 250 c Al Figure 6: VVolume-specific capacitance
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2.5 The effect of porous Pt

In order to explore the effect of the nano-porous Pt structure in the electrochemical measurements,
the CGO sample was exposed to 900 °C in the reducing gas environment (An overview of all EIS-
TEM processes for the sample is shown in the supplementary information, sect. 9). These
conditions lead to Pt coarsening (Figure S2c), loss of percolating pore network for gas diffusion
and thereby decreased TPB length. It can therefore be expected that the surface exchange
resistance is increased, in particular for the reaction in oxygen where the surface reaction rate
depends directly on the TPB. This effect was confirmed by comparison of EIS spectra recorded
before and after coarsening (Figure 7a). The transport resistivity is rather similar (i.e. 35 Q cm
2

before and 39 Q cm after) while the surface reaction resistance increased 74 times (to 492 Q cm

from 7 Q cm?).

The effect of coarsening on the surface exchange reaction it is expected to be smaller in H2/H20O
because here the entire CGO surface is active (as illustrated in Figure 4b). This is confirmed by

the EIS spectra in Figure 7b. In H2/H20 with ratio of 0.8, the transport resistivity after coarsening
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(19 ©Q cm) is similar to the value measured before (17 Q c¢cm). The surface reaction resistance after

coarsening (5 Q cm?) is only 2.5 times larger than before (2 Q cm?).
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2.6 Reproducibility of test results

The analysis above shows that the Pt morphology determines the TPB and influences the surface
exchange reaction resistance in Oz. For comparison, two additional CGO samples with a smaller
Pt-CGO interface, and therefore shorter TPB, were produced and tested (Figure 8). In H2/H2O with
gas pressure ratio 0.003, the area specific surface reaction resistance of the CGO sample 1 and 2
were compared and the absolute values agree well, deviating only by a factor of ca. 2 (Figure 8b).
The transport resistivity deviates more, by a factor of ca. 5 (Figure 8c). This can be attributed to
the different temperature distribution across the center part of the samples, as a consequence of the
different sample geometries (Figure 1 and Figure 8a). The transport resistance is dominated by the
thin central part which also happens to be the part influenced the most by the temperature gradient.
CGO sample 3 is tested in both 3 mbar O2 and H2/H>O with partial pressure ratio of 0.8. The
activation energy and absolute values of the area specific surface reaction resistance match well
with CGO sample 1 in both atmospheres (Figure 8d, €). The transport resistivity in H2/H2O with
partial pressure ratio of 0.8 shows a relatively small deviation in the absolute value by a factor of
3 (Figure 8f). Again, this can be explained by the different temperature distributions across the

two samples.

Overall, we observe good reproducibility with respect to both transport properties and surface
exchange reaction resistances in Oz and Hz/H20 amongst the three samples (Figure 8), and any
deviations can be rationalized by the somewhat different temperature distributions across the

different samples. These results showcase the possibility to carry out operando EIS-TEM studies
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on SOC samples and open up the path for the investigation of full cells to answer questions of

great technological significance.
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Figure 8: Comparison of electrochemical EIS-TEM measurements of CGO sample 2 and 3 in
different atmospheres relative to CGO sample 1. (a) SEM images of sample 2 and 3; the thin
central part, thick side parts, and deposited Pt are marked by yellow, green and cyan colors
respectively. In Ho/H2O atmospheres, the surface exchange reaction takes place at the surface of
the side parts (green), while in oxygen atmosphere, the surface exchange reaction only take place
at the Pt-CGO interface (red); (b) comparing the area specific surface reaction resistance of sample
1 and 2 in Hz/H20 with gas partial pressure ratio of 0.003; (c) the total conductivity in H2/H20
with partial pressure ratio of 0.003 for sample 1 and 2; (d) the area specific surface reaction
resistance of sample 1 and 3 in 3 mbar O, and reference data from a CGO thin film electrode in
synthetic air (black); %! (e) area specific surface reaction resistance in Hz/H20 with partial pressure
ratio of 0.8 for sample 1 and 3; (f) the total conductivity in Ho/H>O with partial pressure ratio of

0.8 for sample 1 and 3.

3 Conclusion
The feasibility of operando EIS-TEM on solid state electrochemical cells operating in reactive

gasses and elevated temperatures was demonstrated by measuring the temperature and pO2
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dependence of the ionic and electronic conductivity of CGO, as well as its surface exchange

resistivity in Oz and Ho/H20 atmospheres, and its volume specific chemical capacitance in Hz/H20.

A special sample structure was designed with thick side parts and a thin central part, by which one
can separate the contributions of bulk charge transport and the surface reaction processes. The
measured temperature and pO2 dependent conductivity, surface exchange resistance, and chemical
capacitance, as well as their activation energies and pO2 exponents are found to agree well with

reference data.

It can therefore be concluded that reliable EIS measurements can be performed in the TEM, even
for the difficult case of hard, brittle ceramic materials which are thinned sufficiently for HRTEM
analysis. The strength of operando EIS-TEM is that it allows us to simultaneously gain information
on both the electrochemical behavior and the structure/composition of a material at the atomic

level, in its active state.

With the purpose of determining the validity of the EIS measurements in the TEM, we have
deliberately chosen operation conditions (temperatures, gas environments, polarizations) where
the material was stable. The EIS-TEM method will be of particular importance in the investigation
of dynamical changes of the structure and composition induced by the operating conditions. For
such cases, the effect of the dynamical changes observed from the TEM can be directly compared
to simultaneously recorded EIS spectra. Such a capability will be crucial for the further
development in our understanding of the nanoscale processes such as degradation in a number of
green energy technologies, e.g. electrolysis cells, fuel cells and batteries.

4 Experimental Methods

4.1 Sintered pellet preparation

Commercial ultra-high surface (UHS) area Ceo.9Gdo.101.95-5 (CGO) powder was purchased from
Solvay. The powder was compressed into pellets using a 10 mm diameter stainless steel mold at a
uniaxial pressure of 3 MPa, followed by isostatic pressing at 325 MPa and sintering at 1500 °C in
air for 12 h and slow cooling to room temperature at a rate of 0.5 K mint. The geometrical density
of the pellets was between 94 and 97% of the theoretical density. [*?]

4.2 TEM sample preparation
By using a focused Ga* ion beam (Crossbeam, ZEISS, 1540XB) and a micromanipulator

(Kleindiek), TEM lamellas were prepared from the CGO pellet and were mounted on heating-
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biasing chips (DENS lightning, with 4 contacts for heating, 2 contacts for biasing, and a through-
hole window). To avoid any current leak along the surface of the chip due to Pt overspray, the two
Pt electrodes of the chip were further separated by milling a long trench between them before
mounting the TEM lamella (Figure 1 and S1). After the mounting process, the CGO lamellas have
a 10° angle relative to the chip surface. Pt was ion-deposited to ensure electrical contact between
the CGO lamella and the Pt electrodes at the chip. A final preparation step was thinning and
polishing the central part of the lamella to allow for TEM analysis and to remove any Pt overspray
from ion-deposition. 2% A result of such sample preparation is presented in Figure 1.

4.3 EIS-TEM experiments

The EIS-TEM experiments were carried out in an ETEM (Titan 80-300 kV) equipped with a
differential pumping system and an image aberration corrector (FEI Europe, Netherlands). B% The
ETEM can host gases like O, Hz and H,O with partial pressures from 10® mbar to 26 mbar. With
the use of needle valves and mass flow controllers, mixing of two or more of these gases can be
achieved and the partial pressures can be controlled. For our experiments, low oxygen partial
pressures were achieved by mixing Hz and H2O vapor. The experiments were carried out in three
different gas environments: (a) 3 mbar Oz, (b) a H2/H20 mixture with partial pressure ratio of
0.003 (total pressure 5 mbar) and (c) a H2/H>O with partial pressure ratio of 0.8 (total pressure 3

mbar).

The electrochemical workstation (Gamry FAS2 Femtostat) used for two-probe EIS measurements
was connected to the Pt electrodes of the chip via the TEM holder (DENS Lightning). EIS was
performed by applying an alternating voltage amplitude of 20 mV in a frequency range from 100
kHz to 0.03 Hz.

Before EIS-TEM measurements, the samples were heated to 500 °C in the ETEM at 3 mbar O for
5 min. This is to remove the amorphous carbon and its potential effects which is mixed with the
Pt nanoparticles in the ion-deposited Pt. 2% 3 EELS analysis showed that the carbon edge was
fully removed after this treatment, confirming that the treatment was sufficient to remove the
carbon. After this, the Pt forms a nano-porous network with voids in the regions that previously

contained carbon (Figure S2a-b).
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EIS-TEM analysis were carried out while the temperature was held constant at 500-900 °C, in
steps of 50 °C, after waiting for 3 min for the system to stabilize at each temperature. The total

time spent on image acquisition and impedance measurement at each temperature was ca. 12 min.

For all operando TEM experiments, it is important to minimize possible effects of the electron
beam. Therefore, a relatively low beam current density of 23 e A2s™* or lower was used for TEM
imaging, except for HRTEM which was recorded only once at RT. The beam was also blanked
during temperature ramping and EIS analysis. No changes in the sample morphology or in the Ce
oxidation state were observed as a result of beam exposure according to imaging and EELS

analysis.

4.4 Error analysis

Errors on reported calculated data can come from the measurement of sample dimensions, gas
pressure and temperature, and EIS recording and fitting. All these errors are considered and
presented as error bars in the graphs. The details of the error analysis are presented in the

supplementary information.
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1. Chip overview and the trench to minimize leak current

Trench

Heater
spiral

Chip
elgéfivdes

Figure S1: Images of empty chips before (a) and after (b) milling the extra trench to avoid current
leaks.

2. Nanoporous structure of Pt current collector

Figure S2: STEM-HAADF images of the ion-beam deposited Pt structure before (a) and after (b)
removing the carbon at 500 °C. (c) STEM-HAADF image of ion-beam deposited Pt after treatment
at 900 °C in Ho/H20 with partial pressure ratio of 0.8.

3. Error analysis

Error bars for all quantitative values presented in graphs in the main article are calculated as

propagated errors using the standard formula: X!

5q = J(%@x)z ot (B62)2 (S1)
where q is any function of several variables x, ..., z, and dg the propagated error.
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3.1. Error estimates for TEM sample dimension

Sample dimensions visible in the TEM images were measured 10 times and the error is
conservatively estimated as the difference between the maximum and the minimum. The error of
the thin CGO region thickness was determined from the EELS log-ratio analysis ! and we assume
an error of 5 %. Absolute values are presented in Table S1.

3.2. Error estimates for gas pressures

For the measurements of gas pressures, the error comes from instrumental limitation. We used two
gauges separately for the pressure above 1 mbar (Barocel Rressure Transducer, BOC EDWARDS)
and below 1 mbar (Wide Range Gauge, BOC EDWARDS). Each gauge has a measurement
uncertainty which was used for the error calculations. Values are presented in Table S1.

3.3. Error estimates for temperature measurements

For the error of temperature, measurement uncertainty of 5% according to specification from
DENS solutions was used for error bars.

In addition to this we observed experimentally a temperature gradient across the TEM specimen
in the following experiment: Zn nanoparticles were dispersed in ethanol, drop casted and dried in
air on chip with a CGO sample with similar dimensions to the one presented in the main article.
When ramping the temperature up in 3 mbar H at a rate of 20 °C min’, the in situ TEM images
showed that melting of Zn particles at the sides at a temperature of ca. 480 °C, and progressing to
the center of the CGO lamella where the Zn particles are melting at ca 535 °C. From this we
estimate that there is a temperature difference of ca. 50 °C between the center of the lamella and
the side part of the CGO sample at the read out temperature of ca. 500 °C (Figure S3 and Video.
S1). In the main article, the influence from the temperature gradient on the quantitative

measurements is discussed.
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Figure S3: (a) the Zn nanoparticles on the chip’s SiNx top layer start to melt at the read out
temperature of 480 °C; (b) the Zn nanoparticles on the side parts of CGO start to melt at the read
out temperature of 500 °C; (c) the Zn nanoparticles on the center part of CGO start to melt at the
read out temperature of 535 °C.

3.4. Error estimates for electrochemical measurements

Two EIS spectra were recorded at same condition, i.e. at 400°C in Ho/H20 with gas partial pressure
ratio of 0.003. The difference was 1 % and 12 % for the measurement of Rt and R, respectively.
12 % is used as a conservative error estimate for both Rt and R, for all experimental conditions.

Table S1. The actual values of errors for each variables

Variables Errors
Central part length 0.05 um
Central part width 0.05 pm
Central part thickness 5nm
Side parts length 0.5 pm
Side parts width 1 um
Side parts thickness 0.5 um
Barocel Rressure Transducer 0.5 mbar
Wide Range Gauge oP=0.5*P
Temperature 5%

Rt 12 %

Rp 12 %
CPE-Q 2%
CPE-n 6 %
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4. The method to acquire the ion-beam image presented in Figure 1d

The grains and grain boundaries are milled in a different rate when scanned under 200 pA ion
beam. lon beam imaging was used to make the grain boundaries visible on pellet. From the image
one can roughly estimate the grain size.

5. Analysis of the Ce oxidation state

The Ce oxidation state can be analyzed via the Ce M5-to-M4 white line ratio analysis of EELS
spectra. B1 Here, white line ratios are determined as described (considering the ratio of area of the
Ce M5 and M4 peaks) in reference. I EELS spectra were recorded at two different positions of
the central thin part of a CGO sample, a) ca. 10 nm from the edge and b) in the center.

5.1. EELS analysis at the edge of the central thin CGO part

EELS spectra were recorded in 3 mbar Oz or Ho/H2O with partial pressure ratio of 0.8. The Ce Ms-
to-Mas white line ratio analysis presented in Figure S4 shows that in 3 mbar O the white line ratio
is approx. 0.75, corresponding to Ce**. In Ha/H.O with gas partial pressure ratio of 0.8, the ratio

is approx. 0.9, indicating an increased content of Ce®*.

(a)po000 (b)t5000

Spectrum Spectrum
——M5 edge —— M5 edge
——— M5 background —MS5 background
15000 ~ M5 edge normalized - M5 edge normalized
——M4 edge 10000 F —— M4 edge
M4 background M4 background
§2] - M4 edge normalized ® -~ M4 edge normalized
S 10000 Normalization window = Normalization window
o) o
O (&)
5000 |
5000 1]
800 850 900 950 1000 800 850 900 950 1000

Energy Loss [eV] Energy Loss [eV]

Figure S4: Analysis of Ce Ms-to-Ms white line ratio of EELS spectra recorded at 600 °C in (a) 3
mbar O and (b) 3 mbar H2/H>O with gas partial pressure ratio of 0.8.

5.2. EELS analysis at the center of the central thin CGO part
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Figure S5 presents EELS spectra recorded in vacuum, and 3 mbar Oz or Ho/H20 with gas partial
pressure ratios of 0.003 or 0.8 at different temperatures. The presented spectra show similar
intensities of the Ce Ms and M4 white lines for all conditions. From Figure S5d it can be seen that

the ratio is constant around 0.74, corresponding to Ce**.

a ° Vacuum b o Vacuum

(a)[ 300°C 3 EGEC: (b) [600°C ——3mbar O,

—~ —— P(H,)/P(H,0)=0.003 —~ —— P(H,)/P(H,0)=0.003
= —— P(H,)/P(H,0)=0.8 = — P(H,)/P(H,0)=0.8
g L

c C

L. b

840 850 860 870 880 890 900 910 920 930 840 850 860 870 880 890 900 910 920 930

eV eV
(C) 800 °C —— Vacuum (d)0'78
—— 3 mbar O, o
—~ —— P(H,)/P(H,0)=0.003| 3= 0.76}
= —— P(H,)/P(H,0)=0.8 o A \
S < R
o ol o g 3 e e T
> SOT g
2 JL/L_. ‘H R
c o |
= J\JL o ~<#--300 °C
@) ~/4--600 °C
L ~--800 °C
840 850 860 870 880 890 900 910 920 930 3mbar O, P(H,)/P(H,0) P(H,)/P(H,0)
eV =0.003 =08

Figure S5: (a-c) EELS spectra at 300 °C, 600 °C and 800 °C in different atmospheres; (d) Ce Mass
white line ratio in 3 mbar Oz, Ho/H20 with gas pressure ratio 0.003, and H2/H>O with gas partial

pressure ratio of 0.8 atmospheres at different temperatures.

In conclusion, the EELS measurements at the center do not show an increased amount of Ce®* in

reducing environment, despite that a small increase is expected.
To evaluate if it is reasonable that the Ce3* amount is not large enough to be measured by the EELS

analysis everywhere in the thin CGO the following was considered:
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5.2.1. 100 nm thin CGO

By using the measured electronic conductivity ce, one can calculate the concentration of Ce®*
atoms in a volume of 1 cm?®, c.,s+ by using the following Equation S2: !

Oe = €Cce3+Hteon (S2)

where e is the elementary charge of an electron, and ueon is the mobility of the electrons. For the
latter we use values from the literature. ¢! The ratio of Ce®* to the total number of Ce atoms,
Cce3+/Cce IS Calculated from c.,s+ and the theoretical number of Ce atoms in the volume of 1 cm?,
The calculated values are shown in Tables S2 and S3. The tables show that the concentration of
Ce** in the thin CGO is < 0.5 % even at 800 °C in the most reducing environment. This can explain
why Ce?" is not observed in the EELS analysis of the bulk part of the 100 nm thin CGO, but only
at the edge where the concentration is expected to be higher.

Table S2. the c.3+ and c.,3+/cce @s function of temperature in 5 mbar of H2/H20 with partial

pressure ratio of 0.003 by using mobility value from literature

Temp./°C  Mobility Cce3+ | Cce3+/Cce
(pueon) / cm?  Atoms cm3
Vvigt
500 0.001315433 2.1638E+18 9.59947E-05
550 0.001587667 3.55419E+18 0.000157668
600 0.001875396 4.53475E+18 0.000201159
650 0.002175652 4.65873E+18 0.000206657
700 0.00248575  5.00945E+18 0.000222211
750 0.002803294 6.47228E+18 0.000287081
800 0.003126181 7.42942E+18 0.000329521

Table S3. the c¢e3+ and c.3+/cce as function of temperature in 3 mbar of H2/H20 with partial

pressure ratio of 0.8 by using mobility value from literature

Temp./°C  Mobility Cce3+ | Cce3+/Cce
(neon) / cm?  Atoms cm
Vvigt

500 0.001315433 4.16822E+18 0.000184902
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550
600
650
700
750
800

0.001587667
0.001875396
0.002175652
0.00248575

0.002803294
0.003126181

6.86413E+18
1.14836E+19
1.80051E+19
2.87828E+19
4.72159E+19
7.48517E+19

0.000304456
0.000509247
0.000798218
0.001275415
0.002090507
0.003310044

5.2.2. Thick side parts of CGO

For comparison the Ce®* concentration was also estimated for the thick side parts of the CGO TEM
sample. By considering the chemical capacitance, one can calculate the c.3+ by using the

following equation: "]

e? 1 1
kgT Cee3+

Cechem = )_1 ' (S3)

2Cdop
where e is elementary charge, kg is Boltzmann constant, and cqop iS concentration of Gd in CGO.
The concentration of c .3+ and c .3+ /cce In the sample when exposed to Hz/H20 with partial
pressure ratio of 0.003 or 0.8, are given in Tables S4 and S5, respectively. The Ce3* concentration
is significantly higher in the thick side parts of the CGO compared to the thin central part.

Table S4. cges+ and cees+ /(Cees+ + Ceet+) as function of temperature in 5 mbar of H2/H20 with

partial pressure ratio of 0.003

Temp./°C  cgg3+ / Cce3+/Cce
Atoms cm™
500 7.26808E+18 0.000322368
550 8.46651E+18 0.000375503
600 1.06153E+19 0.000470759
650 1.4021E+19 0.000621702
700 1.74457E+19 0.000773437
750 2.29968E+19 0.001019289
800 2.97753E+19 0.001319332

Table S5. cce3+ and cgp3+/cce @s function of temperature in 3 mbar of H2/H20 with partial

pressure ratio of 0.8
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Temp./°C  Cge3+ / Cce3+/Cce
Atoms cm™

500 6.85868E+19 0.003033843

550 9.41849E+19 0.004161427
600 1.06094E+20 0.004685142
650 1.44304E+20 0.006361792
700 2.12059E+20 0.009320976
750 3.22634E+20 0.014112669

800 5.2089E+20 0.0225889

In both atmospheres, the concentration of small polarons, Ce3*, is much smaller than 2C40p =

5E + 21, and therefore the first factor in equation S3 dominates. Since the concentration of Ce®*

_1
is proportional to P, /a for CGO within the range of O partial pressures investigated here /], the

first term in equation S3 dominates also in 3 mbar Oz and we can write:

e? 1 1

e? 1
kgT Cee3+

—1 _ et _pa
) - ~P ’
kT 03

)= (S4)

C = =
chem kBT “Coya+

2Cdop
The chemical capacitance therefore decreases by 1 order of magnitude for every 4 orders of
magnitude of increase in O partial pressure, and its value at 3 mbar Oz will be approx. 10°*3 F for
the ~1071% cm® volume of the sample used here. This value is two orders of magnitude smaller than
the shunt capacitance of the system, and this contribution can therefore be neglected for the
measurements carried out at 3 mbar Ox.

6. Grain boundary capacitance of the central thin CGO

We use the equations

(S4)

A
CB —_ EOETZ y
Cop = E08r 5 (S5)
where Cg and Cg, are capacitances of bulk and grain boundary, respectively; e and er are the

permittivity of free space (8.85E-12 F m™) and the dielectric constant of CGO (gr = ca. 30), €l
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respectively; dg and dg are the average values of grain size and grain-boundary thickness,
respectively; L is the length and A is the cross-sectional area of the thin central part of the sample.
If dg is 5.4 um, and if we use the length of unit cell as a minimum for Jgp, the grain boundary
capacitance will be 7.5E-13 F, and the actual capacitance should be smaller than this.

7. Contribution to the resistance from the thin central part of the sample

The contribution to the total resistance from the thin central part of the sample, R1 can be calculated

from:

Ry
R1+Ry’

(S6)

where, Rz is the resistance of the thick side parts. The resistance, R is related to the resistivity, p

and sample dimension via:

R=21 (S7)

wt

where |, w and t are length, width and thickness respectively.

For the central part:

R1 _ p*5.2 ym (58)

T 1.47 pm*0.1 um

For the side parts:

R, =-22H .o (S9)

T g um*2 um
Substituting equations S8 and S9 in S6, it can be deduced that the central part contributes with
more than 98 % of the total resistance. This value is even likely underestimated due to i) the
presence of Pt on the top of the side part surface and ii) the slightly higher temperature on the side
parts compared to the central part due to temperature gradients across the sample according to
Figure S3.

8. Correction of electronic current leak
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As Figure S6a shows, in Ho/H>O with gas partial pressure ratio of 0.003 or 0.8, the activation

energies are 0.60 eV and 0.93 eV, respectively. The EIS-TEM measurements are compared to a

CGO thin film electrode in H2/H20 with gas partial pressure ratio of 1.3, ) which has the activation
energy of 0.71 eV. When the thin central part of ceria is partially reduced, an electronic leak current
is expected through it, which results in an underestimation of the polarization resistance. This is
corrected in Figure S6b.

After correction, the Ea are 0.77 eV and 0.79 eV in Hz/H>O with partial pressure ratio of 0.003 and

0.8, respectively. Both values are close to the reference value of 0.71 eV.

T[°C] T [°C]
(@), 800 700 600550 500 (b), 800 700 600 550 500
|+ Ref. P(H,)/P(H,0)=13| [ Ref. P(H,)/P(H,0)=1.3]
&3t & 3F
e e
(&) (&}
G ot a2t
At e 1t
[@)] # (@)]
- : P(H,)/P(H,0)=0.003|| — P(H,)/P(H,0)=0.003
OF - P(H,)P(H,0)=0.8 Or P(H,)/P(H,0)=0.8
09 10 11 12 1.3 09 10 11 12 13
1000/ T [K] 1000/ T [K]

Figure S6: surface reaction resistance as function of temperature in reducing atmospheres (a)

Before and (b) after removing the current leak.
9. Overview of the EIS-TEM experimental processes in different environments

The EIS-TEM experiment was conducted with the same CGO sample in the following sets of

conditions in the specified order.
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[ 3 mbar O, from 500°C to 800°C ]

l 5 mbar H,/H,0 with gas pressure ratio 0.003 from 500°C to 800°C l

l 3 mbar H,/H,0 with gas pressure ratio 0.8 from 500°C to 800°C l

l 5 mbar H,/H,0 with gas pressure ratio 0.003 from 700°C to 900°C l

l 3 mbar H,/H,O with gas pressure ratio 0.8 from 700°C to 900°C l

l 3 mbar O, from 500°C to 800°C |
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Chapter 6: High Temperature Electrochemical ETEM study on
solid oxide cells
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Chiabrera, Simone Sanna, Fabrizio Gaulandris, Sgren Bredmose Simonsen

Abstract

We investigated the application of the high temperature EIS-TEM method and high temperature
biasing TEM experiment. Through a special lift-out and mounting technique using FIB, a so-called
Z cell geometry has been successfully prepared for CGO-YSZ-CGO cell and LSC-YSZ-LSC cell.
For the first one, we applied EIS-TEM measurement, and our EIS test results are consistent with
the literatures, which considered the transport performance of YSZ/CGO and surface exchange
properties of CGO. This demonstrated the feasibility of high temperature EIS measurement of the
Z cell geometry inside the ETEM. Next, we applied high temperature biasing-TEM on the LSC-
YSZ-LSC cell. STEM-HAADF/ADF image followed the nano feature formation on the LSC layer
under cathodic biasing in oxygen at different biasing voltage. STEM-EELS proved the existence
of Co*? under negative biasing at 700 °C. STEM-EDS line scan shows the big particles containing
only Co as cation will form. After analyzing the HRTEM image, the phase can be phase on the
LSC layers under negative biasing can decompose into Coz04, La2C004, and other possible phases
such as La>O3 and SrO. This demonstrates the feasibility of high temperature biasing experiments
on the SOC model cell. In all, this paper proved the feasibility of high temperature electrochemical

experiments.
1 Introduction

The rising energy demand and ever-increasing carbon emissions from fossil fuels prompt people
to explore the application and research of sustainable energy technologies . Among these
technologies, SOFC/SOEC devices show great potential due to their high energy conversion
efficiency, scalability, cleanliness, and quiet operation properties 2%, SOFC operates at high
temperatures and can output electricity or thermal energy by using pure hydrogen or hydrocarbon
fuels. On the other hand, SOEC can perform energy conversion in the opposite way to produce
fuels. Considering these advantages, SOFC/SOEC will play a significant role in applications such

as peak regulation for wind/solar power and ensuring a constant power supply.
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However, the cost of SOC systems is still high, with a median system cost of around $2,450/kWnet
in 2020 2. Additionally, the relatively high degradation rate of 1% per 1000 hours necessitates the
gradual improvement of SOC systems through more rational design. There are several issues
related to SOC that need to be addressed. For instance, in the case of perovskite LSCF or LSC
cathode materials, their surface structure can change due to Sr element segregation on the surface,
thereby affecting surface reaction kinetics during the ORR process °. The segregated Sr can further
react with YSZ electrolyte, forming insulating SrZrOs 8, which affects the durability of SOC. In
the case of the commonly applied anode material Ni-YSZ, one of the major concerns is the
phenomenon of "Ostwald ripening," which leads to Ni coarsening ’. This effect can reduce the
triple-phase boundaries (TPBs) and electrical conductivity, contributing to Ni migration and
depletion “8°. Moreover, poisoning caused by Cr °, S 31 and CI 12 can also occur on the materials
used in SOC systems.

To understand the root causes of these problems and improve the performance of the cells, new
characterization methods need to be applied. Advanced in situ techniques have been reported for
probing and investigating the reaction properties on SOC electrodes 3!, For instance, the PLD
model cell has been developed to study surface reaction properties *°. In this model cell, a thin film
working electrode with a defined geometry is exposed to the gas environment. This structure
provides a good platform for in situ characterization tools such as in situ Raman ¢ and in situ X-
ray analysis 131718, Recently, in situ ETEM has been employed on SOC electrodes, facilitated by
special holders and creative sample designs. For example, the formation/growth of phases/pores
in Ni-YSZ microstructures during oxidation/reduction processes was observed in an oxygen
environment up to 1000 °C *°. Sr depletion and agglomeration on YSZ-LSC interfaces have been

revealed %°.

Taking inspiration from previous remarkable achievements, we attempted to combine three types
of stimuli in the ETEM: reactive gases, elevated temperatures, and electrical potentials. This
approach allows us to simulate the practical working conditions of SOC under actual operation.
To achieve this setup, we employed a heating and biasing MEMS chip inside the ETEM 2. By
combining the powerful capabilities of TEM with high-resolution structural characterization, we
can directly observe important features that reflect reactions, such as pores, interface quality,
nanoparticle generation, and structural displacement. Additionally, by an SEM-FIB system, we

can prepare samples with defined dimensions and specifications that meet the requirements for
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TEM observation. Furthermore, the ETEM is equipped with EELS and EDS, which enable us to

analyze chemical properties such as changes in element valence and element distribution/migration.

In a previous work conducted by our group, we demonstrated the feasibility of operating EIS-TEM,
which combines the capabilities of electrochemical impedance spectroscopy (EIS) and ETEM 22,
EIS, with its non-destructive nature, enables us to detect and understand the transport/reaction
mechanisms of the electrochemical system by applying input/response electrical signals and fitting
them with appropriate electric circuit models (ECMs). EIS-ETEM is particularly suitable and
important for research on SOFC/SOEC systems operated at high temperatures and in various

atmospheres.

In this paper, a miniaturized symmetric cell, Pt-CGO-YSZ-CGO-STN, is fabricated to study the
individual contributions of CGO electrodes. An appropriate ECM is provided for fitting EIS data.
The surface reaction mechanism and transport properties derived from EIS spectra are consistent
with data from the literature. We demonstrate the feasibility of fabricating cell samples, which we
refer to as "Z cell," using FIB-SEM, and conducting electrochemical tests inside the ETEM.
Another symmetric Pt-LSC-YSZ-LSC-STN Z cell is fabricated to conduct an experiment where
structural changes are induced in the LSC by an applied electrical potential. The structure and
elemental composition of the LSC layer under cathodic biasing are revealed using HRTEM,
STEM-EDS, and STEM-EELS. The Z cell geometry and high-temperature electrochemical TEM
not only hold promise for making significant contributions to in situ ETEM research on SOC, ion
batteries, and special materials or structures in terms of structural characterization and physical
property measurement but also provide valuable information for device miniaturization, such as
micro SOFCs (u-SOFCs).

2 Experimental
2.1 PLD deposition and characterization

For the pulsed laser deposition (PLD) of the CGO-YSZ-CGO sandwiched structure, the targets
were prepared by compressing and annealing high-purity commercial powders of 10 % mol Gd
doped ceria (CGO10) and ZrO2: 8% mol Y203 (8YSZ). Initially, a CGO thin film was deposited
onto a (111)-oriented STN (STO + 0.7 % mol Nb,Os) single crystal measuring 5 x 5 x 0.5 mm?®
(Crystech GmbH). Subsequently, the YSZ deposition was performed at 550 °C in an oxygen

atmosphere of 5.0 x 10" mbar, then another layer of CGO film was sequentially deposited onto
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the previously deposited YSZ thin film, resulting in a multi-layered structure. The deposition of
the two layers of CGO was carried out at 600 °C in an oxygen atmosphere of 1.0 x 103 mbar. A
248 nm KrF excimer laser (Lambda-Physik COMPex Pro 210F) was used as the laser source,
operating at a frequency of 10 Hz. The estimated laser fluence on the target was approximately 1.6
J-cm. The target-substrate distance was maintained at 15 mm. The resulting thin films exhibited
homogeneity across a surface area of 5 x 5 mm? with a thickness of 1300 nm for CGO layers and
200 nm for YSZ layer.

The process for depositing an LSC-YSZ-LSC symmetric cell was similar. First, targets of
Lao.eSro4C003-5 (LSC) were prepared. Then, LSC layers and 8YSZ were then deposited on a single
crystal STN substrate. For all layers, the deposition process utilized a 248 nm KrF excimer laser
with a pulse duration of 25 ns. The laser operated at a constant laser fluence of 4 J.cm™2 and a
frequency of 30 Hz. The deposition rate for LSC and YSZ was maintained at 0.01 nm per pulse.
The substrate temperature was set to 500 °C, and the oxygen partial pressure during deposition

was maintained at 1 x 10~* mbar.

The structural characterization of the PLD thin films was performed using X-ray diffraction (XRD)
in 0-20 mode and o (rocking curve) scan. A homemade XRD system with a Cu Ka X-ray source
was utilized for these purposes. The thin films exhibited very small surface roughness, as
demonstrated by atomic force microscopy (AFM). The surface morphology of the thin films was

examined using a Zeiss Ultra FEG SEM equipped with EDS.
2.2 symmetric cell fabrication

Figure 1: Schematic diagram of CGO-YSZ-
CGO cell mounted on the chip

Trenches were milled in the SiN membrane of

A _JHLESI Bias f

/ .

the chip to ensure that the current flows

Chip AP STNIamella through the entire layered structure and not
Pt electrode on chip 7 CGOILSC layers through the SiN.
Deposited Pt AV YSZlayer TEM lamellas were milled and lifted out from

the PLD sample with a CGO-YSZ-CGO-STN structure using a focused ion beam (ZEISS,

1540XB) and a micromanipulator (Kleindiek). Prior to the milling process, a 2 um Pt layer was
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deposited on the surface of CGO to protect the sample during milling and serve as the current
collector for subsequent electrochemical measurements. After preparing the lamella, the lift-out
process was conducted, and the lamella was mounted on heating-biasing chips (DENS lightning),
which had four contacts for heating, two contacts for biasing, and a through-hole window. The
CGO lamella was mounted at a 10° angle relative to the chip surface. Pt was then deposited using
the ion beam to ensure the two Pt electrodes on the chip were connected to the two electrodes on
the cell. Subsequently, two trenches were cut into the cell structure to establish the correct
electrical circuits. The final thinning step in the sample preparation process made the lamella thin
enough for TEM observations. The cell on top of the chip is illustrated in Figure 1. Further details

of the sample preparation process are reported in our previous work [Chapter 4].

The preparation of the LSC-YSZ-LSC cell follows a similar process. However, our focus is on
studying the properties of LSC-YSZ-LSC in an oxygen atmosphere, whereas the STN substrate
exhibits high resistance in an oxidizing environment, which would significantly affect the
electrochemical test 2. To overcome this, during sample preparation, we directly connect the LSC
layers with the Pt electrodes on the chip. This approach eliminates the influence of STN, ensuring
accurate biasing signal of the LSC-YSZ-LSC cell without interference from the substrate.

2.3 electrochemical TEM experiments
2.3.1 ETEM experiment

The TEM work in this paper is conducted in an ETEM equipped with a differential gas pumping
system (FEI, Titan 80-300 kV). Before performing the actual EIS-TEM/biasing-TEM
measurements, all the samples were heated to 500 °C in the microscope in 3 mbar O for 5 minutes.
This step was necessary to remove the amorphous carbon that is mixed with the Pt nanoparticles
in the ion-deposited Pt, and Pt-organic compounds condense on top of sample mounting region on
the chip during sample preparation [Chapter 4-5]. EELS analysis confirmed that the carbon edge
was eliminated after this treatment, thereby confirming the effectiveness of the process [Appendix
2]. Subsequently, the Pt formed a nano-porous network of nanoparticles with voids in the regions
that previously contained carbon. This observation was supported by the STEM-ADF images
[Chapter 5].

To minimize potential effects of the electron beam during all in situ ETEM experiments, it was

important to use a relatively low beam current density of 23 e/(A%s) or lower for TEM imaging,
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except for HRTEM images. Additionally, the beam was blanked during temperature ramping and
EIS measurements. Imaging and EELS analysis revealed no changes in the sample morphology or

the Ce oxidation state as a result of beam exposure.
2.3.2 In situ high temperature EIS-TEM measurement

The EIS-TEM experiments are detailed in our former work [Chapter 5]. Here, we provide a brief
description. The wire connection style was determined through an “in situ heating experiment”
using the DENS lightning holder. In this style, the wire is divided into heating and biasing wires.
The heating is controlled by the Dens control box, while the biasing is connected to a Gamry

potentiostat.

The EIS-TEM experiments were conducted by the ETEM and an electrochemical potentiostat. To
achieve low oxygen partial pressures, H2 and H>O vapor were mixed using the gas control system
within the ETEM. The EIS-TEM measurements of the CGO-YSZ-CGO cell were performed with
a Ho/H20 ratio of 0.8 (total pressure: 3 mbar).

The potentiostat (Gamry FAS2 Femtostat) used for two-probe EIS measurements was connected
to the Pt electrodes of the chip via the TEM holder. An oscillating voltage amplitude of 20 mV
and a frequency range from 100 kHz to 0.1 Hz were utilized. TEM imaging and EIS analysis were
performed while maintaining at each temperature within the range of 500-850 °C, with the step of
50 °C. After hitting each temperature point, the temperature is kept constant 3 min before
measurement to allow the system to stabilize. The total time allocated for image acquisition and

impedance measurement at each temperature was approximately 10 minutes.
2.3.3 In situ high temperature Biasing-TEM measurement

The high-temperature electrochemical biasing experiments on the LSC-YSZ-LSC samples (two
LSC-YSZ-LSC cells named sample 1 and sample 2) were conducted in 3 mbar O2 within the
ETEM. The “in situ heating/biasing experiment” wire connection style from the DENS solution
manual was adopted. Instead of the Gamry, the standard Keithley box provided by DENS with the
holder was attached to the holder. This was used to apply a constant electrical potential to the cell.
In the Impulse software from DENS, if we input the positive biasing number, for this connection
style, the LSC layer close to the Pt will be negatively polarized and the LSC close to the STN
substrate will be positively polarized. In the experiment, the cell was directly heated to 700 °C at
a ramping rate of 50 °C/min. Once the temperature stabilized, we in steps gradually increased the
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applied potential from a small value up to 5 V. The applied potential values were 0.2 mV, 0.5 mV,
2mV,5mV, 20 mV,50mV, 0.2V, 05V, 2V, 3V (sample 2), 4 V (sample 2) and 5 V (sample
1). For sample 1, the voltages below 5 V, we maintained each voltage for 5 minutes, while at 5V,
we stayed for 30 minutes to record the structural and elemental evolution. For sample 2, above -2
V, we maintained each voltage for 5 minutes, while at -2 V, -3 V and -4 V, we stay 20 minutes,

10 minutes and 8 minutes respectively.
2.3.4 EIS interpretation

The interpretation of EIS spectra requires a proper ECM to fit the derived EIS data, based on the
physical reaction processes occurring on the electrodes during the measurements. J. Jamnik and J.
Maier proposed an approximation model for the EIS of mixed ionic and electronic conductors,
considering different conditions such as the general situation, ideal situation with selectively
blocking electrodes, or real electrodes with possible electron irreversibility and ion leakage 4%,
W. Lai and S. M. Haile applied this model to ceria to extract detailed electrical and thermodynamic

properties at different temperatures and atmospheres 5.

In our cell, when reactive gases are present, the physical processes can be described by an ECM
similar to our previous work [Chapter 5]. As shown in Figure 2, a shunt capacitance (CPEshunt) is
connected in parallel with all the contributions from the sample, which are introduced by the
MEMS chip and the TEM holder setup [Chapter 5]. A transport resistance element (Rt) represents
the ionic and electronic conduction, and it is in series with a surface reaction resistance element
(Rp) that is parallel to a capacitance element. Regarding this capacitance element, in reducing
atmospheres, the CGO layers exhibit mixed ionic and electronic conductor (MIEC) behavior,
where the chemical capacitance dominates and is significantly larger than the interface capacitance
27 Therefore, we utilize CPEcnen to fit the EIS data. The entire surface of CGO exposed to the
reducing gas environment is electrochemically active and capable of undergoing surface exchange
reactions due to its MIEC nature.

—— InH,/H,0
CP. Eckem
)—

Ct<<C
CPEskunt chem
—>

Figure 2 The ECM for fitting EIS of CGOYSZCGO cell in H2/H>0 ratio of 0.8
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3 Results and Discussion
3.1 Application 1: EIS test of Pt-CGO-YSZ-CGO-STN

3.1.1 Microstructural characterization of CGO-YSZ-CGO cell

Figure 3a presents the XRD 0-20 scans of CGO-YSZ-CGO cell on STN substrate, showing the
peaks of CGO, YSZ, and STN. The presence of the STN (001), CGO (002), and YSZ (002) peaks
indicates that the layer structures exhibit a highly (001) oriented texture, suggesting the c-axis
oriented growth of the CGO and YSZ thin films on the STN substrate. The sharp peaks confirm
the good crystallographic quality of all three layers. The observed CGO peak expanding towards

left can be attributed to lattice expanding as the thickness increasing.
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Figure 3: (a) XRD 6-26 scan of the CGO-YSZ-CGO film, (b) AFM characterization of the surface
of the CGO-YSZ-CGO film, (c) growth mechanisms of CGO and YSZ films on the STN substrate,
(d) interface of Pt-CGO, (e) interface of CGO-YSZ (CGO layer between Pt and YSZ), (f) interface
of YSZ-CGO (CGO layer between YSZ and STN), and (g) interface of CGO-STN; the yellow

arrows note the interfaces.

The surface quality is evaluated for this 2.7 micro thick film by an AFM (Figure 3b), showing a
low roughness of 9 nm on the top surface of 2" layer. Figure 3c presents the cell parameters of
perovskite STN, fluorite CGO, and fluorite YSZ. The length of the diagonal of the STN unit cell
closely matches the cell length of both CGO and YSZ, satisfying the conditions for proper crystal
growth. The growth of the CGO cubic cell can align with the STN cubic cell through a 45° rotation,
as depicted in the top view and lateral view illustrations of the film structures after the deposition
process. The lattice mismatch between the CGO layer and the STN substrate is 1.4 percent, while
the lattice mismatch between the CGO layers and YSZ is 5.6 percent. These mismatches lead to
the formation of dislocations near the interfaces, resulting in distorted lattice planes visible in high-
resolution images. However, it is important to note that these defects do not extend into the bulk
portions of the electrolyte or electrode.

HRTEM images in Figure 3d-g, showing the interfaces of Pt-CGO, CGO-YSZ, YSZ-CGO and
CGO-STN, and the corresponding FFTs are inserted in the images. The excellent contacts in the
interfaces with minimal misfits and dislocations ensure that they do not hinder the oxygen transfer
process 28, and verify the excellent growth of the films, and the structure of polycrystalline Pt layer,
and the single crystal CGO, YSZ and STN. Even after 2.7 microns of growth, the HRTEM images
still prove the growth of the film following the [001] direction. This also means that the planes
CGO and YSZ exposed to the gas environment are parallel to (100) planes, and the current is
parallel to the [001] direction of CGO and YSZ layers when this cell is polarized in the experiment.

Figure 4a presents the Pt-CGO-YSZ-CGO-STN structure was mounted on the heating-biasing chip,
with Pt and STN serving as the current collectors directly connected to the two Pt electrodes on
the chip. To prevent current leakage through redeposition layer formed at the surface of YSZ
during sample preparation, a parallelogram electrode configuration was used. The “Z cell”
geometry was chosen due to its demonstrated cycling robustness, allowing multiple heating and

cooling cycles without cracking [Chapter 4].
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SEM-EDS maps of this cell, focusing on elements Pt-Maf, Si-Ka, Ce-La, and Sr-La, reveal the
layer structure and confirm the uniform distribution of the elements. Following this measurement,

the cell was further thinned to achieve electron transparency below 100 nm, enabling TEM

characterization.

Figure 4: (a) SEM image of the CGO-YSZ-CGO cell mounted on the chip, along with
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corresponding EDS mapping. (b) EDS mapping of elements Pt-Map, Si-Ka, Ce-La, Sr-La, and

(c-f) individual element mapping, respectively.
3.1.2 EIS test of Pt-CGO-YSZ-CGO-STN

The EIS spectra recorded at P(H2)/P(H20) = 0.8, ranging from 500 °C to 850 °C, are presented in
Figure 5a-b. All EIS spectra exhibit two arcs, and both arcs decrease as the temperature is increased,
confirming a thermally activated electrochemical process. The first arc of the spectra can be

attributed to the transport resistance, while the second arc represents the surface reaction property.

For the first arc, it is important to consider the dimensions of the YSZ electrolyte and CGO
electrodes. The width (thickness in PLD sample) of top CGO layer (CGO1), YSZ, bottom CGO
layer (CGO2) layers in the cell are 1.24 um, 0.2 um and 1.3 pum respectively. By EELS log ratio
method 2°, the average thickness of each layer is calculated to 0.14 um, 0.1 um and 0.06 um for
CGO1, YSZ and CGO2 respectively. Considering the conductivities of YSZ and CGO derived
from our test results for pure materials YSZ and CGO, the transport resistance contribution of
CGO1, YSZ and CGO2 will be around 10%, 65% and 25%. However, the resistance of STN in

this reducing atmosphere can be neglected.

By fitting it with the Arrhenius equation, we found that the activation energy of the transport
resistance is approximately 0.72 eV, which is close to previous reports in the literature [Chapter
5]%.
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Figure 5: (a-b) EIS spectra of the cell structure recorded in an environment with P(H2)/P(H20)=0.8,
ranging from 500 °C to 850 °C. (b) The Arrhenius plot of the transport resistance Rs from the first
arc of the spectra at different temperatures. (c) The Arrhenius plot fitting of the area-specific

surface exchange resistance rp from the second arc of the spectra at different temperatures.
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Next, we consider the second arc, which is expected to represent the surface exchange resistance
for CGO. In this reducing atmosphere Hz2/H-O ratio of 0.8, the entire surface of the CGO electrodes
is considered active due to its mixed ionic and electronic conductive nature [Chapter 5]. After
fitting the EIS spectra, we found that the activation energy for the second arc is approximately 0.5
eV. This value is lower than the expected 0.79 [Chapter 5]. Possibly, this can be ascribed to an

electronic current leak through the narrow 0.2 um YSZ electrolyte layer.
3.2 Application 2: High temperature biasing of Pt-LSC-YSZ-LSC-STN

Perovskite oxides, such as LSC, have been proven to be promising cathode materials for SOFCs
due to their high conductivity and electrocatalytic nature 32, However, the degradation
mechanisms, such as Sr segregation during oxygen reduction and the reaction between LSC and
YSZ electrolyte, still require further study 3334, The degradation mechanism of LSC under practical

conditions needs to be studied further, particularly through in situ methods.

3.2.1 Structure characterization of the Pt-LSC-YSZ-LSC-STN cell

A symmetric LSC-YSZ-LSC cell is shown in Figure 6. Figure 6a displays a SEM image of the
LSC-YSZ-LSC cell mounted on top of the DENS heating-biasing chip, with the two LSC layers
directly connected to the two electrodes on the chip (which differs from the case of CGO-YSZ-
CGO cell where the cell was connected via the Pt and STN). SEM-EDS maps of Pt La (b), Co-Ka
(©), Y-La (d), Ti-Ka (e), and La-Ka (f) is shown in Figure 6, demonstrating the uniform
distribution of elements and successful preparation of the cell structures. There is overlap between
the Y-L, Pt-M and Sr-L, so here the Y map shows more than just the YSZ layer.

Figure 7a shows a TEM image of the cell. From top to bottom, the layers consist of Pt, LSC, YSZ,
LSC, and STN, which follows the opposite sequence used for building the film by PLD. The circles
indicate the positions where the SAEDs are recorded. SAEDs from the LSC and YSZ layers are
shown in Figures 8(b), (e), and (h). LSC layer close to STN substrate shown in Figure 7h exhibits
a single crystal where the crystal orientation is slightly deviating and with some amorphous phase
contribution recognized by the SAED ring pattern. While the main contributions of YSZ layer and
LSC layer built on the YSZ exhibit the polycrystalline nature shown in Figure 7b and e respectively.
From data in Figure b and h, the main phase can be identified as LSC material with lattice distance

118



of 0.286 nm for {200} and 0.2 nm for {110}, while there are also some contributions from small
amounts of CoO identified by 0.248 nm for {111} and 0.21 nm for {200} through measuring the
SAED patterns.

Figure 6: SEM image (a) of the LSC-YSZ-LSC cell mounted on the chip, with corresponding
SEM-EDS maps showing elements of Pt-La (b), Co-Ka (c), Y-L (d), Ti-Ka (e), and La-Ka. (f).

Figures 7c, d, f, and g present HRTEM images of the Pt-LSC, LSC-YSZ, YSZ-LSC, and LSC-
STN interfaces respectively, from which LSC exhibits a Pm-3m cubic perovskite structure, YSZ

shows an Fm-3m fluorite structure, and STN exhibits a cubic perovskite structure.
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Figure 7: (a) TEM image of the Pt-LSC-YSZ-LSC-STN structure. SAED patterns of the YSZ and
LSC layers are shown in (b), (e), and (h). HRTEM images depict the interfaces of Pt-LSC in (c),
LSC-YSZ in (d), YSZ-LSC in (f), and LSC-STN in (g) respectively.

3.2.2 Biasing experiment of LSC-YSZ-LSC cell
3.2.2.1in situ STEM imaging

The yellow arrow in Figure 7a shows the flow of current in the LSC-YSZ-LSC cell sample 1
during the in situ biasing experiment. The top LSC is set to be under negative electric potential,

while the bottom layer is set to be under positive electric potential.
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The main purpose of the experiment is to showcase that it is possible to induce cell degradation
via electrical polarization within the current operando TEM methodology. Unusual high potentials

above 1 V were applied to the cell in order to induce accelerated degradation in electrodes.

Figure 8 presents the resistance as a function of applied voltage from 20 mVto 5V at 700 °C in 3
mbar Oz (sample 1). The plot shows that the resistance decreases as the voltage increases,
particularly when the voltage increases from 0.5V to 5 V. The current density under 5 V voltage
IS 2800 A/cm”2. The decrease of the resistance can be ascribed to the structural and compositional
change due to the large voltage, and when the voltage is over 2V, this drop become more obvious,
which is consistent with the obvious structure change after applying the high voltage described

later in this Chapter.

Figure 8: The relationship between the

1E+9 ¢ __ﬁf;,‘____s:mZz applied voltage on the cell and the
E . %ﬁi‘f corresponding resistance calculated using
+oF
° B = _ Ohm's law.
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c - STEM-HAADF images were used to track the
'% - "z | morphological evolution of the LSC-YSZ-
o LSC cells. Figure 9a displays the cell at
T — 700 °C in 3 mbar O2 before applying an
1E+5 5 ; ; 3 ; 5 2 pplying any
Voltage / V electric potential. The structure appears

highly dense and uniform. The sample was at 700 °C for 5 minutes before the STEM image was
recorded. No cracks or other feature formations are observed in the cell structure. There are no
voids or cracks present around the interface, which remains clean. No amorphous phase or
interfacial layer has formed between the two materials. Additionally, there is no evidence of
element segregation or accumulation at the interface, this will be present later in this paper.

After applying a 0.5 V voltage for 5 minutes, as shown in Figure 9b, there are no obvious feature
formations in the layer structures. However, upon increasing the voltage to 2 V and maintaining it
for 5 minutes, as shown in Figure 9c, small nano features start to form at the bottom of the top
LSC layer close to YSZ. Subsequently, upon further increasing the voltage to 5 V and maintaining
it for 10 minutes, the regions with nano features propagate further into the top LSC layer, and the

degradation layer gradually becomes wider as function of time (d-f). The observed nano features
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that form in the top LSC layer continues to expand, and the nano features grow and merge. At5 V
delamination between YSZ and the lower LSC layer is also observed as a thin dark line between

the two layers (d-f). The cell is, however, still electrically well connected as no increase in

resistance was observed.

Figure 9: STEM-HAADF images of the LSC-YSZ-LSC cell (sample 1) at 700 °C in 3 mbar O2
with different biasing conditions. (a) 0 V for 5 min; (b) 0.5V for 5 min; (c) 2 V for 5 min; (d)5 V
for 10 min; (e) 5 V for 20 min; (f) 5 V for 30 min.

For comparison, a second LSC-YSZ-LSC cell was prepared and mounted to the chip in a similar
way as shown above. All dimensions of this cell were identical to the first cell, although minor
deviations can occur, such as small variation in thickness and width. Also, the experimental
conditions (700 °C and 3 mbar O) were identical, except that the second cell was polarized
positively at the top LSC layer and negatively at the lower LSC layer.

Figure 8 presents the resistance as a function of applied voltage from 20 mV to 4 V at 700 °C in 3
mbar O (sample 2). The initial resistance is almost identical to that of the first cell and the

resistance decreases in a similar manner as a function of applied voltage, although slightly less.
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For the second cell with reversed polarization, the nano features appear at the lower LSC layer as
expected (Figure 10). They start to show on the YSZ-LSC interface with -2 V biasing for 4 min,
similar to the first cell. After 20 min the region with nano features extends to the entire LSC layer
(Figure 10c). Increasing the applied potential to 3 VV and 4 V leads to increased sizes of the nano

features (Figure 10d-f. It can be observed that the features close to the YSZ-LSC interface has the

largest sizes.

Figure 10: STEM-ADF images of LSC-YSZ-LSC cell (sample 2) at 700 °C in 3 mbar O2 with
different biasing conditions. (a) 0 V for 10 min; (b) -2 V for 4 min; (c) -2 V for 20 min; (d) -3V
for 8 min; (e) -3 V for 10min; (f) -4V for 8 min.

Shrinkage of LSC layer under negative biasing has also been revealed for LSC-YSZ-LSC sample
1 and sample 2 from the images in Figure 9 and 10. For the sample 1, before and after the biasing
experiment at 700 °C, the width of top LSC layer decreased 2.4 %. For sample 2, the bottom LSC

layer decreased 6 %. While the layers under positive biasing in these two samples did not change.
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3.2.2.2 in situ STEM-EELS following valence state of Co and La at 700 °C

Due to the limitations of instruments, we are not able to capture the signal of Sr by STEM-EELS.
However, the valence state of Co and La are followed in the oxygen atmosphere under different
biasing conditions at 700 °C. The positions recording the EELS spectra are noted in Figure 11c.
In this image, the layers from Pt to STN current collectors are presented from the left to the right.
Figure 11a shows the spectra after biasing experiment. Figure 11b compared the intensity ratio of

Co L2/Ls and La M4/Ms in the corresponding positions.
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Figure 11: (a) Comparing the STEM-EELS spectra of top LSC layer and bottom LSC layer after
the cathodic biasing; (b) Comparing the intensity ratio of Co L2/Lz and La M4/Ms of different spots
before and during biasing at 700 °C in 3 mbar O; (¢) STEM-HAADF image showing the spots of
STEM-EELS point scan and the position of STEM-EDS line scan; (d) STEM-EDS line scan of
LSC-YSZ-LSC cell at 700 °C after biasing experiments.

Note that the STEM-EELS are recorded under the biasing. For the LSC-YSZ-LSC sample 2,
comparing the spots 2, 3 and spots 4, 5, the valence state of Co elements in the bottom LSC layer
is obviously lower than the top LSC layer, meaning the Co are reduced under negative biasing.
The intensity ratio for spot 6 closest to the STN current collector shows highest intensity ratio of
3.6, consistent with the +2 Co reported before *>%. However, the valence state of La remain
constant for different spots, around 0.84-0.89, which is closed to the previously reported values *.
In contrast, the same LSC-YSZ-LSC sample before biasing shows uniform Co and La valence

states distribution, as presented in Figure 11b.
3.2.2.3 in situ STEM-EDS following the quantity of La, Co and Sr at 700 °C

Figure 11d shows STEM-EDS line scans recorded at room temperature after electrical polarization
experiment. The results show that after around 30 min cathodic polarization on the bottom LSC in
the LSC-YSZ-LSC sample 2, the signal of Co shows several big peaks, which indicates that Co
elements have agglomerated and formed some big particles. The peaks from other elements, La
and Sr, are not following the same trend as Co, which indicates that the new phase only contains
Co cation elements. There is a small peak from Sr around the YSZ-LSC interface to the right side
in Figure 11d (lower LSC electrode), which could indicate an enrichment and diffusion of Sr to
the YSZ-LSC interface under cathodic polarization. There are, however, also other small variations
in the Sr signal in the lower LSC electrode after cathodic polarization and further studies is

necessary to determine the Sr distribution in more detail.
3.2.2.4 post-mortem SAED structural analysis after reaction

To study the structure of the nano features or phase formed during the reaction, we captured SAED
patterns for different regions of the LSC-YSZ-LSC sample in vacuum at RT after removing the

oxygen and without taking the sample out from TEM.

The SAED pattern in Figure 12a shows a diffraction ring pattern of the bottom LSC layer before
cathodic polarization. After cathodic polarization, the structure of bottom LSC layer has changed
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a lot, and its single crystal nature has gone replaced by the polycrystalline formation by comparing
Figure 12a, b. In the same figure, the SAED rings can match with the crystal planes of LSC, C0304
38, La2C004% and CoO *!. For the Co304, the large Co peak with new phase with Co as the only
one cation from STEM-EDS and the unique lattice distance of 0.48 of {111} confirm its existence.
For the La,Co0s, the unique lattice distance of 0.37 nm displaying the {101} planes confirm its
existence. For the CoO and LSC, although all its lattice distances for each crystal plane can be
found in this SAED pattern, while some of them are overlapped with other phase such as C0304
and La,Co0Os. Considering the STEM-EELS white ratio data, after the high temperature biasing
experiment, the Co valence state has changed a lot for the entire bottom LSC layer, so here most

of the LSC phase can be confirmed as decomposed.

The existence of La2Os has also been confirmed by earlier report 3. However, here due to the
overlapping of the SAED ring, we are not able to confirm this. And the existence of the {012}
with lattice distance of 0.23 nm cannot be found in the SAED pattern “°. One possible reason for
this can be the growth of La>Os single crystal has a specific orientation and therefore we may miss
the reflection of {012}.

Combining the result of STEM-EELS data and SAED we confirm the existence of cobalt oxide
with Co*2 in the LSC layer under negative biasing. However, some of cobalt oxide may have been
oxidized to Co304 upon the negative biasing has been removed in oxygen at 700 ° C. We could
not find evidence of the existence of SrO in the SAED pattern of the center of the bottom LSC
layer as has been previously reported #2. The earlier report indicates that the use of polarization
can prompt Sr segregation and diffusion towards the biased LSC-YSZ interface, resulting in the
formation of a layer enriched with Sr *3, Figure 12 ¢,d comparing the SAED pattern for YSZ and
YSZ-LSC interface after reaction. However, the lattice distance of YSZ and SrO are very closed
to each other, so it is very difficult to determine whether the diffraction ring is caused by breaking
of YSZ or formation of new phase SrO. In order to further reveal the migration of Sr element,
better spectra techniques such as more precise STEM-EELS or STEM-EDS mappings may be

necessary.

For the two tested LSC-YSZ-LSC cell, the LSC electrodes which were positively polarized no
new phases were observed. The LSC phase and valence state remains constant, which can be

ascribed to the fact that positive polarization can suppress the Sr segregation, as reported before °.
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Figure 12: SAED pattern of (a) before biasing experiment and (b) after biasing experiment in the
center of bottom LSC layer after cathodic biasing at 700° C in oxygen, (c) the SAED pattern of
YSZ center, and (d) the SAED pattern of the YSZ-LSC interface.

4 Conclusion

1) We have combined heat, bias, and gas atmosphere in an ETEM, and applied it to a model solid

oxide cell structure for the first time. We have shown that it is possible to measure EIS spectra
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from such a cell and that it is possible to induce degradation in a cell by applying a constant

relatively high electric potential.

2) We propose to prepare the cell as Z cell geometry for this type of experiment, which can be
adapted to high temperature electrochemical ETEM. The structure can be prepared by FIB-SEM
milling and mounting on top of the heating/biasing chip and can be thinned to a thickness suitable
for TEM observation. The structure uses an ion deposited Pt as the current collector, and the

experimental results prove that the structure can obtain stable electrochemical measurement results.

3) We performed high-temperature EIS-TEM measurement on CGO-YSC-CGO symmetrical cell,
both the absolute value and activation energy of transport resistance and surface exchange

resistance are consistent with those reported in the literature.

4) We conducted a high-temperature constant electrical polarization experiment on symmetric
LSC-YSZ-LSC cells. The results suggests that LSC decomposed into Co304 and La2CoOs4, or other
possible phases as La,O3, CoO and SrO.

5) The current density through the LSZ-YSZ-LSC cell at 700 °C and 5 V biasing is 2.8E5
mA/cm”~2. The experiment shows that the solid oxide model cell with a Z cell geometry can

withstand such a high current density without showing strong leak currents.
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Chapter 7: Conclusion

In conclusion, this study aimed to transform the environmental transmission electron microscope
(ETEM) sample chamber into a versatile electrochemical laboratory capable of providing
different gas atmospheres for in situ observations of materials. We demonstrated the feasibility
of applying a focused ion beam (FIB) system to prepare pure material samples as well as cell
samples for in situ biasing including electrochemical impedance spectroscopy (EIS)
measurements. In the first chapter of results, we present the points that need to be taken care of
in solid-state electrochemical TEM experiments, including sample preparation, electrochemical
measurement, failure factors, and recommended optimization methods. We provide examples of
typical EIS spectra for both pure materials and cell structures. The pure materials include pure
electronic conductor STN, pure ionic conductor YSZ, and mixed ionic and electronic conductor
CGO. By creating a thin region in the center of the sample and leaving side parts with big and
bulky size, we were able to separate information on sample transport properties mainly
contributed by central part and surface exchange performance mainly contributed by side parts.
With measurements on the cell samples, we were able to directly observe interfacial structures
between layers and track related structural evolution and elemental migration. The results
indicate that the FIB system is a useful tool for the preparation of samples for in situ ETEM
experiments.

Furthermore, pure CGO samples were used as a demonstration model to verify the feasibility of
testing electrochemical impedance spectroscopy in the transmission electron microscope. It was
found that under reducing conditions, this sample is a classic mixed ionic-electronic conductor,
while under oxidizing conditions, it is a pure ionic conductor. We obtained the ionic
conductivity, electronic conductivity, and surface exchange resistance of the CGO samples in
both oxygen and hydrogen/water vapor mixed gas atmospheres. The numerical values of these
variables and their activation energies from fitting of arrenius equation were found to be
consistent with those reported in previous literatures. This demonstrates the effectiveness and
feasibility of applying in situ EIS in the transmission electron microscope for studying the
electrochemical properties of materials.

Lastly, we investigated the application of the EIS-TEM method on cell samples. We prepared the
Z cell through a special lift-out technique using FIB and tested the cells under hydrogen gas
atmospheres at different temperatures. For the CGO-YSZ-CGO sample, we applied EIS-TEM
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measurement, and our EIS test results are consistent with the we expected. All the spectra
contain two arcs, which can be considered the transport performance of YSZ and surface
exchange properties of CGO. This demonstrated the feasibility of high temperature EIS-TEM
experiment of the Z cell structure in different gas environments. Next, we applied high
temperature biasing-TEM on the LSC-YSZ-LSC cell. STEM-HAADF/ADF image followed the
nano feature formation on the LSC layer under cathodic biasing in oxygen at different biasing
voltage. STEM-EELS proved the existence of Co*2 under negative biasing at 700 °C. STEM-
EDS line scan shows the big particles containing only Co as cation will form. After analyzing the
HRTEM image, the phase can be phase on the LSC layers under negative biasing can decompose
into Co304, La2C004, and other possible phases such as La;0z and SrO. This demonstrates the

feasibility of high temperature biasing experiments on the SOC model cell.

133



Chapter 8: Outlook

Regarding the development progress of the EIS-TEM method, there are still some points that can
be further improved, mainly focusing on the improvement of cell structure, considering that the
methods for testing pure materials are relatively mature.

Firstly, one side of our Z cell structure is Pt deposited by FIB, and the other side is STN. This is
because our cell structure needs to be deposited on the STN substrate. However, the introduction
of STN causes the asymmetry of the cell structure, leading to issues such as the very high resistance
of the STN substrate material under oxygen atmosphere, resulting in an increase in the transport
resistance in the EIS spectra we obtained in the oxidation environment. Ideally, the STN layer
should be cut off by FIB, and a layer of Pt should be deposited on the cut cross-section. Using the
same Pt deposition parameters, Pt with the same properties can be obtained, thereby constructing
a perfect Pt-cell-Pt structure, as shown in Figure 1.

The preparation of this type of sample can be divided into the following steps: lift-out the cut
lamella onto a needle tip, as Figure 2a; Rotate the needle tip 180 degrees outside the electron
microscope, as Figure 2b, Cut off the STN substrate on the upper side, as Figure 2c¢, and deposit a
layer of Pt on top as Figure 2d. After rough thinning, the sample is then transferred to the chip,

and the processes afterwards similar to cell preparation is performed, resulting in a completely

symmetric Pt-cell-Pt structure.

Figure 1: the Pt-CGO-Pt symmetric cell
structure

At the same time, the sample preparation can
be carried out on the in-situ heating stage in the
FIB because, when constructing the Pt
conductive circuit, the Pt-organics sprayed
from the GIS will be condense on the surface

of the chip. After radiation of the ion beam,
electron beam or plasma, Pt nanoparticles will form and may potentially cause chip short-cut.
Therefore, in-situ heating can be performed before cutting and thinning after spraying Pt to
evaporate the Pt-organic deposited on the surface of the chip inside the SEM-TEM, thereby

reducing the potential short circuit caused by the formation of Pt nanoparticles.
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Figure 2: the sample preparation process of
(b)

Needle Pt-CGO-Pt nano cell
Pt '_'

Pt

Needle (d) Needle

Pt ——
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technologies, e.g., solid oxide electrolysis/fuel cells, batteries, thermoelectric

devices, etc.
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The efficiency of green energy technolo-
gies such as P2X (including electrol-
ysis), fuel cells, and batteries directly
depends on reaction rates in the in-
volved electrochemical reactions. These
again depend on the structure and com-
position of the component materials.[!]
Comparison of electrochemical tests with
post-mortem microscopy investigations
shows that structural and compositional
evolution at the nanoscale is the main
reasons for efficiency losses.”l To ac-
celerate the implementation of partic-
ularly P2X and fuel cell technologies
in the green energy infrastructure, a
detailed understanding of the correla-
tion between electrochemistry and struc-
ture/composition is needed so that ef-
ficient degradation mitigation strategies
can be developed.

Post-mortem microscopy has led to
important developments in all areas
of energy technologies. However, re-
sults from post-mortem characterization
only represent the end result from the
entire electrochemical process history, including the effects of
various gas environments, polarizations, temperature ramps, as
well as possible effects from sample preparation for microscopy.
In order to directly link a given electrochemical stimuli (e.g., re-
actant composition, temperature, electrical polarization) with the
structure/composition change of the material in its active state,
we need to develop a new operando characterization method that
provides real-time electrochemical measurements with atomic
level structure characterization under relevant conditions.

One group of methods with a potential to give insight into
nanostructure/composition of materials in their active state is
in situ/operando TEM. These methods allow for structure and
composition investigations at high spatial resolution while ex-
posing the sample to various selected stimuli, e.g., controlled
atmospheres,*] elevated temperature,[*! applied stress,®! electri-
cal polarization(®! or combinations of these.

On the other hand, an electrochemical method that can give
information about the electrochemical response of the func-
tional materials under operating conditions is electrochemical
impedance spectroscopy (ELS). This has been widely used due

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmtd.202201713&domain=pdf&date_stamp=2023-04-10

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

to its nondestructive nature, high sensitivity, and ability to study
and distinguish between surface/interface and bulk processes.!”]

Electrochemical TEM investigations are already carried out at
room temperature in a vacuum or in liquid phase, particularly
with focus on battery materials.®l Recently, attempts have been
made to expand the electrochemical TEM capabilities to include
operando experiments with focus on the solid oxide fuel and elec-
trolysis cells (SOFC and SOEC)!®! requiring at least three stimuli:
electrical potentials, reactive gases, and elevated temperatures.
Today, chip-based heating-biasing TEM holders are commer-
cially available (e.g., Protochips Fusion, DENS solutions Light-
ning, Hummingbird Scientific MEMS Heating Biasing, Thermo
Fisher Scientific NanoEX). The combination of such holders and
an environmental TEM (ETEM) offers the possibility to study the
three stimuli combined.

Preparing and conducting high-temperature solid state elec-
trochemical TEM with relevance to SOEC or SOFC is far from
trivial. Here, a few of the challenges are listed: First, solid ox-
ide electrochemical cells have complex layered structures com-
posed of a mixture of metals and hard, brittle ceramics. These
need to be thinned to electron transparency and mounted on the
heating-biasing chips while ensuring mechanical stability and
sufficient electrical contact to the biasing electrodes of the chip.
Second, fracture of the sample or loss of electrical contract must
be avoided, taking into consideration the thermal expansion of
the sample and the chip components during heating. Most im-
portantly, the currents in the chip heater must not interfere with
the electrochemical measurements and should be well separated
from the sample. The combination of relatively high resistivity,
p, for the ceramic materials under investigation and the extraor-
dinarily small dimensions of a typical TEM sample leads to very
high measured resistances often in the GQ range. It is therefore
crucial to minimize the unavoidable leak currents through the
chip components.

Before high-temperature solid state electrochemical TEM can
exploit its full potential, it is crucial to establish that these chal-
lenges can be solved in a manner that reliable electrochemi-
cal measurements can be performed in the TEM. This we do
in the present work. We present a combined EIS-TEM analysis
of Ce; yGdy ;0,955 (CGO), which is a popular SOEC and SOFC
electrolyte—electrode barrier layer material and is commonly used
as a multi-functional component in the composite electrodes of
the cell.'% CGO is a good material for testing the reliability of EIS
measurements because its various electrochemical properties
(ionic conductivity, electronic conductivity, activity for surface-gas
exchange reactions), which are dependent on temperature and
the gas environment, can be measured with EIS and are well doc-
umented.

The results from this work show that the combined EIS
and TEM (EIS-TEM) measurements agree with reference exper-
iments with larger CGO samples. The EIS-TEM method also
allows for establishing a direct link between the electrochem-
ical activity and the nanoscaled structure and composition of
the material. The method is not limited to investigations of
SOECs/SOFCs, but can also be useful for linking functionality
and structure/composition in studies of batteries, thermoelectric
devices, catalysis, corrosion, etc.

This paper presents EIS-TEM measurements on a CGO sam-
ple with nanoscale dimensions. The temperature and pO, depen-
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dence of the ionic and electronic conductivity, as well as its sur-
face exchange resistivity in O, and H, /H, O atmospheres, and its
volume-specific chemical capacitance in H, /H, O, are measured.
The influence of Pt porosity is studied and finally the result is
shown to be reproducible.

2. Results and Discussion

2.1. Structure of the CGO Sample

Figure 1a shows an overview of the chip geometry while Figure 1b
presents how the CGO sample was mounted on top of the chip.
It can be observed from the latter that the sample consists of
two thick side parts and a thinner central part with a thickness
of ~100 nm (according to EELS log-ratio analysis(!!). The thick
side parts (Figure 1b) are connected to the chip electrodes and
the thin central part spans over the hole in the center of the chip
shown in Figure 1a.

The corresponding SEM-EDS map in Figure 1c shows that
most of the top surface area of the side parts is covered with ion-
deposited Pt. On the other hand, there is no trace of Pt on top
of the thinned central CGO part, as well as on a small portion
of the top surfaces of the two thick side parts and on their side
surfaces. Pt is also not expected on their entire bottom surface of
the sample (not visible, but with access to gas phase due to the
10° tilt between the CGO sample and the chip).

The TEM image of the thinned central part in Figure 1e shows
its dimensions and reveals a single-grain boundary between two
micrometer-sized grains. The presence of a single-grain bound-
ary is consistent with the grain size of few micrometers observed
in the CGO pellet (Figure 1d). Measurements on the HRTEM im-
age (Figure 1f) of the region marked by a red square in Figure 1e
are consistent with the crystal structure of Ce,Gd,; 0, 455 With
the space group Fm3m observed at zone axis [011].12]

2.2. Morphology and Oxidation State

Figure 2 presents an image series of the grain boundary region
at temperatures from 200 °C to 800 °C, in H,/H,O gas environ-
ment. As could be expected from previous studies,[**] no mor-
phological changes were observed as a response to the elevated
temperature (or as a response to electron beam exposure or EIS
measurements). Specifically, the sample stayed fully dense (i.e.,
no pores developed), the interface between the sample and air
(and between the two grains) stayed straight and smooth, and
no new structures were formed such as nanoparticle generating
on the surface. The changes in contrast in the images can be at-
tributed to the displacement of the sample position along the di-
rection of the electron beam caused by thermal expansion. The
sample is also stable in the O, environment.

It is expected that the Ce oxidation state in the CGO will be
Ce** in the oxygen environment, while the amount of Ce** in-
creases in the reducing environments, especially at the CGO sur-
face where reduction initiates. This was confirmed by EELS Ce
M;-to-M,, white line ratio analysis, where spectra measured in
0, and in H,/H,0 with ratio 0.8 showed Ce** in the central part
of the thin CGO, and an increased amount of Ce** ~10 nm near
the CGO surface This is consistent with EELS analysis of pure
ceria (see Section S5, Supporting Information).['*]
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Figure 1. CGO sample mounted on a heating-biasing chip. a) SEM image showing the center of an empty heating-biasing chip; b) SEM image of the
sample connected to the Pt electrodes of the chip; c) SEM-EDS map of (b) recorded at 15 kV, red color representing the Ce La-peak, green the Pt Ma
peak; d) ion-beam image of the CGO pellet; e) TEM image of center part of (b); f) HRTEM image, including crystal analysis of the region in (e) indicated

by a red square.

Figure 2. In situ TEM images of the CGO sample in H,/H,O with partial
pressure ratio of 0.8 as a function of temperature.

2.3. EIS Electrical Circuit Model

Figure 3 presents Nyquist plots of the EIS data recorded in the
three gas environments at temperatures from 500 °C to 800 °C.
All spectra can be separated into two arcs. The electrical circuit
model (ECM) presented in Figure 3 is used to fit the two arcs.
These include resistances, R, and R, and constant phase ele-
ments, CPEy,,,., CPE;;, and CPE,,.. The topology of the ECM
and each of its elements is described in the following.
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The CPE,, ., corresponds to the shunt capacitance from the
electrical circuit on the MEMS chip, the TEM holder wires,
and the cables connecting to the potentiostat. This is connected
in parallel to the entire sample and all its contributions. The
value of the CPE, . deduced from the measurements carried
out with a sample matches indeed the capacitance recorded for
an empty chip at each temperature from 500 °C to 800 °C,
ie,~3.8x 107! F.

The high-frequency arc starts at the origin of the real and imag-
inary axes at high frequencies and can be ascribed to ohmic trans-
port through the central thin CGO part.

For a mixed conductor, such as CGO, the ohmic transport re-
sistance, R, is related to the movement of ions and electrons in
the material, and therefore R, has both an ionic and an electronic
component as will be discussed in detail later. The transport re-
sistance is denoted by R, in the electrical circuit model (ECM).
In principle, the ECM model should also include the bulk capac-
itance of the sample in parallel with R,. For the present sample
dimensions, the expected bulk capacitance is approximately 7.5 x
107 F m™!, negligible in comparison to CPE and therefore
not included in the ECM.

The second arc can be associated with several possible contri-
butions including transport barriers at grain boundaries,!**! gas
diffusion and gas conversion contributions!!®! or the surface ex-
change reaction. The grain boundary resistancel!”! will be negli-
gible for the present micrometer-sized sample with large grains,
having only a few grain boundaries (only one visible in the cen-
tral part (Figure le), and its expected capacitance (~10~" F, see

shunt?
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Figure 3. EIS spectra (symbols) and fittings (lines) recorded in a) O, (3 mbar) and in a H,/H,O with partial pressure ratio of b) 0.003 (total pressure
5 mbar) and c) 0.8 (total pressure 3 mbar); 10 kHz (square), 100 Hz (diamond), 1 Hz (circle), 0.1 Hz (triangle) are noted on the spectra, with hollow
symbols; ECM used for fitting the data are presented at the top for each gas composition.

Section S6, Supporting Information)!'®] is smaller than the mea-
sured shunt capacitance (%107!! F). Considering the small sam-
ple dimensions and the extremely small currents incited in it
(~1071° A), gas concentration impedances are also negligible.('®]
The low-frequency arc is therefore ascribed to the surface ex-
change reaction resistance, denoted by R,. It is coupled to the
gas—solid interface capacitance and the chemical capacitance of
CGO, denoted by CPE, , and CPE respectively, in the ECM
(Figure 3).

The ECM in Figure 3a is used to fit all spectra recorded in O,,
with CPE,.,, of CGO being negligible, due to the very small con-
centration of small polarons (as discussed in Section S5, Support-
ing Information) and CPE, , being dominant. In H,/H, 0, on the
other hand, CPE,,,, of CGO is expected to form a substantial
contribution, which increases with increasing temperature and
H,-to-H, O ratio to values substantially larger than CPE,,,.[*"!

From Figure 3, for all gas environments, it can be observed
that the magnitude of both the first and second arc decreases as a
function of temperature, indicating thermally activated processes
as indeed expected for both the transport and surface reaction.
This is also in line with a negligible gas concentration contribu-
tion that would be nearly temperature independent.

chem?

2.4. EIS Data Analysis

Both the conductivity and the surface exchange reaction of CGO
depend on the gas environment. Figure 4 presents a schematic
illustration of the differences for our CGO TEM sample in O,
and H,/H,0. The overall chemical reaction formulae are dif-
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ferent in the two cases. Also, in O,, CGO is a pure ionic con-
ductor which limits the active surface close to the region of the
electron-conducting Pt current collector. In the H, /H, O environ-
ment electrons are transported through the side parts of CGO
thereby allowing the entire CGO surface to be active.

In this section we will therefore analyze the transport and sur-
face exchange resistance from the EIS measurements in each
type of gas environment separately, starting with the O, environ-
ment.

Using the following equation and the dimensions of the
thinned central part of the sample, the total conductivity, ,, con-
sisting of contributions from both ionic and electronic conduc-
tivity, can be calculated from R,.

1
CER ot 1)
where I, w and ¢ are the length, width and thickness of the thin
central part of the sample, respectively. Notice that only the thin
central part is considered for calculating o, since it contributes to
over 98% of the total transport resistance (see Section S7, Sup-
porting Information). Figure 5a presents o, as a function of tem-
perature in O,, and is compared with reference data from bulk
polycrystalline CGO in air.!?"] From the slope of the fitted line in
Figure 5a, an activation energy of E, = 0.7 eV was determined,
which is consistent with literature values: In 3 mbar O, and 500—
800 °C, CGO is primarily an ionic conductor,!'”>?'] and the deter-
mined E, corresponds to that for the ionic conductivity, o,,,. The

on*

present EIS-TEM deduced o, values in O, agree closely with the
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Figure 4. Illustration of active surface area for Pt-CGO as a) pure ionic conductor and as b) mixed electronic/ionic conductor. Arrows indicate the
direction of ions (red) and electrons (Navy). In the actual experiment, the flow direction alternates with the frequency of the imposed AC perturbation.
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Figure 5. Electrochemical EIS-TEM measurements of CGO in different atmospheres. a) Arrhenius plot of total conductivity in 3 mbar O, (red) and
reference data for bulk polycrystalline CGO in air (black);!2%] b) Arrhenius plot of the surface reaction resistance in 3 mbar O, (orange), and reference
data from a CGO thin film electrode in synthetic air (black);??] c) total conductivity as a function of pO, (colored), and empty black symbols refer
to reference data for polycrystalline CGO;[232] d) surface reaction resistance as function of temperature in H,/H,O atmospheres (blue, green), and

reference data from a CGO thin film electrode in H,/H,O with partial pressure ratio of 1.3 (black).
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reference data both with respect to E, and to the absolute values
for o,.

The resistance associated with the surface exchange reaction
was also determined and compared to literature values. To quan-
tify the area-specific surface reaction resistance, we need to es-
timate the active CGO surface. For a pure ionic conductor, like
CGO in 3 mbar O,, the oxygen exchange is expected to take place
in a localized reaction zone near the triple phase boundary (TPB)
consisting of the ion conductor (CGO), the electron conductor
(Pt) and the gas phase. For the present sample, the TPB will
therefore be close to the Pt current collector as illustrated in Fig-
ure 4a (red dots).['>172] As described in the experimental section,
the Pt forms a nano-porous structure after the carbon removal
pretreatment. Compared to a dense Pt, the nanoporous Pt will
enhance the surface exchange reaction by an increased total TPB
length. Perfect percolation through the nanoporous Pt cannot be
expected and the surface exchange reaction will be prohibited
where gas pores terminate before reaching the surface. This ef-
fect will be discussed later in this paper. The area-specific surface
reaction resistance, r,, can therefore be calculated by using Equa-
tion 2.

r,=R, *S (2)

where S is the interface between CGO and the nanoporous Pt
(around 92 um?). The result is presented as a function of tem-
perature in Figure 5b in comparison with data from a dense
CGO thin film model electrode tested in synthetic air. For the
surface exchange reaction in O,, E, = 1.5 eV is deduced from
the slope of Figure 5b for temperatures above 600 °C, a value
that is close to the reference value of E, = 1.7 eV for the CGO
thin film electrode.l?”] In the temperature range 500 600 °C, the
slope clearly deviates from the straight line, possibly because the
total resistance of the nanoscaled CGO sample approached the
Giga-ohm regime where a current leak through the chip starts to
influence the measurements.

We will now focus on the experiments carried out in the
H,/H,0 environment. The electronic conductivity, o, in CGO,
depends strongly on the oxygen partial pressure as described by
Equation 3.23]

- - 0 p-l/4
Ot = Ojon + Oclec = Oion + o-elecPOZ (3)
where ¢ can be regarded as a constant for small deviations

from oxygen stoichiometry. At low oxygen partial pressures, CGO
is therefore a mixed conductor with both oxygen vacancies and
electrons as charge carriers.

Figure 5c presents o, as a function of oxygen partial pressure
for the EIS-TEM measurements compared with reference data.
The figure shows that o, increases with decreasing oxygen par-
tial pressure, as expected according to Equation 3. Although the
trend of o, is as expected, the absolute values deviate from the
reference values. The 6, measured at 700 °C and 750 °C matches
well with the reference data at 600 °C and 700 °C, respectively.[2%]
This could indicate an error in the measured temperature in the
order of 50-100 °C which is higher than the 5% error on the tem-
perature (corresponding to 35-38 °C for read-out temperatures
700750 °C) expected for these commercials MEMS chips. A pos-
sible explanation is a temperature gradient across the thin central
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part of the sample due to the relatively low thermal conductivity
of CGO.

To assess this hypothesis, a temperature calibration experi-
ment was conducted based on the melting point of Zn nanoparti-
cles deposited on a similar CGO lamella. When ramping the tem-
perature up in 3 mbar H, at a rate of 20 °C min~!, the in situ TEM
images showed Zn melting at a ~50 °C higher read-out tempera-
ture in the center compared to the sides of the sample (Figure S3
and Video S1, Supporting Information). This confirms that the
temperature off-set observed in Figure 5c is most likely due to a
temperature gradient across the CGO lamella. Additional work,
which is beyond the scope of the present work, is needed to accu-
rately calibrate or calculate the absolute temperature in different
positions of the TEM sample as a function of nominal chip tem-
perature.

The thicker side parts of the sample are not expected to deviate
substantially from the nominal chip temperature (around 5% of
read out value), and therefore the surface reaction rates and as-
sociated capacitances determined by EIS are expected to reflect a
fairly accurate temperature dependence.

For the mixed conducting CGO in H, /H, O environments, the
surface exchange reaction takes place not only near the TPB, but
on the entire CGO-gas interface,['’? as illustrated in Figure 4b
(green line). The total surface area (S) of both thick side parts of
the CGO (261 pm?) is therefore used in Equation 2 to calculate the
area-specific surface reaction resistance, r,. The surface exchange
resistance R determined from the second arc, however, is influ-
enced by an electronic leak current through the thin central part
of the MIEC CGO, i.e., not all the electrical current participates
in the electrochemical reaction. This can be corrected using the
following equation:(17224]

R.R
R = P - Rion (4)
P Relec - Rp

where the ionic resistance, R, ,, represents the transport resis-
tance recorded in O,. The electronic resistance, R, is deter-
mined from, o, using the dimensions of the central part in
Equation 1 and o is determined from o, and o, via Equa-
tion 3. Finally r, corrected for leak currents is calculated from
R using Equation 2. The effect of correcting for leak currents
is shown in Figure S6 (Supporting Information).

Figure 5d shows the temperature dependence of the corrected
r, for CGO in H,/H,0 with partial pressure ratio of 0.003 and
0.8. For both gas environments the measured E, = 0.8 eV. This
value is close to the reference value of 0.7 eV.[®] Also, the absolute
values of r,, decrease with increasing H,/H,O ratio (Figure 5d),
corresponding to a decreasing pO, and increasing electronic con-
ductivity (Figure 5c¢). A number of studies suggest that the sec-
ond electron transfer (likely coupled with the H-H association
and desorption) is the rate-limiting step for the H, evolution re-
action (HER) on ceria.[?®! This will accelerate upon increasing the
concentration of electronic charge carriers, resulting in reduced
r, upon increasing H,/H,O ratio as observed in the present ex-
periment. A decrease in r,, upon increasing H, /H,O ratio is also
expected for the H, oxidation reaction (HOR).[7]

The volume-specific capacitance, which can be calculated from
CPE,.,, by using Brug et al.’s formula and geometry of the CGO
sample is presented in Figure 6.128] Considering the 2000 nm
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Figure 6. Volume-specific capacitance of the 2000 nm thick CGO side

parts (red) as function of oxygen partial pressure and reference data from

22471 nm (black), 591 nm (gray), and 195 nm (black open symbols) CGO
films at 500 °C, 550 °C, 600 °C, 650 °C, respectively.m]
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Figure 7. a) EIS spectra recorded in 3 mbar O, at 800 °C before and after

coarsening; b) EIS spectra recorded in H,/H,O with partial pressure ratio
of 0.8 at 800 °C before and after coarsening.

thick side parts, our results for 600 °C and 650 °C match well
with the reference data of the film with a similar thickness of
2241 nm.!*°! Both of them follow the Pc_)j/ * dependence as ex-
pected, and this confirms that the capacitance is dominated by
the chemical capacitance.

2.5. The Effect of Porous Pt

In order to explore the effect of the nanoporous Pt structure in the
electrochemical measurements, the CGO sample was exposed to
900 °C in the reducing gas environment (An overview of all EIS-
TEM processes for the sample is shown in Section S9, Support-
ing Information). These conditions lead to Pt coarsening (Figure
S2¢, Supporting Information), loss of percolating pore network
for gas diffusion and thereby decreased TPB length. It can there-
fore be expected that the surface exchange resistance is increased,
in particular for the reaction in oxygen where the surface reaction
rate depends directly on the TPB. This effect was confirmed by a
comparison of EIS spectra recorded before and after coarsening
(Figure 7a). The transport resistivity is rather similar (i.e., 35 Q
cm before and 39 Q cm after) while the surface reaction resis-
tance increased 74 times (to 492 Q cm? from 7 Q cm?).
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The effect of coarsening on the surface exchange reaction it is
expected to be smaller in H,/H,O because here the entire CGO
surface is active (as illustrated in Figure 4b). This is confirmed
by the EIS spectra in Figure 7b. In H,/H,O with ratio of 0.8, the
transport resistivity after coarsening (19 Q cm) is similar to the
value measured before (17 Q cm). The surface reaction resistance
after coarsening (5 Q cm?) is only 2.5 times larger than before (2
Q cm?).

2.6. Reproducibility of Test Results

The analysis above shows that the Pt morphology determines the
TPB and influences the surface exchange reaction resistance in
O,. For comparison, two additional CGO samples with a smaller
Pt-CGO interface, and therefore shorter TPB, were produced and
tested (Figure 8). In H,/H,O with gas pressure ratio 0.003, the
area-specific surface reaction resistance of the CGO sample 1 and
2 were compared and the absolute values agree well, deviating
only by a factor of ~2 (Figure 8b). The transport resistivity devi-
ates more, by a factor of ~5 (Figure 8c). This can be attributed
to the different temperature distributions across the center part
of the samples, as a consequence of the different sample geome-
tries (Figures 1 and 8a). The transport resistance is dominated by
the thin central part which also happens to be the part influenced
the most by the temperature gradient. CGO sample 3 is tested in
both 3 mbar O, and H,/H,O with a partial pressure ratio of 0.8.
The activation energy and absolute values of the area-specific sur-
face reaction resistance match well with CGO sample 1 in both
atmospheres (Figure 8d,e). The transport resistivity in H,/H,0
with a partial pressure ratio of 0.8 shows a relatively small de-
viation in the absolute value by a factor of 3 (Figure 8f). Again,
this can be explained by the different temperature distributions
across the two samples.

Overall, we observe good reproducibility with respect to both
transport properties and surface exchange reaction resistances
in O, and H,/H,O amongst the three samples (Figure 8), and
any deviations can be rationalized by the somewhat different tem-
perature distributions across the different samples. These results
showcase the possibility to carry out operando EIS-TEM studies
on SOC samples and open up the path for the investigation of
full cells to answer questions of great technological significance.

3. Conclusion

The feasibility of operando EIS-TEM on solid-state electrochem-
ical cells operating in reactive gasses and elevated temperatures
was demonstrated by measuring the temperature and pO, depen-
dence of the ionic and electronic conductivity of CGO, as well as
its surface exchange resistivity in O, and H,/H,O atmospheres,
and its volume-specific chemical capacitance in H,/H,O.

A special sample structure was designed with thick side parts
and a thin central part, by which one can separate the contribu-
tions of bulk charge transport and the surface reaction processes.
The measured temperature and pO,-dependent conductivity, sur-
face exchange resistance, and chemical capacitance, as well as
their activation energies and pO, exponents are found to agree
well with reference data.

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 8. Comparison of electrochemical EIS-TEM measurements of CGO samples 2 and 3 in different atmospheres relative to CGO sample 1. a) SEM
images of samples 2 and 3; the thin central part, thick side parts, and deposited Pt are marked by yellow, green and cyan colors respectively. In H,/H,0O
atmospheres, the surface exchange reaction takes place at the surface of the side parts (green), while in oxygen atmosphere, the surface exchange
reaction only take place at the Pt-CGO interface (red); b) comparing the area specific surface reaction resistance of sample 1and 2 in H,/H,O with gas
partial pressure ratio of 0.003; c) the total conductivity in H,/H,O with partial pressure ratio of 0.003 for sample 1 and 2; d) the area specific surface
reaction resistance of sample 1and 3 in 3 mbar O,, and reference data from a CGO thin film electrode in synthetic air (black);!??! e) area-specific surface
reaction resistance in H,/H,O with partial pressure ratio of 0.8 for samples 1 and 3; f) the total conductivity in H,/H,O with partial pressure ratio of

0.8 for sample 1and 3.

It can therefore be concluded that reliable EIS measurements
can be performed in the TEM, even for the difficult case of
hard, brittle ceramic materials which are thinned sufficiently for
HRTEM analysis. The strength of operando EIS-TEM is that it
allows us to simultaneously gain information on both the electro-
chemical behavior and the structure/composition of a material at
the atomic level, in its active state.

With the purpose of determining the validity of the EIS mea-
surements in the TEM, we have deliberately chosen opera-
tion conditions (temperatures, gas environments, polarizations)
where the material was stable. The EIS-TEM method will be of
particular importance in the investigation of dynamical changes
of the structure and composition induced by the operating con-
ditions. For such cases, the effect of the dynamical changes ob-
served from the TEM can be directly compared to simultane-
ously recorded EIS spectra. Such a capability will be crucial for
the further development in our understanding of the nanoscale
processes such as degradation in a number of green energy tech-
nologies, e.g., electrolysis cells, fuel cells, and batteries.

4. Experimental Section

Sintered Pellet Preparation: Commercial ultrahigh surface (UHS) area
Ce9Gdg 101 95.5 (CGO) powder was purchased from Solvay. The powder
was compressed into pellets using a 10 mm diameter stainless steel mold
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at a uniaxial pressure of 3 MPa, followed by isostatic pressing at 325 MPa
and sintering at 1500 °C in air for 12 h and slow cooling to room temper-
ature at a rate of 0.5 K min~'. The geometrical density of the pellets was
between 94 and 97% of the theoretical density.l'?]

TEM Sample Preparation: By using a focused Ga*t ion beam (Cross-
beam, ZEISS, 1540XB) and a micromanipulator (Kleindiek), TEM lamellas
were prepared from the CGO pellet and were mounted on heating-biasing
chips (DENS lightning, with 4 contacts for heating, 2 contacts for biasing,
and a through-hole window). To avoid any current leak along the surface
of the chip due to Pt overspray, the two Pt electrodes of the chip were fur-
ther separated by milling a long trench between them before mounting
the TEM lamella (Figure 1 and Figure S1, Supporting Information). After
the mounting process, the CGO lamellas have a 10° angle relative to the
chip surface. Pt was ion-deposited to ensure electrical contact between
the CGO lamella and the Pt electrodes at the chip. A final preparation step
was thinning and polishing the central part of the lamella to allow for TEM
analysis and to remove any Pt overspray from ion deposition.[?°] A result
of such sample preparation is presented in Figure 1.

EIS-TEM Experiments: The EIS-TEM experiments were carried out in
an ETEM (Titan 80-300 kV) equipped with a differential pumping sys-
tem and an image aberration corrector (FEI Europe, Netherlands).[30 The
ETEM can host gases like O,, H, and H,O with partial pressures from
10 to 26 mbar. With the use of needle valves and mass flow controllers,
the mixing of two or more of these gases can be achieved and the partial
pressures can be controlled. For our experiments, low oxygen partial pres-
sures were achieved by mixing H, and H,O vapor. The experiments were
carried out in three different gas environments: a) 3 mbar O,, b) aH,/H,0
mixture with partial pressure ratio of 0.003 (total pressure 5 mbar), and c)
a H,/H,O with partial pressure ratio of 0.8 (total pressure 3 mbar).

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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The electrochemical workstation (Gamry FAS2 Femtostat) used for two-
probe EIS measurements was connected to the Pt electrodes of the chip
via the TEM holder (DENS Lightning). EIS was performed by applying an
alternating voltage amplitude of 20 mV in a frequency range from 100 kHz
t0 0.03 Hz.

Before EIS-TEM measurements, the samples were heated to 500 °C in
the ETEM at 3 mbar O, for 5 min. This is to remove the amorphous car-
bon and its potential effects, which is mixed with the Pt nanoparticles in
the ion-deposited Pt.[2%31] EELS analysis showed that the carbon edge was
fully removed after this treatment, confirming that the treatment was suffi-
cient to remove the carbon. After this, the Pt forms a nano-porous network
with voids in the regions that previously contained carbon (Figure S2a,b,
Supporting Information).

EIS-TEM analysis was carried out while the temperature was held con-
stant at 500-900 °C, in steps of 50 °C, after waiting for 3 min for the system
to stabilize at each temperature. The total time spent on image acquisition
and impedance measurement at each temperature was ~12 min.

For all operando TEM experiments, it is important to minimize possi-
ble effects of the electron beam. Therefore, a relatively low beam current
density of 23 e A=2 s™1 or lower was used for TEM imaging, except for
HRTEM which was recorded only once at RT. The beam was also blanked
during temperature ramping and EIS analysis. No changes in the sample
morphology or in the Ce oxidation state were observed as a result of beam
exposure according to imaging and EELS analysis.

Error Analysis:  Errors on reported calculated data can come from the
measurement of sample dimensions, gas pressure and temperature, and
EIS recording and fitting. All these errors are considered and presented as
error bars in the graphs. The details of the error analysis are presented in
the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Abstract

Establishing a stable and well conducting contacting material is critical for operando electron
microscopy experiments of electrical and electrochemical devices at elevated temperatures. In this
contribution, the nanostructure and electrical conductivity of ion beam deposited Pt are investigated
both in vacuum and in oxygen as a function of temperature. Its microstructure is relatively stable up
to a temperature of approx. 800 °C and up to an applied current density of approx. 100 kA/cm?. Its
conductivity increases with temperature, attributed to densification, with changes in the
hydrocarbon matrix being less important. Recommendations are provided with respect to the Pt
deposition parameters in terms of maximizing stability and minimizing electrical resistance.

Keywords: ion-beam deposited Pt, conductivity, resistance, operando electron microscopy, electrical
measurements

1. Introduction

In electron microcopy, in-situ and operando methods are becoming increasingly more important. In
particular, in transmission electron microscopy (TEM), the introduction of Micro Electronic
Mechanical System (MEMS) chip-based holders has led to the rapid development of methodologies
allowing to directly relate structure and composition with material functionality [1-10]. MEMS chips
are also employed in conjunction with scanning electron microscopy (SEM) for in-situ and operando
experiments [11,12].

One important class of in-situ/operando experiments involves electrical measurements, yielding the
electrical or electrochemical response of materials/devices with nanoscale dimensions [9,10,13,14].
Such experiments have given insight into e.g. solid state battery dynamics [15—19]. With the use of
combined heating-biasing holders, such measurements can be performed as a function of
temperature [11]. In a recent study, we showed that by combining the heating-biasing chips with an
environmental TEM (ETEM) it is possible to perform reliable electrochemical impedance
spectroscopy (EIS) measurements of solid oxide cell components in the TEM [20].

For electrical measurements, it is crucial to ensure sufficient electrical contact between the sample
and the current collecting pads of the MEMS chip. To realize this, lithography methods are
sometimes used to deposit a conducting material connecting the sample with the MEMS chip
[21,22]. Another method is ion-beam (IB) or electron-beam (EB) deposition using a focused ion beam
SEM (FIB-SEM) [23]. An advantage of this approach is that the sample can be mounted precisely on
the MEMS chip with a micro-manipulator while using the IB to deposit the conducting and
connecting material, as well as for further thinning and adjusting the sample and contact geometry.



Materials that are commonly available for IB deposition in a FIB are Pt [24,25], C [26], and W [27,28].
Other metals such as Au [29,30], Pd [31], Al [32], Cu [33], Fe [34], Ta [27], as well as insulators, e.g.
SiO; [35], and tetraethoxysilane (TEOS) [36] are also used. For electrical measurements in vacuum
and at RT, all metals can be used for contacting. For experiments at elevated temperature, a
thermally stable material must be employed. Here, C, W, Ta, Pt and Pd are the best candidates. If the
in-situ experiment is performed in a gas phase (e.g., in an ETEM), an inert contacting material is
required. For high temperature experiments performed in an oxidizing gas, materials that easily
oxidize cannot be used, which excludes C, W, Ta, Al, Cu, Fe, and to some extent Pd. Accordingly, Pt
stands out as the most versatile contacting material and seems to be the best candidate for in-
situ/operando experiments in oxidizing gasses at elevated temperatures. For these reasons, this
work focuses on Pt as electrical contacting material.

IB- and EB-deposited Pt has a complex nanostructure with a mixture of Pt nanoparticles and partly
decomposed Pt-containing hydrocarbon species from the precursor [23,24]. The Pt-to-hydrocarbon
ratio depends on the deposition conditions, with increasing Pt content upon increasing IB current
[24]. For EB deposition, the Pt content is typically lower [37]. For IB deposition, the material will also
contain ions from the FIB source (e.g. Ga, Ar, Xe, etc.).

The deposition method and conditions impact the conductivity of the deposited material. Tao et al.
reported that the resistivity of IB deposited Pt increases 10° times (from approx. 70 uQ cm to 70 mQ
cm) when decreasing the beam current by a factor of 10 (from 222 to 22 pA) [24]. The resistivity of
EB-deposited Pt is generally even higher, with reported values varying within a factor of 10° from
approx. 4 mQ cm [37] to approx. 1 Q cm [23]. Both IB- and EB-deposited Pt have much higher
resistivity compared to bulk Pt (approx. 0.1 uQ cm), making it challenging to carry out resistivity
measurements of highly conductive materials. Since IB-deposited Pt has higher conductivity
compared to EB-deposited Pt, this is usually the best choice as a contacting material. Only in cases
that require minimal overspray of the deposited Pt, it can be necessary to use EB deposition [15].

In the present study, we investigate the conductivity of IB-deposited Pt as a function of temperature,
up to 900 °C where instability of the contacting material was observed. The experiments are carried
out both in vacuum and in 2 mbar of O, in an ETEM, to study the possible influence of an oxidizing
gas environment. In addition, the relation between the applied current and internal Joule heating of
the Pt is described. Finally, we investigate the effect of a thermal oxidation pre-treatment to remove
the hydrocarbon precursor from the IB-deposited Pt to form a pure metallic Pt contacting material.

2. Methods

2.1 lon-deposition

Pt was IB-deposited on commercial MEMS heating-biasing chips (DENS solutions). The conditions for
the various depositions are presented in Table 1. In all cases, the precursor CsHsCHsPt(CHs);
(purchased from Zeiss) was used.

Table 1: lon beam deposition conditions, deposition thickness and conditions for the in situ experiment.

Acronym | lon | Voltage (kV) | Current (pA) | Thickness (nm) | In-situ condition
GaPt Ga 30 20 80 2 mbar O,
ArPt Ar 30 200 200 vacuum
XePt Xe 30 300 200 vacuum




2.2 Microscopy and Electrical measurements

Imaging and electrical measurements were conducted in a Crossbeam 1540XB SEM with a field-
emission gun (ZEISS), a TM3000 SEM (ZEISS) with an Quantax EDS detector (Brucker), and a Titan 80-
300 ETEM [38]. TEM images were recorded at 300 kV using a OneView Camera (Gatan). SEM images
were recorded with the Crossbeam at 10 kV using an Everhart Thornley Detector and with the
TM3000 at 15 kV using a backscatter detector.

For experiments in vacuum, the heating and electrical polarization were performed using a Keithley
Model 2450 and the Impulse software (DENS solutions). The MEMS chips were connected to the
Keithley via a Lightning heating-biasing TEM holder or an in-situ FIB stub in the FIB-SEM (both DENS
solutions). Four probe measurements were conducted by applying a constant current in steps up to
2 mA while measuring the voltage from which the resistance was calculated.

For the ETEM experiment, a Gamry FAS2 Femtostat was connected to the TEM holder. Two-point
electrochemical impedance spectroscopy (EIS) was conducted within the frequency range 0.1-10° Hz
and amplitude of 20 mV. The method of combining EIS with ETEM for nanoscale samples in gasses
and elevated temperatures has recently been described in detail [20]. The resistance was obtained
from the analysis of Nyquist plots. For comparison, linear sweep voltammetry (LSV) in the range 0-5
mV was also conducted and the resistance was extracted from the slope. The measured resistances
from EIS and LSV were almost identical and only the values from EIS are presented in the following
analysis. The ETEM experiments were performed in 2 mbar O..

For all experiments, the temperature was ramped stepwise. Imaging and electrical measurements
were performed while keeping the temperature constant. For the TEM analysis, the temperature
ramping rate was 100 °C/min while for SEM it was 3 °C/min. To minimize the influence of the
electron beam, the sample was only exposed when images were recorded, blanking the beam
otherwise.

The resistivity and conductivity are calculated from the resistance by using the sample geometries.
Here, the inner distance between the chip electrodes is used as the sample length. The width is
measured from the SEM or TEM images. For the ETEM experiment, the Pt was deposited on the
approx. 20 nm thick electron transparent SiN window. An approximately 80 nm thick Pt film was
deposited in the center enforced by thicker layers (approx. 130 nm) on the sides. The thicknesses
were measured using electron energy loss spectroscopy (EELS). For SEM experiments, the Pt was
deposited on the 400 nm thick SiN support membrane. In this case, EELS measurement was not
possible, due to the large total thickness, and the indicated Pt film thicknesses (Table 1) are the
expected values according to the chosen deposition parameters.

3. Results and discussions

3.1.  Conductivity at room temperature

Figure 1 presents SEM images of the deposited Pt films connecting the electrodes on commercial
MEMS chips for in-situ/operando microscopy (deposition parameters described in Table 1). In this
work, the Ar IB deposited Pt is not perfectly uniform and cavities or holes are observed (Figure 1a).
On the contrary, the Xe and Ga ions give a more uniform deposition (Figure 1b-c). The inhomogenity
will result in a larger uncertainty when calculating the resistivity from the measured resistance
because the Pt film geometry is less well-defined.
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Figure 1: SEM images of MEMS chips with (a) Ar, (b) Xe and (c) Ga IB deposited Pt films.

Figure 2 presents the resistivity and conductivity as a function of ion current for the IB deposited Pt
(deposition parameters described in Table 1). Generally, the conductivity increases as a function of
the ion current, and this trend is consistent with a previous report from Tao et al. [24].

The resistivities of the IB deposited Pt films are 103-10° times higher than that of metallic Pt.
According to Bruggeman’s model the conductivity for a porous material, g,or depends on the
conductivity of the bulk material, gsuk, the volume fraction of the conducting phase, € and the
tortuosity, tin the following way [39]:

£
7, . — ﬂ_b =
por ulk

The equation shows that the conductivity of the porous material is controlled by structural factors.
Increasing porosity or tortuosity will decrease the conductivity. The relatively low conductivity for
the IB deposited Pt according to Figure 2 is partly due to its porous nature with tortuosity values
greater than 1. The deposited Pt may even, to some degree, consist of poorly connected Pt islands
on the basis of previously reported nanostructures for EB deposited Pt [23].
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Figure 2: Resistivity (black and grey) and conductivity (red) as a function of ion current for IB deposited Pt. Data for Ga ions
(triangles), Ar ions (circles) and Xe ions (squares) are compared to reference data [24] for Ga ions (X’s). For the reference
data the total ion dose was varied and the X’s indicate the maximum and minimum values for each ion current.

3.2.  Conductivity as a function of temperature
The temperature of IB deposited Pt (Figure 1a, ArPt in Table 1) was elevated in the high vacuum of

an SEM (< 10° mbar).
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Figure 3a (open symbols) shows that the resistivity decreases (and conductivity increases) as a
function of temperature up to 500 °C. The filled symbols present the resistivity and conductivity
after ramping the temperature down and shows that the changes are irreversible. Zhong et al.
observed a similar but much more pronounced trend for EB deposited Pt with approximately 103
times larger decrease in resistivity within the same temperature range [23]. They explained the
temperature dependence by Pt crystallization and grain growth [23], leading to lower tortuosity and
possibly lower porosity.

Below 500 °C, supported Pt nanoparticles are known to be relatively stable and the particle growth is
not likely due to Ostwald ripening or particle migration [40—44]. The Pt particle growth could instead
be due to the coalescence of Pt nanoparticles already in physical contact [45,46], and perhaps due to
further decomposition of deposited Pt precursor.

When using deposited Pt as electrical contacting material, it is important that the resistivity is stable
within the measuring conditions. According to Figure 3a, the resistivity stays within approx. 1 mQ cm
over a temperature range of approx. 500 °C. Larger changes in the measured resistivity of a sample
connected to the electrodes with IB deposited Pt can therefore be attributed to the actual sample
and not to changes in the contacting material.
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Figure 3: Resistivity (black) and conductivity (red) as function of a temperature for IB deposited Pt (a) Ar-IB, in vacuum, (b)
Ga-IB, in 2 mbar O in an ETEM and (c) Ar-1B, in vacuum after being heated to 500 °C in ambient air. The filled circles in (a)
presents the measured values after ramping the temperature down.

3.3. Low oxygen pressure

In some cases, operando microscopy experiments are conducted in reactive gasses [20]. In an
oxidizing environment, it can be expected that the hydrocarbon matrix and the surface of Pt will
oxidize [47]. The conductivity of IB deposited Pt (GaPt in Table 1) was investigated in an ETEM in 2
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Figure 3b shows that the decrease in resistivity (and increase in conductivity) in 2 mbar O, up to 500
°C is approximately 10 times larger than that in vacuum. At the temperatures above 500 °C, the
resistivity is relatively stable, until 900 °C where it increases by a factor of about 103.

Figure 4 presents EELS spectra in the energy range of the carbon edge (284 eV) recorded during the
same experiment as presented by Figure 3b. The spectra show the presence of carbon in the sample
at 300 °C and 400 °C, while the carbon has been fully removed at 500 °C. The sample was kept at 500
°C for 25 min before the EELS spectrum was recorded. This shows that the hydrocarbon matrix is
removed by thermal oxidation, and that metallic Pt remains as the contacting material.



Intensity (a.u.)

1 1 1 1 1 1
250 260 270 280 290 300 310 320

Energy loss (eV)

Figure 4: (a) EELS spectra of Ga IB deposited Pt recorded at 300 — 500 °C in 2 mbar O,. The spectra energy range is chosen to
show the C K-edge. The spectra are shifted relative to each other on the y-axis to avoid overlap.
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Figure 3b) is therefore not related to changes in the hydrocarbon matrix but must be associated with
changes in the Pt nanostructure. This is supported by the ETEM images recorded in the same
experiment (Figure 5). Up to 800 °C, the nanostructure of the deposited Pt appears to be relatively
stable, despite the removal of the hydrocarbon matrix at 500 °C. At 850 °C, and more pronounced at
900 °C, Pt coarsening is observed as larger structures appear and larger contrast differences indicate
regions with varying density of Pt. Since no Pt is added to the sample during the experiment, the Pt
added to the denser regions must have migrated from other areas which leads to increased
tortuosity.
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Figure 5: (a) presents a TEM image of Ga IB deposited Pt. (b-g) presents TEM images of the sample region marked by a red
box in (a) as a function of temperature in 2 mbar O,. The images are recorded approx. 5 min after reaching the indicated
temperatures. (h) presents a TEM image recorded at 900 °C and at the same magnification as (a).
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Figure 3 and Figure 5 show that IB-deposited Pt is relatively stable in O, at temperatures up to 800 °C
both in terms of structure and conductivity. This means that IB-deposited Pt can be used as electrical
contacting material for operando microscopy experiments in oxidizing gasses and up to approx. 800-
850 °C. Above this temperature, the IB deposited Pt is not stable in O, and the electrical
measurements are likely to be influenced by the drastic resistance increase in the contacting
material.



3.4. High oxygen pressure

Although Pt is a noble metal, it is known that nanostructured Pt can surface oxidize [47]. In our case,
where the electrical contacting material consists of connected Pt nanodomains, such surface
oxidation may influence the overall conductivity. The ETEM experiment presented in the previous
section was conducted in a relatively low oxygen pressure of 2 mbar. In this section, we present how
the Pt conductivity is influenced when the oxygen pressure is increased by a factor of 100.

To investigate this, the in-situ SEM experiment presented in
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Figure 3a was stopped after reaching 500 °C, the in-situ stage was removed from the SEM, the
temperature was raised to 500 °C and kept for about 20 min in ambient air.
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Figure 3c shows the temperature dependence of the resistivity (and conductivity) in the vacuum of
the SEM after this treatment.

Interestingly, the oxidation in the higher oxygen concentration led to an increase in the resistivity by
a factor of 10 (comparing Figure 3a and 3c). Complete removal of the hydrocarbon component is
anticipated to occur with the treatment in air (Figure 4). The observed change must therefore be
related to the Pt component and/or the film micro- and nanostructure. A treatment in 210 mbar O,
will not lead to bulk oxidation of Pt, but it is known that surface-oxidation will take place [47]. It is
likely that the higher O, concentration when heating in ambient air, leads to Pt surface oxidation to
an extent that it worsens the electrical connections between metallic Pt nano-domains.



In conclusion,
a) i b) in 2 mb C) i fter oxidation at 500 °C
70 In vacuum in mbar oxygen 20 80 in vacuum after oxidation a 14
{24 X
g i | 70 ]
85 %%% 1 E , T 25 T 12 £
g gt @ » TE60 \f\ o &
a8 4 e 20 2 \ 1% Ss / ‘e
g Pog ez : F s
= 18 2 15 2 T 2
>55 . E/H >40 -
s #7 N | B £ = VA -
G 5ol Sapere 3 03 %30 , E
2 143 ls 8§ &20 1 8
451 112 10 o™ 12
1 K o o
40 10 0 9
0 100 200 300 400 500 0 200 400 600 800 1000 0 100 200 300 400 500 600 700 80
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 3 shows that in vacuum a pretreatment at 500 °C can stabilize the conductivity of IB
deposited Pt. A similar pretreatment in ambient air will not stabilize the conductivity of IB deposited
Pt, if the following operando experiment is to be carried out in vacuum.

3.5.  Influence on conductivity from Joule heating

In the previous section, we found that the IB-deposited Pt is relatively stable as electronic contacting
material at temperatures up to approx. 800-850 °C. This is, however, only when Joule heating from
the electrical current in the Pt is not considered. In this section, we study the effect of electric
current on the stability of the film.

In the vacuum of the SEM, films of deposited Pt (ArPt in Table 1) were exposed to a stepwise
increase in the applied electrical current until a sudden decrease in electrical conductivity was
observed. This was done for two different films: one kept at room temperature and one at 800 °C,
just below the temperature where the IB-deposited Pt becomes unstable in 2 mbar O, according to
Figure 3b.

Figure 6 presents the measured resistivity (and conductivity) as a function of current density at RT
and at 800 °C. At RT, the resistivity is relatively stable for current densities up to approx. 100 kA/cm?.
At higher current densities, the resistivity decreases until a sudden increase at approx. 320 kA/cm?.
On the basis of the temperature dependence of the resistivity (Figure 3), this behavior can be
attributed to the influence of Joule heating.
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Figure 6: Resistivity (black) and conductivity (red) as function of applied current density through IB deposited Pt films
measured in the vacuum of an SEM at RT (open symbols) and at 800 °C (filled symbols).

An SEM image was recorded for each step in applied current, showing no structural changes until
reaching 320 kA/cm?. Figure 7 shows that the structure changed significantly when going from 290
to 320 kA/cm?. Inhomogeneities and holes were also observed in the Pt chip electrodes when
applying a current density of 320 kA/cm?2. Mele at al. performed a similar experiment using Ga IB
deposited Pt and observed loss of electrical contact at approx. 500 kA/cm? [1], which is in the same
order of magnitude to the value observed in the present study. EDS analysis (Figure 7c) shows that
the bright pattern that appears around the film during exposure to a current density of 320 kA/cm?
(Figure 7b) consists of Pt, apparently mobile in the heated region between the microelectrode
contacts that act as heat sink.

C) EDS line scan after experiment
Counts

Figure 7: (a-b) SEM images of a MEMS chip with Ar IB deposited Pt recorded at RT when applying a current density of (a)
290 kA/cm? and (b) 320 kA/cm?Z. (c) EDS line scan overlayed with an SEM image. The yellow lines in (b) and (c) indicate
where the line scan was recorded.

When raising the temperature via the heating element of the chip and Joule heating via an electric
current through the deposited Pt, it can be expected that loss in the electrical connection will be
observed at lower currents compared to RT. Indeed, as shown in Figure 6, the resistivity at 800 °C is
relatively stable only up to approx. 60 kA/cm?, while it increases abruptly above this value.

From these results, we conclude that when using IB deposited Pt as electrical contacting material,
the applied current densities should be kept below a few hundred kA/cm? to operate in a stable
regime. However, when the temperature is raised by a heating element on the chip, the maximum
current density limit needs to be lowered. The higher the temperature, the lower the limit.
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3.6. Time and electron beam

Two limitations should be mentioned regarding the present results. The effect of time and of the
electron beam has not been investigated in this study. Even though the IB deposited Pt was
relatively stable at 800 °C below approx. 60 kA/cm? or at RT below approx. 300 kA/cm?, instability
may have been observed if the experiments were performed over a longer time span as
electromigration over time can cause disconnection [48].

Also, it has been well-documented that Pt nanostructures are sensitive to effects of the electron
beam and can easily be mistaken for thermal instabilities [41]. In this study, the beam dose was
minimized in the electron microscopes by only exposing the sample to the electron beam when
images were recorded, and the beam was otherwise blanked. The images showed no signs of
structural changes by the beam. However, it cannot be fully excluded that the electron beam had an
effect which was not observed in the images, but nevertheless influenced the electrical
measurements.

4. Conclusion

IB deposited Pt is a good option as electrical contacting material when performing in-situ or
operando electron microscopy in vacuum or in oxygen, and at temperatures of 20-800 °C. The
structure of the IB deposited Pt is relatively stable up to a temperature of approx. 800 °C and up to
an applied current density of approx. 100 kA/cm?. The conductivity is observed to irreversibly
increase as a function of temperature. This is mainly explained by thermally activated coarsening
and densification of the nanostructured Pt. On the contrary, high temperature treatment in ambient
conditions can deteriorate conductivity, likely by Pt surface oxidation.

The resistivity of IB deposited Pt films is generally high compared to good electronic conductors. For
example, 103-10° times higher than that of bulk metallic Pt. This can make it challenging to conduct
accurate measurements on highly conducting materials. The routes to lowering the resistance of the
contacting material is a) depositing thicker layers and b) reducing the resistivity. The resistivity of the
contacting material can be reduced by increasing the applied ion current during deposition and by
thermal annealing at a temperature of 500 °C in a few mbar of oxygen.
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Research Highlights

It is feasible to use ion beam deposited Pt as electrical contacting material in operando electron
microscopy. The deposited Pt is relatively stable up to 800 °C and approx. 100 kA/cm?. The resistivity
can be reduced by increasing the applied ion current during deposition and by thermal annealing at
a temperature of 500 °C in a few mbar of oxygen.

Graphical Abstract

Electrical
contacting
material

lon beam deposited Pt is found to be a stable and well conducting contacting material for operando
electron microscopy experiments at temperatures below 800 °C.
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