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1 Summary

This Ph.D. project has been devoted to the exploration of charge transport phenomena in
transition metal oxide (TMO) thin films and particles. For this purpose, new experimen-
tal methods combining microfabrication processes with different characterization methods
from the fields of electrochemistry and/or optical spectroscopy were developed. These
methods were employed to study the diffusion of hydrogen in tungsten trioxide (WO3) thin
films, as well as electronic and ionic charge transport in single micrometer-sized lithium-

nickel-cobalt-manganese-oxide (LiNij /3Co1/3Mny,302, NCM 111) secondary particles.

By optically monitoring the diffusion of hydrogen in WOg thin films, which resulted from
the generation of a concentration gradient due to locally confined hydrogen insertion, the
influence of the thin film morphology on the diffusion process was studied. The experimen-
tal data were modeled by simulations using a concentration-dependent diffusion process.
Contrary to what is reported in the literature on WO3 thin films, the diffusion of hydrogen
in polycrystalline thin films is faster than in amorphous thin films. Additionally, direct
evidence for the influence of the hydrogen concentration on the diffusion processes was
given, which differs depending on the thin film morphology. This novel finding potentially
challenges the interpretation of experimental results from earlier studies on this material
reported in literature. The results led to the first publication “In Situ Monitoring of Lateral
Hydrogen Diffusion in Amorphous and Polycrystalline WOg Thin Films”.

The investigation of charge transport in single secondary NCM 111 particles was aimed
at the characterization of ionic and electronic charge transport in single micrometer-sized
particles of this material. As an electrochemically active material, which has the ability to
reversibly store Li" ions, it is used in cathodes in lithium-ion batteries (LIBs) and therefore
belongs to the group of “cathode active materials” (CAMs). Although several reports on
the investigation of electrochemical properties of single CAM particles can be found in the
literature, ionic and electronic charge transport have not been studied on a single particle
level before; thus the goal was to fill this experimental gap. This involved the development
of a specially designed cell, the preparation of samples containing immobilized single parti-
cles on defined positions, the actual execution of different electrochemical experiments on
single particles, the implementation of simulations, and modeling the observed correlations
between derived parameters and the particle size. The results of these experiments and
simulations suggested that the method introduced offers a successful approach for investi-
gating charge transport on single-particle level and revealed an aspect of charge transport
in such particles, which has not been previously reported: the identification of the preferred
conduction pathways for lithium ions and electrons in this mixed-conducting material. The

second publication “Charge Transport in Single NCM Cathode Active Material Particles



1 Summary

for Lithium-Ion Batteries Studied under Well-Defined Contact Conditions” discusses the

corresponding findings.

In order to put the content of this thesis into a wider perspective, a short Introduction
in an eponymous section is provided. The following section Fundamentals gives some
basic information about the material systems investigated to facilitate the understanding
of the results illustrated by the two peer-reviewed publications in the section Results and
Discussion. The last section of this thesis Conclusions and Outlook summarizes the content
and outlines future tasks and opportunities for further research, to which the presented

experimental approaches provide access.



2 Introduction

In 2018, the growth rate of global energy consumption (2.3 %) was nearly twice the average
growth rate of the past decade [1|. This increasing pace is accompanied by the highest
growth rate of the global energy-related carbon dioxide (COz) emissions (1.7 %) since 2013
[1]. There is a very strong consensus among climate scientists that the origin of climate
change occurring is anthropogenic |2, 3]. Thus, there is a high demand for technologies
capable of reducing global energy consumption and COg emissions. Meeting this demand
should be considered an important measure in assuming responsibility toward developing
countries, which contribute less to climate change but are acutely vulnerable to negative

impacts [4], and toward future generations.

This circumstance, among others, is driving a constant advancement of existing and new
technologies, especially in the sectors of building and construction as well as transportation,
due to their large contribution to both the global energy consumption (64 % in 2018) and
the global energy-related COg2 emissions (62 % in 2018) [1]. Such an advancement leads
to a multitude of new materials, with ever-increasing variety [5]. In most cases these new
materials are investigated according to applications they are intended for. Such a restriction
is necessary to enable a feasible and economic optimization along with a direct assessment
of the material of choice in terms of performance in an application. However, criteria
other than the ability of a material to enable certain applications due to its properties
potentially fade from the spotlight, despite having a crucial role in sustainability. Such
criteria may take into account different aspects such as the availability of natural or human
resources, energy, time, or money, which are required for the production, recycling, or waste
management, under given geopolitical, socio-economic, or governmental circumstances and
regulations. The priority of each criterion strongly depends on the material system of
interest and the time at which these criteria are assessed. Materials that are more affected
by these criteria than others are often called “critical” materials [6, 7] which, according to
the definition of criticality in terms of the European Commission [8], are characterized by

a high supply risk and a high economic importance.

This applies to the transition metals tungsten and cobalt [9], whose oxides exhibit valuable
properties for certain “energy technologies”, i.e., technologies with a high potential for
reducing global energy consumption and global energy-related CO9 emissions. The fact
that tungsten and cobalt are considered critical is the result of studies that have evaluated
many of the aspects mentioned above. Details on the assessment of the criticality of
tungsten and cobalt can be found in the literature [8, 9]. Some aspects worth mentioning

are listed here to understand their diversity and scope:



2 Introduction

o Unique material properties reduce the possibilities for substitution. For instance,
cobalt has the highest known Curie temperature at 1121 °C [8]; tungsten has a melting
point of 3422°C, which is the highest melting point of all elements. It also has
a comparably high density of 19.3gcm™3 [10], and the use of both materials can

increase the hardness or the corrosion resistance of an alloy [§].

o Unevenly distributed shares of the global mine production potentially increase the
supply risk. Between 2010 and 2014, 84 % of the world’s tungsten production came
from China and 64 % of the world’s cobalt production came from the Democratic

Republic of Congo (DRC) (five-year averages) [8].

o The purchase of cobalt and tungsten has a high potential to support armed groups
and illegal mining, and consequently human rights violations and adverse working
conditions in the mines. Tungsten and its minerals are considered a conflict mate-
rial /mineral; the supply chain is the subject of a European Union regulation that
comes into effect on January 15¢, 2021 [8, 11] and the Dodd-Frank Wall Street Re-
form and Consumer Protection Act of the US government [12]. The latter also affects
other minerals, which potentially finance conflicts in the DRC and other countries
[12].

It is desirable to reduce the extent by which a product and its price are affected by such
aspects. One way this can be achieved is by replacing critical materials with less crit-
ical ones, or by reducing the amount required for a given product to meet the desired
specifications. This requires a detailed understanding of the material properties and the
microscopic processes, which determine the specifications of an application but are not
well understood due to their complexity. While this understanding is not a requirement
for an empirical optimization process, it is very attractive from a scientific point of view
and crucial for the development of new applications, systematic approaches regarding the
adjustment of certain material properties, or the reduction and substitution of critical ma-
terials. This especially holds true for transition metals and transition metal oxides (TMOs)
possessing an electronic system that is very sensitive to modifications of almost any kind

and is responsible for their use in many technologically relevant applications.

Relevant and illustrative examples for the aforementioned conflict from the sectors of build-
ing, construction, and transportation are, e.g., technologies such as “smart windows” [13|
and lithium-ion-batteries (LIBs) [14]. The former are capable of regulating the flow of
electromagnetic radiation through glazing and are a very promising technology to reduce
the contributions of temperature control inside buildings to their overall energy consump-
tion and greenhouse gas emission [15-17]. The latter — probably more popular — example
of the LIBs, for which John B. Goodenough, M. Stanley Whittingham and Akira Yoshino
were awarded the Nobel prize in 2019 [18], gained increasingly more technological rele-
vance due to their potential for replacing conventional combustion engines in vehicles and

the predicted consequential reduction of greenhouse gas emissions [19]. Both technologies
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experienced a pronounced increase in their market share [20, 21|, are in the focus of cur-
rent industrial research and development, and, to a certain extent, rely on the reversible
insertion and extraction of charge carriers into TMOs. In both cases, specifications like col-
oration efficiency, bleached- and colored-state transmittance, response or switching time,
and long-term durability (for “smart windows”), or cell and operating voltage, discharge
capacity, energy density, power density and cycling stability (for both applications) are

used to compare different concepts and the material performance on a device scale.

The insertion, extraction, and transport of different charge carriers determine the perfor-
mance of these materials to a large extent but are in many cases not well understood,
often due to experimental difficulties related to the individual characterization of single
thin films in “smart windows” or especially single particles in composite electrodes of LIBs.
Thus, providing experimental access to the characterization of charge transport and gaining
deeper insights into well-known representative materials from both examples is an impor-
tant contribution to the improvement of existing technologies and the development of new

ones. The impact in a scientific and economic sense will be determined in the future.

11






3 Fundamentals

TMOs, as well as their applications, have been investigated intensively for several decades.
However, still open research questions remain as the class of TMOs is so versatile. Hence,
it is desirable to introduce the materials, important properties, and current state-of-the-art
technologies based on these materials in order to provide an adequate scientific background
to follow the ideas discussed in the publications and to be able to place them into an

appropriate context.

3.1 Electrochromism and Electrochromic Materials

Electrochromism describes the ability of a material or material system to reversibly change
its optical properties in the visible and near infrared range of the electromagnetic spec-
trum as a response to an applied bias that oxidizes or reduces an electroactive species
[20, 22-24]|. Based on this definition®, electrochromism can be attributed to rather differ-
ent processes involving either redox reactions of soluble species (type I, e.g. oxidation of
dimethyl viologen dichloride in an aqueous potassium chloride solution [26]), redox reac-
tions followed by the subsequent formation of an insoluble deposit on an electrode surface
(type II, e.g. reduction of diheptyl viologen ions in the presence of bromine ions [27]) or
the insertion/extraction of ions and electrons into particles or thin films representing an
electrochemically active layer (type I1I, e.g. electrochemical reduction of a WOj3 thin films
[28]). Independent of the number of components necessary to induce an electrochromic
(EC) coloration or bleaching process, the terms “electrochromic material” or “EC mate-
rial” are used here for the sake of convenience. A further classification of EC materials
is often based on the reaction that triggers the coloration. While a cathodic EC mate-
rial colors upon reduction of the electroactive species, the oxidation of an electroactive
species initiates the coloration of anodic EC materials. This definition is represented by

the corresponding reaction equations

cathodic EC materials: EC* +4uze Leduction, p(=-a) (3.1)
(transparent) oxidation (colored)
xidati
anodic EC materials: EBC: L pole) re (3.2)

(transparent) reduction (colored)

in which an EC material EC*, with z being an arbitrary oxidation number of the corre-

sponding electroactive species, colors either upon reduction or oxidation [29]. To compare

® The term “electrochromism” was originally introduced by John R. Platt to describe the response of
organic dye-molecules in solution on the application of an electric field across the solvent, as shifts in
absorption and emission spectra can arise due to electric-field induced switching between two resonance
structures [25].

13



3 Fundamentals

the performance and the applicability of different EC materials on a device level, different

aspects and physical quantities describing an EC material system need to be addressed:

14

o The sensitivity of the human eye depends on the wavelength of the detected radiation

and color impressions can vary considerably. To quantify the color of an EC material
in a certain state, the CIE 1976 L*a*b* color space of the International Commission

on [lumination (Commission internationale de 1'éclairage, CIE) is often used [20].

The transmittance change (sometimes also called “contrast” or “contrast ratio”)
of an EC material achieved during coloration or bleaching AT'()\) is defined as the
difference between the transmittance in the fully oxidized state Tox(A) and fully
reduced state Tieq(A) according to

AT(A) = TOX(A) - Tred(A)' (33>

Changes in the optical properties usually affect AT'(\) in an extended spectral range,
which requires the specification of a wavelength or a spectral range over which the
transmittance was integrated [30]. If electrochromic materials possess two states with
two different colors, a more sophisticated comparison is necessary. In these cases, the
so-called “photopic contrast”, taking the sensitivity of the human eye into account,

is used [31]. The photopic contrast can be calculated by

A,Tphotopic = (34>

where AT'(X), S(\), and P(A) are the difference between the spectral transmittance of
the EC material in the oxidized and reduced state, the normalized spectral emittance
of a 6000K blackbody, and the normalized spectral response of the human eye,

respectively.

The time necessary to complete an optical transition between an oxidized and a
reduced state, or a bleached and a colored state, is referred to as switching time or
response time. In some cases a further differentiation is used to describe the time
necessary for coloration (coloration time) or bleaching (bleaching time). An attempt
has recently been made to establish a standard method for the determination of
the switching time that is independent of the EC material and can also be applied
to the transmittance change of EC devices [32]. This attempt is motivated by the
observation that the transmittance change AT'(A,t) of different EC materials can be

adequately described by

AT(A 1) = ATimax(A) (1 _ e—$> , (3.5)



3.1 Electrochromism and Electrochromic Materials

if square-wave potential steps with varying pulse length t are used to induce an
optical transition. The time constant 7 is then equal to the pulse length tg3 of a
square-wave potential step that is required to obtain a transmittance change of 63 %
of the maximum transmission change ATax(\) observed at large pulse lengths [32].
However, influences of EC thin film degradation or the applied potentials on the

parameters AT ax(A) and 7 will still have to be taken into account.

« A quantity relating the changes of the absorbance®* AA;o(\) with the electric charge
per area necessary to induce these optical changes @4 is the EC coloration effi-
ciency ngc(\). The EC coloration efficiency ngc()) is usually given in ecm? C~1 at

a certain wavelength and is defined as

Tox() >

log
nce(A) = A%Z(A) = (Alo’red(A)QAAlO’OX(A)) = “ <QTZed(/\) (3.6)

where Thx (M) and Tieq(A) denote the transmittance in the oxidized and reduced state,
respectively [29, 34-39]. According to this definition the sign of the coloration effi-
ciency of cathodic and anodic EC materials should differ, but in most cases absolute

values are reported.

o The changes in the optical properties of EC materials are induced by an applied
voltage. If the electrochemically reduced or oxidized species are stable enough, the
voltage can be removed and the EC material will stay in its redox state for a certain
time. Such EC materials exhibit a high optical memory when the device is taken
to open circuit and can be used in EC devices without a continuous power supply

20, 40].

» Strongly depending on the desired application, the reversibility of an EC process is
an important aspect to consider. While long-term degradation of EC materials leads
to decrease of the transmission change and thus limits their operational lifetime [41—
45], an irreversible EC process is required for the application of EC materials in
so-called “smart labels”. These labels will change color or become visible if, e.g.,
the temperature of a pharmaceutical /medical product exceeds a certain limit during
storage or inappropriate handling of a parcel containing sensitive materials leads to

damage of the contents [35].

# The coloration efficiency is in many cases defined using the term “optical density”. The usage of this
term is discouraged and the term “absorbance” should be used instead [33].

15



3 Fundamentals

Further aspects like industrial scalability, economic concerns, sustainability of the entire
production chain, and recyclability gain increasing importance for device manufacturing

and are also addressed in the literature [46-48|.

Many different materials, e.g., metal coordination complexes, organic molecular dyes, con-
ducting polymers, and TMOs, exhibit EC properties. This inherently leads to a wide range
of applications and devices relying on the EC properties of these materials. Windows that
can be reversibly switched between an opaque and a transparent state (“smart windows”),
combinations of “smart windows” with photovoltaics or solar cells; cheap and printable EC
labels; rear-view-mirrors, which are capable of reducing the glare caused by other cars;
EC displays; lenses; sunglasses; or “smart” textiles, generally called “EC devices”, rely on
these materials. An overview of EC devices as well as references containing more detailed
information can be found in the literature [20]. Depending on the requirements an EC
device needs to meet, the range of suitable EC materials is limited. For example, organic
EC materials exhibit many advantageous properties compared to inorganic ones like low-
cost processability, larger optical contrast, shorter switching times and a wider range of
colors. However, inorganic EC materials outperform most organic ones in terms of chemi-
cal, electrochemical, photochemical, environmental and thermal stability [20, 49] allowing
operational lifetimes of up to 10° cycles of coloration and bleaching [35, 50] with accept-
able decreases in the transmission change. This is one of the major reasons for today’s

dominance of TMO thin films in “smart windows” [20].

In principle, a “smart window” consists of several glass panes. The volume between two
panes, which is created by a spacer, is sealed at its boundaries inside the window frame and
can either be filled with air or other gases to enhance thermal insulation [51]. Typically,
one surface of the glass panes facing the inside of the window is equipped with a series of
thin layers that make up the EC component of a “smart window” as depicted in figure 3.1.
The EC component is protected by another pane of glass or alternatively by other means
like a polymer foil, increasing long-term stability. Thin films of a transparent electron
conducting material make up the outer layers of the EC device and enable electrical con-
tacting. Depending on the design, one EC thin film and an ion storage layer or two EC
thin films of opposite coloration behavior (see equations 3.1 and 3.2.) are connected to the
transparent conductors and separated by a purely ion conducting layer. The latter can be
a material such as a ceramic oxide [44, 52, 53] like TagO35, a polymer electrolyte based on
vinyl polymers [54], or a liquid electrolyte like lithium perchlorate (LiClO4) in propylene
carbonate (4-methyl-1,3-dioxolan-2-one, PC) [55].

If a voltage is applied between the transparent conducting layers, electrons and ions will
be inserted into or extracted from the EC layer, triggering redox reactions involving the
electroactive species in the EC layer and a color change of the window. By this the

transmittance of electromagnetic radiation can be regulated.

16



3.2 Properties of WO3 Thin Films

ion conducting

N EC thin film lai’ef EC thin film or

ion storage layer

4

glass
pane

transparent electron
conducting thin films

Figure 3.1: Schematic representation of a “smart window” with an EC component between
two glass panes (left, adapted from [15] and [44] with permission from Elsevier) and a cross-
section of the EC component (right) comprising transparent electron conducting thin films,
an EC thin film and an ion storage layer or a second EC thin film, as well as an ion
conducting layer between them.

The cathodic EC material that is most frequently used in today’s “smart windows” is a
WOj3 thin film®. The description of a bluish tungsten oxide compound was first reported
in 1816 [56]. Changes of the optical properties of WO3 upon reduction have also been
known since 1930, when this effect was used to detect atomic hydrogen [57]. The first
known experiments on WOj3 thin films in an electrochemical cell date back to 1953 [22],
but it took until 1969 to become public. In this year Satyen K. Deb published his findings
in a report [58|, which is often referred to as the beginning of research on electrochromic
WOs3 thin films. Today, WOs3 is one of the most intensively studied EC materials and often
regarded as a model system for investigations, although details on certain properties are
still under debate. A better understanding of these details will lead to better devices in

the future and should enable widespread application.

3.2 Properties of WO3; Thin Films

The crystal structure of WOs3 consists of corner-sharing WQOg octahedra and is often de-
scribed as a defect perovskite, due to its similarities to the structure of the original per-
ovskite with the general composition ABOs. By conceptually removing the cation A%

from the corners of the perovskite unit cell, the unit cell of a BOgs defect perovskite is

# According to a statement of Prof. Dr. Claes G. Granqvist, Head of the Angstrém Laboratory, Uppsala
University, on August 28", 2019, 11:09 am.
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3 Fundamentals

obtained. The crystal lattice built-up from such a unit cell is a network of BOg octahedra
that is similar to the cubic crystal structure of ReO3 [59] and provides a three dimensional
network of vacancies at the corners of the BO3 unit cells. Figure 3.2 illustrates the corre-
lation between the structures of a perovskite, a defect perovskite and the network of BOg

octahedra.

ABO3

@/@

Figure 3.2: Images of the unit cells of a perovskite with the composition ABOg3 (top left),
a defect perovskite with the composition BO3 (bottom left), and a 3 x 3 x 3 supercell
built-up from the unit cell of a defect perovskite (right). The representation of the defect
perovskite unit cell is reduced to a BOg octahedron; O%” ions at the corners, as well as a
B%" ion in the center are omitted. The open circles at the corners of the unit cell indicate
vacancies, which are occupied by A?T ions in the perovskite structure. This crystal lattice
is a regular network of ideal BOg octahedra with open channels in all three dimensions.

The open structure of a defect perovskite provides channels and transport pathways for
interstitial ions, which is advantageous for the reversible insertion and extraction of small
ions like H" and Li". The network of octahedra described is sensitive to changes in
the temperature or the degree of protonation/lithiation and can adopt several crystal

structures.

The structural properties of WO3 are caused by certain types of interactions between W
and O%" ions. Probably due to the structural similarities, the binding properties in WO3
are often explained in reference to those found in the cubic structure of ReOs [60-63].
A drawback of this approximation is a limited extent to which the description of cubic
WOs3 can be used to explain experimental observations involving other crystal structures
of WOg; for example, it underestimates the band gap [64]. The electronic configurations of
tungsten and oxygen are [Xe]4f'45d*6s? and 1s?2s%2p?, respectively. In a simplified view

of purely ionic bonds between W5 ions and 0%~ ions, six electrons originating from W 6s

18



3.2 Properties of WO3 Thin Films

and W 5d orbitals fill the O 2p states of three oxygen atoms completely, resulting in W¢"
and three O?~ ions. The Madelung potential and the electrostatic splitting cause a shift of
the ionic states and lead to splitting of the W 5d and the O 2p states. The energetic states
determining the band structure of WOs3 are one filled O 2p|, two filled O 2p, three empty
W 5dy,,, and two empty W 5d,, states. The resulting electronic band structure comprises a
filled O 2p valence band, an empty W 5d conduction band separated by a band gap, which
makes WO3 a semiconductor. Reported experimental values for the band gap energy of
WO3 are 3.52eV [65] for a direct band gap, and vary between 2.59 eV, and 2.79eV for an
indirect band gap [65-68|. More detailed descriptions of the electronic structure, based on
molecular orbital theory, suggest that components of W 5d and O 2p orbitals are present
in both electronic bands due to hybridization and covalent mixing of O 2p and W 5d states
[62, 63, 69].

Changes in the electronic structure of WOg3 have a strong impact on the structural prop-
erties [63, 70-72] and may induce phase transitions. While a certain consensus on this
correlation exists, explanations differ and are based on increasing covalent interactions be-
tween W 5d and O 2p orbitals [70], decreasing W—0O bonding strength [71], or a lowering of
the conduction band [72]. In general, the electronic and optical properties of TMO d-band
perovskites are mostly determined by the binding properties between the transition metal
and octahedrally coordinated oxygen ions. The contributions of an additional cation, as
found in the regular perovskite structure, are often neglected, although the electrostatic
potentials of such a cation may have a strong influence on the energy of the valence and
conduction band [73|. This approximation is also called “rigid band” approximation and
refers to the rigidity of the band structure of ionic perovskites with a comparably large
band gap like SrTiOg [74]. However, an external stimulus that causes the filling of the
W 5d band can lead to changes in the crystal structure of the material. Stimuli that in-
duce such an n-doping of WO3 could be, e.g., the incorporation of oxygen vacancies V)
[75, 76] according to

WOs3 — WO3_, + E02, (3.7)

(transparent) (colored) 2

or the insertion of small ions A" and charge compensating electrons by electrochemical

means |77, 78]. The latter is often represented by the reaction

W03 +4ze +2AT — A, WOs. (3.8)

(transparent) (colored)

which, according to the definition in reaction equation 3.1, makes WO3 a cathodic EC ma-
terial that is colored upon reduction. This macroscopic picture is sufficiently accurate for
studies aiming at empirical optimization for specific applications. However, even though
the changes in the optical properties are similar [75], the processes taking place upon
oxygen vacancy formation and cation insertion have different impacts on the electronic
conductivity of the material and lead to structural changes [79]. Several other phases like

WO- and so-called Magnéli phases with the overall composition W,,,O3,,,—1 and W,;,Og,,—2
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3 Fundamentals

(m =1,2,...) are known to form upon the formation of oxygen vacancies and shear dislo-
cations as x in WO3_, exceeds 10~* [80]. This aspect becomes even more obvious from
the W-O phase diagram depicted in figure 3.3 [81|. The assignment of Greek letters «, 3,

and ~ indicates changes in the crystal structure of WOj3 in accordance with figure 3.4.
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Figure 3.3: Phase diagram of tungsten and oxygen (W;_,0,) at 1bar with dotted
lines added speculatively (adapted by permission from Springer Nature Customer Ser-
vice GmbH: Springer Nature, Bulletin of Alloy and Phase Diagrams, “The O-W (Oxygen-
Tungsten) System”, H. A. Wriedt (©) 1989 [81]).

The structural transitions that occur when small ions are inserted are similar to those that
have been studied intensively in the past as a function of temperature, which are used
here to illustrate the correlation between the different structures. While WO3 exhibits a
monoclinic (Pc between 15K and 220K) [82, 83] or a triclinic phase (P1 (C}) between
220K and 290 K) [84-87] below room temperature, it crystallizes in a monoclinic (often also
referred to pseudoorthorhombic) phase (P2;/n) at temperatures above 290 K [85, 88-93|.
This modification shows a deviation of the unit cell angle 8 from 90° by about 1%, which
is caused by distortions, rotations, and inclinations of the WOg octahedra accompanied
by off-centering of W8 ions. At elevated temperatures, this monoclinic phase transforms
into an orthorhombic phase (92, 94| (Pben between 623 K and 1073 K [95], Pmnb between
740K and 973K [96]), which shows two additional structural transitions upon further
increasing temperature into tetragonal phases [92, 94| (P4/ncc at 1073 K, P4/nmm above
1171K) [95, 97-99]. Although a cubic WO3 structure was predicted to be energetically

20



3.2 Properties of WO3 Thin Films

less favorable than distorted networks of octahedra unless electrons in the conduction band
stabilize the cubic structure [63], the preparation of a cubic WO3 phase has been reported
[100-102|. In terms of the network of WOg octahedra, the different crystal structures of
WOj3 mainly differ in the tilting of the octahedra along different crystallographic axes.
A notation introduced by Glazer to classify systems containing tilted octahedra can be
applied to describe the different crystal structures [103]. In the so-called Glazer notation,
the three letters a, b, and ¢ denote the crystallographic directions [100], [010], and [001]
around which tilting occurs. If the tilting around two different directions is equal, the
same letter is used in some cases. To indicate in-phase, out-of-phase or no tilting of
several layers of octahedra along a certain direction, +, —, or 0 are added as superscript
to the corresponding letter. Figure 3.4 depicts the different crystal structures of WO3
upon increasing temperature, the temperature ranges in which they are observed, and the

corresponding Glazer notation [104].

&WO3  mono
6-WO5  tricli

v-WO3  mono B-WO;3  ortho a-WO;3 tetra

B(Pmcb) a (P%cc)

T T
600 1010

Figure 3.4: Crystal structures of WOg3 at different temperatures shown along differ-
ent crystallographic directions. The tilting of the octahedra is classified according to
the Glazer notation, where in-phase, out-of-phase, and no tilting are indicated by -+,
—, and 0. Reproduced with permission of the International Union of Crystallography
(https://journals.iucr.org/) [104].

Starting with the monoclinic room temperature phase of WOg, a similar sequence of phase
transitions is reported upon protonation or lithiation, which lead to the formation of an
orthorhombic phase (Hp1WO3), tetragonal phases (Hp.23+0.02WO3, Ho 33WO3, Lip. 1 WO3)
and cubic phases (Hg 5 WOs3,Lip 36 WO3) [105-108|. The sequence of phase transitions upon
protonation of WO3 was studied using WO3 powders, but it is also generally expected to
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occur during the electrochemical coloration of polycrystalline WO3 thin films with hydro-
gen [109]. However, the structural properties of thin films might, of course, be altered due

to a potential lattice mismatch between the WOs3 thin film and the substrate employed.

In view of the considerable importance of amorphous WOj5 thin films for EC devices, which
show higher coloration efficiencies and a larger number of coloration and bleaching cycles
without deterioration [110], the corresponding structural features are worth mentioning.
Here, the term “amorphous” refers to a crystal lattice, in which structural elements exhibit
local ordering only. Amorphous WOj3 solids and thin films are therefore disordered on scales
exceeding a few nanometers. This absence of long-range ordering of structural elements
in the crystal structure prevents constructive interference of incident and diffracted X-
rays to occur at defined angles. Thus, X-ray diffraction patterns of amorphous thin films
generally show broad characteristics rather than sharp reflections. However, the structure
of amorphous WOj5 thin films is still regarded to be composed of corner-linked octahedra,
albeit in a disordered manner manifested by statistical variations of the bond lengths and
angles [111]. Structural changes in amorphous WO3 films induced by continuous insertion
and extraction of small ions involve the growth of crystalline domains in the thin film [112].
This Ostwald ripening-like growth of larger grains at the expense of smaller grains was also
observed after several insertion and extraction cycles of Li" ions into nanocrystalline WO3
thin layers [113].

3.2.1 Electrochromic Coloration in WO3

As already indicated in equation 3.8, the insertion of small ions into WQO3 thin films not
only induces structural changes in WO3 thin films as charge compensating electrons are
added to the electronic structure simultaneously. This in turn also affects other properties
like optical or electrical properties and, therefore, also electrochemical properties, which
themselves are further influenced by the thin film morphology [114-117|. Thus, the plethora
of experimental results on properties of WO3 concerning the EC coloration and bleaching
processes is mainly due to the countless possible combinations of thin film properties,
thin film characterization techniques, and experimental methods capable of investigating
the changes during EC coloration and bleaching. An attempt to give an overview of the
experimental and theoretical results of WOs3, which would do the amount of results justice
is beyond the scope of this thesis, but can be found in the literature [22, 24, 29, 111]. A brief
summary of the mechanisms developed and proposed to describe the optical properties of
WOs3 thin films upon the insertion of small ions is given here without explicitly assessing

their ranges of applicability and validity:

Color Centers, Intervalence Charge Transfer, Polaronic Transitions

One of the first proposed explanations for the coloration of WOg3 thin films, i.e., the ab-
sorption of radiation with energies below the band gap, refers to color centers, similar
to F-centers, which are a specific type of color center and known to be responsible for col-

ors in ionic solids [118; 119]. Further specifying the nature of these color centers, excited
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electrons captured by positively charged structural defects need to be mentioned [120].
A model, which is also related to this certain type of color center, but employs another
description, is the absorption due to intervalence charge transfer (IVCT). According
to this model, the double injection of electrons and A" ions leads to the formation of
A, WOs3. Additional electrons are localized on a lattice site of a WO ion and reduce it to
a W' jon. Analogue to other systems with transition metal ions of mixed valences like,
e.g., “Prussian Blue”, absorption takes place, if the energy of an incident photon is large
enough to excite an electron from a W5' ground state into an excited state of an adjacent
WO ion, where it thermalizes via emission of n phonons and reduces the adjacent W
ion to a W°T ion [117, 121-123]. This process is often illustrated by

hv 4+ W2 4+ WS —— WO L Wit 4w, (3.9)

where the subscripts @ and b are used to indicate two different lattice sites and hr and
hw represent the energies of an incident photon and emitted phonons, respectively. The
essential aspect of non-radiative thermalization via phonon emission and thus the term
n - iw in equation 3.9 is often neglected in the literature. Due to experimental findings on
the influence of oxygen deficiency on EC coloration of WO3 thin films, similar transitions
involving W5 and W*' states, which differ in their contribution to optical absorption, as

well as site saturation effects have also been considered [113, 124-131].

Addressing the origin of the localization of an electron at a tungsten site, the formation of
small polarons due to the interactions between electrons and LO phonons in WO3 was
proposed [132, 133]. A polaron is a quasi particle describing an electron in a polar crystal,
which polarizes and distorts its surrounding ionic lattice in a way that this polarization
lowers the energy of the electron. In this way a potential well is created, in which the
electron is stabilized and localized. The term “small polaron” refers to a situation in which
the dimension of the polaron is smaller than the lattice constant of the crystal lattice
[134-138| and their impact on different properties has been described by several authors
[139-141]. Interpretations of experimental results according to large polaron theory have

also been reported [142]

Intra- and Interband Absorption

The successful description of the optical absorption spectrum of colored WOj3 thin films
in terms of intraband absorption in disordered systems with a strong electron-phonon
interaction [143] was demonstrated several times [123, 128, 130, 131]. This model assumes
that the Fermi energy lies in a band of localized states and close to the top of the density
of states of this band. Thus, optical absorption arises from the excitation of electrons near
the Fermi level into empty states of the same band [143]. Such an intraband transition was
also proposed in a slightly different form, mainly differing in the aspect that excitation of
electrons from states at the bottom of the conduction band into empty states of the same

band was considered [144]. Besides transitions between similar states of different tungsten
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ions via IVCT, transitions between different bands have also been considered as a possible
explanation for absorption. Such an interband charge transfer absorption process could
take place by exciting electrons from the partially filled 7* band to energetically higher
o* bands [122], or from the conduction band into a band of states of the inserted cation
[145, 146]. Depending on the energetic position of the aforementioned reduced states of
tungsten relative to the valence and conduction bands, an absorption process due to the
excitation of electrons from the valence band into an impurity band of reduced tungsten
states [122], or from such an impurity band into the conduction band [75, 138, 147| was
proposed.

Drude-like Reflectance and Absorption

While a certain overlap between metal ions and localization of electrons is necessary to
explain absorption by IVCT, the collective movement of delocalized electrons induced by
electromagnetic radiation gives rise to free-carrier absorption and plasma resonance
reflection. The characteristic quantity describing the frequency of longitudinal eigenoscil-
lations of free charge carriers is the plasmon (also plasma cut-off) frequency wp. It is given
by

Cn

(3.10)

Wp = €0 ——
where ¢, is the concentration of free electrons, m* is the electron effective mass, gg is
the vacuum permittivity, and e, is the dielectric constant of the solid under investigation
in the absence of free charge carriers. From equation 3.10 the effect of n-doping and
a corresponding increase of the concentration of free electrons ¢, becomes obvious: the
plasma resonance may shift into the visible range of the electromagnetic spectrum and
restrict the transmittance of the solid toward smaller wavelengths [122, 148-151|. While
this model neglects any influence of the small cation inserted, the impact of scattering at
ionized impurities was also discussed [152], as was the description of the optical properties

of WOs3 in terms of the dielectric function of a single oscillator [153, 154].

However, the details of the absorption mechanisms of amorphous, partially crystallized,
and (poly-)crystalline WO3 thin films and the differences between them are presently not
entirely understood. The situation is very complex due to many-body interactions like,
e.g., electron-ion or electron-electron interaction as is also observed in other semiconduct-
ing materials [155-158|, band gap shifts [159] probably due to the Burstein-Moss effect
[160-162|, or electron-phonon interactions [111]. Also defect agglomeration, differences
between n-doping by oxygen vacancies and by small ions, as well as inactive states of
the inserted ion have been reported [116, 163, 164]|. Especially investigations of different
energetic states in transparent and colored WO3 thin films by (X-ray) photoelectron spec-
troscopy contributed to the development of the described models. This method might be
limited to electronic states at the surface of the films, since preferential sputtering and the
formation of oxygen vacancies complicates depth profiling [165]. The impact of such effects

on optical, electronic and electrochemical properties is still the subject of current research
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[166]. It is further complicated by the above-mentioned interrelationships between the
film preparation technique, the exact composition including incorporated HoO and oxygen
vacancies, and morphological properties, like, e.g., porosity, specific surface area or grains

and grain boundaries.

3.2.2 Charge Transport and Diffusion in WO3

The large variety of more or less appropriate descriptions of the EC coloration of WOg3
thin films upon insertion of small ions also affects the interpretation of results gathered by
various experimental techniques. The most relevant techniques for studying charge storage

and charge transport are from the fields of solid state physics and electrochemistry.

The simultaneous insertion of electrons and small ions into WO3 thin films advocates
the description of charge transport in WOs in terms of a mixed conductor with partly
ionic and partly electronic conduction. In such a mixed ion-electron conductor (MIEC),
charge is transported through the movement of mobile ionic and electronic charge carriers.
Although, both types of charge carriers are often regarded to move independently from
each other, this assumption does not hold in general. The origin of this correlation is
described by the following scenario:

The interaction between a moving ionic charge carrier and electronic charge carriers exerts
a force on electronic charge carriers capable of accelerating them towards the direction of
the moving ionic charge carrier. The ionic charge carrier effectively drags electronic charge
carriers along with it and induces an electronic current in the absence of an potential
gradient. This dragging of electronic charge carriers effectively changes the valence of the
ionic charge carrier [167]. The same consideration can be applied vice versa. Related to
this, an electrochemical potential gradient across a MIEC accelerates both types of charge
carriers, which in general have different mobilities. This would lead to the formation of
an opposed electrochemical potential gradient due to different concentration gradients of
both charge carriers, which in turn would accelerate the less mobile species and slow down
the more mobile ones until a balanced flux of both charge carriers is created [168]. The
coupled diffusion of an ionic defect k with a partial ionic conductivity o and electronic
charge carriers with an effective electronic conductivity g, can be described by an effective
coupled chemical diffusion coefficient (CCDC) Ek,e as

Or0e  dpa,

Dio = - , 3.11

where ¢, is the effective charge of the mobile ionic defect, pa, is the chemical potential of
the neutral component formed by the ionic defect and electronic charge carriers and ¢y, is
the concentration of the ionic defect [168, 169]. Taking the Nernst-Einstein equation into
account, either in its pristine form or as a variation, corrected for the interaction between

ionic and electronic charge transport [167], a linear correlation between the conductivity
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and the diffusion coefficient of a certain species is established from which

Dkﬁe

R (3.12)
Dy + D,

ﬁk,e X
follows. From equations 3.11 and 3.12 it can be seen that the charge carrier with the lowest

conductivity or diffusivity determines the CCDC.

Experimental results on charge transport, i.e. the transport of ions and electrons in WOs5
thin films decidedly demonstrate the higher mobility of electrons compared to protons
or lithium ions. The electronic conductivity of WOz thin film varies from 1076Scm™!
to 102Scem™~! upon coloration [122] and the diffusion coefficient of electrons in WO3 was
determined to vary between 1.26-1073cm?s™! and 5.05- 1073 cm?s! [170, 171]. By
contrast, the diffusion coefficients of technologically more relevant Li" ions are reported
to vary between 107? cm?s™! and 10713 cm?s™! depending on many factors like, e.g., the
lithium content in Li, WOg3 [172-177|, the thin film porosity [173, 178|, its composition
[173, 179] as well as the degree of crystallinity [177]. Reports on the influence of the water
content of the electrolyte [180], the electrolyte itself [181], the applied potential used for
electrochemical insertion of Li' ions [179, 182] and the water content of the environment
[173] on the diffusion of Li" ions in WO3 thin films indicate the difficulties in studying and
interpreting experimental results on diffusion. An observation that is comparably often
described qualitatively is the dependence of the diffusion coefficient on the concentration
of the Li" ions. However, a uniform description of the relationship between diffusion and
the concentration of Li™ ions has not yet been achieved [172-175, 177, 178, 183-186]. This
might also be caused by the experiments being very sensitive to many often unknown
structural quantities, which may affect the outcome significantly. A similar impression
of the complexity of diffusion processes can be obtained by surveying the literature on
diffusion of protons instead of Li* ions in WO3 thin films (see discussion and references
in publication 1 of this thesis), with proton diffusion coefficients being approximately one

order of magnitude larger.

The experimental methods used for investigating diffusion processes are in most cases elec-
trochemical techniques such as electrochemical impedance spectroscopy (EIS), the galvano-
static intermittent titration technique (GITT) or chronoamperometry, and cyclic voltam-
metry. Of the other less frequently described approaches the application of the trap-release-
followed-by-diffusion-and-migration (TRDM) method is also noteworthy [182]. Most of the
electrochemical experiments performed are comparably close to the working principle of
EC thin films in an EC device. This means they use electrochemical cell configurations
including a liquid electrolyte, a counter electroce and a reference electrode to investigate
the properties of a WOg thin film. The latter is used as or as a part of the working
electrode. By this, the direct assessment of the EC performance of a certain WOj3 thin
film in a device is possible, which probably motivated many studies of electrochemical
properties of WO3 thin films. Important insights obtained from such experiments are

differences in the kinetics of H" and Li" or Na' ion insertion, which can lead to high
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ion concentrations at the electrode-electrolyte interface and differences in the number of
irreversible side reactions [184|. The combination of in situ transmission measurements
during ion insertion and ex situ XPS studies revealed differences in the absorbance change
upon ion insertion depending on the electrode potential and the oxidation state of tungsten
ions in nanocrystalline WO3 thin films [113]. The formation of W>" states at a potential
of —0.05V (vs. Epg/agc1) and W4 states at —0.3V (vs. Eag/agct) yields three possible
transitions W6 — W2+ W+ — W4t and WO+ — W4t which contribute differently
to the overall EC coloration [113]. Also trapping of Li™ ions in WO3 films was observed
recently upon ion insertion and extraction [187-191|, which in fact can influence results
from electrochemical measurements remarkably. However, no matter if the current or the
cell voltage of an electrochemical cell is measured in such an experiment, the measured
signal will display the response of a full electrochemical cell rather than the response of
the WOj3 thin film only. A major part of the quantitative analysis of results from these
experiments is based on assumptions, e.g., that the insertion kinetics of ions across the
electrolyte-electrode-interface or the transport of ions through the electrolyte are not rate-
limiting; that the diffusion coefficient of a species does not depend on its concentration;
or that side reactions and parasitic currents are negligible, i.e., that the flowing charge is
a direct measure for the concentration of a certain species in the thin film. Making such
assumptions is necessary for the quantitative evaluation of experimental results by means

of analytical expressions.

In most cases, the derivation of such expressions involves the solution of Fick’s second
law or related partial differential equations in combination with expressions for the flow-
ing current across the electrolyte-electrode-interface like, e.g., the Butler-Volmer equation
[192]. Whether analytical solutions for appropriate equations and boundary conditions can
be obtained or not, strongly depends on the degree of simplification, even if the diffusion
coefficient is assumed to be independent of the concentration of the mobile species. While
the latter has been shown to affect the ionic diffusion coefficient, most of the frequently
used equations cannot be expected to hold for extended ranges of concentration of a cer-
tain species. Especially not if the kinetics of the electrochemical ion insertion or extraction
proceed on a time scale comparable to that of the diffusion process of interest. The reports
on influences of the cell configuration on the diffusion of inserted ions demonstrate that
the obtained diffusion coefficients are to be understood as effective (albeit technologically
probably more relevant) diffusion coefficients and not as a CCDCs in their proper sense.
This distinction between an effective and a CCDC might in fact be important to consider

in order to understand the broad range of reports and results on “diffusion” in WOs.

A correlation of both diffusion coefficients can hardly be achieved, since the extent to
which the CCDC is superimposed by other effects is barely known. Reports on diffusion
coefficients in WO3 derived by non-electrochemical methods are surprisingly rare. Even
though such results are crucial in understanding how large possible deviations between
both diffusion coefficients might be; which effects limit the observed processes in electro-

chemical experiments; or if the interpretation of results from the latter needs to account
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for additional effects. The answers to these questions are likely to depend on the thin film
morphology, whose effects on electrochromism in WOj3 are still not well understood. It is
very desirable, to characterize the diffusion processes of ions in WO3 thin films by means

of experimental methods different from electrochemical techniques.

3.3 Electrochemical Energy Storage and Lithium-lon Batteries

The vast field of electrochemical storage systems, in general, addresses today’s need for
storing and providing energy in all sorts of different situations and time scales. As a
consequence the requirements may vary significantly. In all storage systems charge carriers
have to be separated, transported (which enables the use of electric energy) and combined
again. The way, in which charge carriers are stored distinguishes batteries from, e.g. fuel
cells or supercapacitors, as charge is stored within the electrodes in case of batteries.
The usage of the electric energy stored in the electrodes requires the separation of ionic
and electronic currents. These electrodes are ideally connected to each other by a solely
ion conducting, i.e., electronically insulating pathway through an electrolyte, and a solely
electron conducting, i.e. ionically insulating pathway through the current collectors and
wiring in an electric circuit. The choice of the different components determines, which
electrochemical reactions take place at the electrodes and, therefore, define the specific

energy and the specific power of the battery [193].

One way of classifying batteries is based on the reversibility of the electrochemical reactions
taking place upon discharging the battery, which determines, if the battery system can be
recharged or not. While primary systems cannot be recharged in a sufficiently efficient
way and only to a very limited extent, secondary systems can be recharged. Despite their
limited rechargeability, primary systems relying on the dissolution of metal anodes are used
in hearing aids, cameras, watches, and other devices [194]. In order to compare battery
systems, which rely on very different electrochemical reactions and processes, specifications

are used, of which some are described:

o In order to compare the amount of charge that can be withdrawn from different
systems under specified discharge conditions, it is frequently related to the mass of
either the complete cell, one electrochemically active material or all the electronically
active materials in both electrodes, which gives the specific charge q. The mass
to which “specific’ quantities are related to is very important to consider, since a
battery requires parts, which which do not participate in electrochemical redox reac-
tions (electrochemically inactive parts) and therefore reduce the theoretical specific

quantity inherently.

o The cell voltage is the potential difference between both current collectors of a
battery. It is determined by both, thermodynamic and kinetic boundary conditions.
These are given for a certain electrode material and for certain electrochemical re-

actions, which take place in a possibly competing manner. Depending on whether a
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battery voltage is given under load or not, it is referred to as terminal voltage and

open-circuit voltage, respectively.

The “state-of-charge” (SOC) relates a certain charge, which is still provided by a
battery to the specific charge of the battery and given in percent. Related to that
is the “depth of discharge” (DOD), which relates the withdrawn charge to the

specific charge.

The charge/discharge current is the current, which is used to charge/discharge
a battery. It is often given in terms of a “C-rate”, which relates the current to the
specific charge of the battery. A 1C rate for instance describes a current, which is
capable of completely charging/discharging a battery within one hour. A fivefold

increase of the current, i.e. a 5C rate will charge/discharge the battery in 12 min.

The term specific energy w refers to the total electrical energy, which can be
obtained by discharging a battery divided by a meaningful mass. A frequently used
unit for the specific energy is Whkg=! [195]. Specific energies vary considerably
among the different battery systems from the lead acid battery with 30 W hkg~!, the
nickel-metal hydride system with 95 W hkg™!, and the LIB with up to 250 W hkg~!
to, e.g., primary lithium-metal batteries with a MnOs positive electrode and a specific
energy of about 330 W hkg~! or the zinc-air cell with more than 450 W hkg~! [194,
196].

Analogous, the specific power p relates the total electrical power during discharge

to a certain meaningful mass and is frequently given in W kg1 [195].

To quantify the degree of reversibility of electrochemical reactions in batteries, the
Coulomb efficiency (sometimes coulombic efficiency) ®¢ is defined by the ratio
of the amount of charge accessed during discharging it, Qqis, divided by the maxi-
mum charge that can be stored in the battery system upon charging it, Qc, [195].
Depending on the battery system the Coulomb efficiency of a discharge-charge cycle
(also cycle efficiency, charge factor) can vary between 60 % to 70 % for Li/Oq cells
and more than 99.5% for high-quality lithium-polymer batteries.

As is obvious from the above definitions, the choice of the electrode materials determines

the electrochemical reactions, which take place upon discharge and therefore also the spe-

cific energy and the specific power of the system. The amount of charge accessible during a

discharge process determines the specific energy. The specific power is additionally deter-

mined by the rate at which charge can be provided. It is given by the rate at which charge

transfer across the interfaces and mass transport in the individual components take place

[193]. The performance of a battery is generally improved either in terms of the above

mentioned quantities or in terms of lower costs for production, or increased safety.
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Very attractive systems for battery applications are the ones based on Li, because of its
low redox potential of —3.04V with respect to the potential of the standard hydrogen
electrode (SHE), its low molar mass of 6.94gmol™! and the small size of Li* ions [193].
This leads to intrinsically high theoretical specific energy and power of such cells. After
some attempts comprising combinations of lithium metal as negative electrode with MnO,
(primary battery by Sanyo in 1972) or MoSy (secondary battery by Moli in 1985), Sony
introduced the material combination of carbon as negative electrode (anode active mate-
rial, AAM) and LiCoOs as positive electrode (cathode active material, CAM) [197]. The
terms “anode” and “cathode” are commonly used to refer to one of both electrodes in a
battery and should not be confused with a certain reaction taking place at this electrode.
Only during discharge, an oxidation reaction takes place at the anode (negative electrode)
and a reduction reaction takes place at the cathode (positive electrode). The term “ac-
tive material” refers to the participation of a material in electrochemical reactions during
charge/discharge, as opposed to (electrochemically) “inactive materials”. The LIB was
commercialized in 1991 and made technologies like smartphones and tablets possible. Due
to large economic interests and trends toward the reduction of greenhouse gas emissions,
this technology was in the focus of a very fast developing research field and still is a strong

driving force for research today.

The working principle of a LIB is — like the one of an EC device — based on the insertion
and extraction of Li* ions and electrons into/from electrode materials, which are separated
by an Li" ion conducting electrolyte with negligible electronic conductivity. A porous
membrane, which is often called a “separator”, is added to prevent a direct contact between
the electrodes. The choice of the electrode materials determines the cell voltage provided by
the LIB, due to the chemical potential of lithium at the surface of these materials [198]|. The
chemical potential of lithium in both materials also determines which electrolyte exhibits
a suitable electrochemical stability window and can be employed in a certain voltage range
without decomposing. The electrochemical reactions taking place during discharge and

charge are

1_. . discharge .

—LiCg + Lig5C009 =———==3C + LiCo0Os», (3.13)

2 charge
which lead to a battery system that is usually charged to 4.1V or 4.2V, depending on
the properties of the carbonaceous material employed at the negative electrode [197, 199].
With the transfer of 0.5 mol of Li" ions and an average voltage of 3.8 V a theoretical specific
energy, i.e. a total electrical energy related to the mass of both electrochemically active
materials of 380 W hkg ! results.
However, in practice, more components than the two electrochemically active electrode
materials are necessary to assemble a complete electrochemical energy storage system.

Some of them typically found in LIBs are listed here:
« The electrolyte is needed to enable Li" transport between both electrodes.

» The separator, whose pores are filled with the electrolyte, is necessary to prevent a
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direct contact between both electrodes, which would short the cell.

o Metallic current collectors, namely copper at the negative electrode and aluminum
at the positive electrode, provide a more homogeneous potential distribution across

the electrode areas and ensure a good electronic contact.

+ An electronically conducting additive, e.g., a carbonaceous material, is often used to
reduce the length of the conduction pathway for electrons through comparably bad

conducting electrode materials, which reduces the internal battery resistance.

o If the latter is mixed with an electrochemically active material to form a solid com-
posite electrode, it may be necessary to improve the mechanical stability of this
composite. This is achieved by adding binding materials, like polyvinylidene fluoride
(PVDF).

Depending on the technical implementation of an electrochemical cell in a battery, more
compounds lead to a discrepancy between theoretical and practical specific energies of
any kind of battery [200]. The specific energy of the first LIBs by Sony were reported to
vary between 80 Whkg™! and 120 Whkg~! [197]. Depending on the positive electrode
material used, commercially available LIBs today have practical specific energies between
100 W hkg~! and 270 W hkg~! [201-203], with further improvements to over 350 W hkg !
[204, 205| recently announced. A schematic depiction of a LIB is given in figure 3.5, together

with schemes, showing three different battery stack designs in which LIBs are produced.

Since the commercialization of LIBs, much work has been done to improve the overall
performance of this battery system in terms of the crucial characteristics mentioned above.
This process includes the identification of degradation and decomposition mechanisms.
This led to a very detailed picture on the numerous processes that can take place in and
between the materials during cell operation and revealed fundamental limits for this system.
Such investigations demonstrated structural changes and instabilities upon delithiation of
LiCoO9, as well as oxygen evolution if the cell is charged above 4.2 V. The formation and
the composition of a solid electrolyte interface (SEI) at both electrodes was also studied,;
its role in stabilizing the cell performance is still not clear. Further observations involve
the dissolution of active positive electrode material and side reactions of the commonly
used electrolyte compound LiPFg with moisture, which leads to the formation of HF [194,
206, 207]. In addition to these aspects, CoOs is an expensive ore to mine and is toxic,

which complicates large-scale applications in large-scale grid storage [193].
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Figure 3.5: Schematic images of different battery cell stack configurations for LIBs (left)
and the single components in a cell comprising current collectors, electrodes, electrolyte,
and separator. The labeling of the electrodes corresponds to their function during dis-
charge, where the oxidation takes place at negative electrode and the reduction takes
place at the positive electrode. Carbonaceous materials are depicted by (stacked) grey
hexagons, electrochemically active material particles at the positive electrode are depicted
by dark gray circles, the binding material is represented by semi-transparent white lines and
Li" ions are depicted by orange circles in the electrolyte/separator region only. Adapted
by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
“Lithium-Ion Batteries: Basis and Applications” by R. Korthauer (C) (2018).

3.4 Positive Electrode Materials for Lithium-lon Batteries

In order to overcome issues identified in using LiCoOs as a positive electrode material in
LIBs, other materials and approaches have been investigated (see references 7-26 in publi-
cation 2). As a consequence, many different positive electrode materials were suggested as
alternatives including other layered TMOs, spinel oxides, or polyanionic compounds [199,
206—-209.

An important group of positive electrode materials, which attracts remarkable scientific
interests due to advantageous properties in terms of battery performance, is the group of
layered mixed TMOs with the general composition Li(Nij_,—,Co,Mn;)Oy (NCM) [210].
This group can conceptually be derived from LiCoOs upon substitution of Co®" ions by
Mn and Ni ions. The oxidation states of Mn and Ni in the NCM will depend on the
exact composition [210]. The term “layered TMO” refers to the structure of this group
of materials. They crystallize in a structure with the symmetry of the space group R3m.
It is similar to the structure of a-NaFeQOsg, i.e. alternating layers of TMOs and Li" ions

are stacked. The structure with three TMO layers in its hexagonal unit cell is called “O3”
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structure, referring to the octahedral coordination of Li* ions and the number of TMO

layers in one unit cell [210]. The structure is depicted in figure 3.6.
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©
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Figure 3.6: Schematic depiction of the unit cell of an NCM material in the a-NaFeOs-type
structure with the frame of a single TMO octahedron (left) and the layered structure of
such materials with Li" ions between the TMO layers (right). Transition metal ions, as
well as TMO octahedra are depicted in gray, O ions in blue and Li* ions in green. The
brighter representation of two 0%~ ions is used to indicate that these ions are not located
inside the depicted unit cell. Adapted with permission from [206]. Copyright © 2010
American Chemical Society.

The transition metal ions in NCM materials are octahedrally coordinated by O? ions,
similar to the coordination of W% ions by O?" ions in WO3. The differences between
the structures are mainly that the WQOg octahedra in WOs3 share corners, while TMO
octahedra in NCM materials share edges. In addition, the formation of a layered structure
allows faster Li" ion diffusion between and slower Li" ion diffusion perpendicular to the
TMO layers. In contrast to that WO3 and the analogous LiWOs3 are characterized by the
three dimensional network of WOg octahedra providing a less anisotropic host material for

Li" ion diffusion.

By combining different transition metals, the advantageous impact of each type of ion on
the properties of the positive electrode material can be used to improve the performance
of the positive electrode material in a battery. An increase in the nickel content increases
the specific charge, due to the oxidation of Ni?* in the discharged state to Ni*" in the
charged state. Also the costs for production can be reduced, due to the lower prices of
nickel compared to cobalt. Drawbacks from a larger nickel content are an increase in the
structural and thermal instability, as well as cation-disorder, due to the similar size of Ni2*
ions (0.69 A) and Li* ions (0.76 A). This can be suppressed by a higher cobalt content,
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which also increases the rate performance, but comes along with the drawbacks already
mentioned. The substitution of cobalt by manganese leads to the reduction in the specific
charge, since manganese does not take part in the redox reaction, but it increases the
structural and thermal stability of the material and is less expensive than nickel [210].
Some alternative positive electrode materials to LiCoO2 that have been commercialized
are LiMnoOy, LiNij /3C01/3Mn1 /302, LiNig 8Coq.15Al9.0502, and LiFePOy4, which generally
represent compromises between a desired reduction of the costs and the size or weight of

the batteries as well as increased safety [196].

Regardless of the chemical composition of the electrode material, the active materials of
both electrodes are usually powders, which are processed in a slurry-based preparation
procedure of composite electrodes (see [196], as well as references 27-56 in publication 2).
A procedure for the preparation of composites for positive electrodes frequently reported
starts with a mixture of the electrochemically active material(s), electronically conducting
agent(s) like carbons, and mechanically stabilizing binder(s) such as PVDF. Depending on
the solubility of the binder, the compounds are dispersed in a solvent (N-methyl pyrrolidone
(NMP) for PVDF) to dissolve the binder and ensure its homogeneous distribution in the
slurry. The latter is pasted on a current collector and releases NMP during an appropriate
heat treatment [196, 211]. The exact composition of the additives vary between 1% to 5 %
for the conducting agents and 2% to 8 % for the binding material, depending on whether
batteries with high energies or high power are desired [196]. It is often assumed that
the additives in a composite positive electrode are electrochemically inactive or that their
presence has only negligible influence on the electrochemical properties of the composite
beyond their intended purpose. However, according to several reports (see [212, 213| as
well as references 27-56 in publication 2), this assumption cannot be expected to hold in

general.

Very similar to the investigation of properties of WQOg thin films, the development and
improvement of electrode materials for LIBs is to a large extent studied in terms of the
performance of half- or full-cell setups, in which the materials are employed in. The per-
formance of a cell together with low costs for the materials and safe operation, are some
of the most essential specifications, which decide on the applicability of certain materials
or material systems and are crucial to characterize. However, the results from such experi-
ments on half- or full-cell setups themselves are in general not suitable to evaluate selected
properties of single components or even single materials in the system. This is a very
important aspect to consider in order to understand the plethora of results on properties
of positive electrode materials reported in the literature. The extent to which single ma-
terials in a composite electrode influence certain properties of the composite or influence
the overall electrochemical performance is still hardly known. This might especially be
due to the complexity of technologically relevant material systems in terms of morphology
and composition, which leads to difficulties in systematic variation of a single property.
Technologically relevant positive electrode active materials are in most cases used in the

form of more or less porous particles with mean diameters between several hundreds of
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nanometers and a few micrometers. They are made up by smaller crystalline primary par-
ticles, which are sintered to form spherical secondary particles [214, 215|. This inherently
complicates the systematic investigation of fundamental properties by means of established
experimental approaches simply due to the small size and the disadvantageous morphology
of the particles. Systematic investigations on such particles are therefore generally related
to experimental efforts exceeding cycling tests of composites or standard electrochemical

techniques in half- or full-cell setups.

To overcome the aforementioned issue and to investigate essential properties like charge
transport in positive electrode active materials, several approaches have been reported.
Two approaches with comparably low additional experimental effort are the preparation of
pressed or pressed and sintered pellets [216] or the investigation of loose agglomerates of
particles [217]. This allows the characterization of a macroscopic agglomerate of single par-
ticles with contacts of varying quality between each other. The charge transport through
such an agglomerate is determined by its microstructure, as well as by the properties of
grains and grain boundaries. Experiments on such agglomerates rather provide access to
information on average properties of the agglomerate than on bulk properties of the positive
electrode active material particles. How much average properties differ from the intrinsic
properties is the subject of current research. Furthermore, it is not clear whether the par-
ticle network obtained by sintering or compressing primary particles actually corresponds

to that of a porous secondary particle.

For these reasons, it is desirable to also obtain information on the charge transport in single
secondary particles, which would allow systematic investigations of possible correlations
between charge transport in pressed pellets and single secondary particles. Furthermore,
computational studies on LIBs frequently depend on assumptions about the conductivity of
the positive electrode active material or about the effective conductivity of single particles
[218]. The assumptions might in some cases be adequate enough, but require a certain

experimental foundation and validation.
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4 Results and Discussion

The goal of this work was the development of experimental approaches capable of address-
ing the lack of results in the field of charge transport in TMOs, which were identified in
the literature and described in the previous chapter. Some of the results obtained during
this process of development, as well as conclusions drawn from the interpretation of ex-
perimental data were published in scientific journals, which led to the two peer-reviewed

publications this thesis is based on.

4.1 Diffusion of Hydrogen in WO3 Thin Films
(Publication 1)

The lack of results on diffusion in WOj3 obtained from experimental approaches different
from those of electrochemical approaches accompanied the work in this field from the
beginning. This statement is independent of the morphology of the thin films: neither for
amorphous nor for polycrystalline thin films has the evolution of the ion concentration in

the diffusion process been resolved in space and time.

In order to investigate the diffusion of ions in WOs3 thin films, it is necessary to generate
a gradient in the concentration of ions in the film. This requires locally confined inser-
tion of ions and the monitoring of the ion diffusion perpendicular to the direction of ion
insertion. This was achieved by making use of a specially designed electrochemical cell in
three-electrode configuration with a working electrode (a WOz thin film), a counter elec-
trode (a platinum tube), a Ag/AgCl-reference electrode and a liquid electrolyte (H2SOy,
0.1molL~!). The cell design was adopted from Wallys et al. and modified by Darmawi
et al. to allow for the in situ measurement of the optical transmittance/reflectance [113,
219]. A detailed description of the cell can be found in section A of the appendix. The
local confinement of the ion insertion, i.e. the avoidance of homogeneous ion insertion and
the formation of a concentration gradient was achieved by a thin layer of poly(methyl
methacrylate) (PMMA) on top of the WOj3 surface facing toward the liquid electrolyte.
The PMMA layer was patterned by electron beam lithography in a way that a gap with a
width of 50 pm was exposed and dissolved during the development. This created a spatially
confined area, through which ion insertion could take place. After being electrochemically
inserted by the application of a voltage (Ewg = —0.3V vs. Eg/agc1), the ions diffuse
perpendicular to the direction of insertion through the film. Due to the EC properties of
WOg3, the diffusing ions induce a coloration in the film. This change in absorbance served

as a qualitative indicator for the ion concentration in the film. It was measured in terms
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of the transmittance by employing a white light source, a microscope objective, a subtrac-
tive double spectrometer and a charged coupled device (CCD) image sensor. By this, the
ion concentration in the film is resolved in space and time, while changes in the reflectiv-
ity upon coloration are neglected. The assumption that the reflectivity is not changing
upon coloration does explicitly not hold for crystalline WOj3 thin films and wavelengths
above 1000nm. For the spectral range selected by the subtractive double spectrometer
((637 = 15) nm) however, the changes in the reflectivity are reported to be small [148] and
are estimated to be below AR = +0.06 upon coloration [132].

The ideas, the concept, and the experimental setup itself were developed by S. Darmawi,
M. T. Elm, and P. J. Klar and first experiments were conducted by me together with
S. Darmawi prior to the work on my PhD thesis. The subsequent work concentrated on
the representation of the obtained experimental data, the interpretation and simulations
of several models including diffusion with one or two constant diffusion coefficients. Ad-
ditional experiments with supporting character necessary to prove the direct correlation
between the overall changes in the transmittance and those detected in the spectral range
of (637 + 15) nm were conducted. Numerical simulations were developed in collaboration
with and conducted by B. Lani-Wayda. The manuscript was written by me and edited by
the co-authors. The article is reprinted with permission from Advanced Materials Inter-
faces, 2018, 5 (6), 1701587. (DOI: https://doi.org/10.1002/admi.201701587)

Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In Situ Monitoring of Lateral Hydrogen Diffusion in
Amorphous and Polycrystalline WO; Thin Films

Simon Burkhardt, Matthias T. Elm,* Bernhard Lani-Wayda, and Peter J. Klar

Thin films of electrochromic materials such as tungsten trioxide (WO;) are
essential components of electrochromic devices such as “Smart Windows.”
The transport of charge carriers in WO; thin films has been investigated
intensively over the past decades, yielding a wide spread of diffusion coef-
ficients of hydrogen in WO3. Most of those analyses are based on meas-
urements by electrochemical methods. However, such analyses are only
applicable and the results reliable in cases where diffusive transport is the
rate-determining process. Here, WOj thin films of different morphology
are prepared by electron-beam evaporation of WO; powder. The combined
lateral diffusion of protons and electrons is investigated inside amorphous
and polycrystalline WO; thin films by in situ transmission spectroscopy
during electrochemical hydrogen insertion into the film. The insertion of
the protons is carried out locally and lateral diffusion of H takes place in
the film plane. The induced change of the film absorbance at a wavelength
of (637 £ 15) nm is monitored and spatially and temporally resolved. The
results reveal a concentration-dependent diffusion process of hydrogen in
both, amorphous and polycrystalline WO3, which are critically discussed in

and transport of ions and electrons in
WO; thin films comprises an important
task in the optimization of existing and
the development of future devices. The
amount of work published on thin film
deposition methods, characterization of
electrochromic coloration processes, and
possible coloration mechanisms is huge.!
In a simplified picture, the electrochromic
coloration and bleaching of WO; can be
described by a reversible insertion and
extraction of electrons and ions according
to Equation (1)

x A"+x e +WO; < A, WO, (1)

where A" denotes a small ion such as
H*, Li*, or Na™ and leads to the reduc-
tion of W° states to W°* or W** states.
The changed oxidation state of W modi-
fies the electronic structure of the mate-

the context of existing sata from literature.

1. Introduction

Tungsten trioxide (WO3) and its electrochromic properties have
been studied intensively since first reported by Deb almost
40 years ago.!l Driving force are its use in a variety of applica-
tions such as “smart windows” or gas sensors./?l Recent research
also addressed the application of WOs3 thin films as electrode
material in lithium-ion batteries.l’! All these applications rely
on the reversible insertion and extraction of ions and elec-
trons. Understanding the fundamental processes of insertion
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rial such that photons in the visible region

of the electromagnetic spectrum may be

absorbed. Despite long-lasting intensive
research and commercialization of WO;-based electrochromic
devices, the fundamental processes of the correlated insertion
of electrons and ions into the crystal structure of WO; and their
impact on the absorption of visible light are still under debate.!
Thus, more advanced methods are still continuously developed
to yield additional insight into the effects of cation and electron
insertion into WO;.% Besides the work on insertion and extrac-
tion of charge carriers into WOs3, the diffusive transport of the
inserted species itself also has been investigated in WO; thin
films, in particular, the diffusion of hydrogen in thin films of
different morphology.”) The term “morphology” is used here
to emphasize that different thin film preparation methods and
postdeposition treatments not only influence the crystallinity
but also other structural properties of the film, in particular, its
microstructure, e.g., size and shape of the grains, type of grain
boundaries, and film porosity. It should be noted that most of
the results published are based on the derivation of diffusion
coefficients from electrochemical experiments such as chrono-
amperometry or electrochemical impedance spectroscopy. The
results obtained during such measurements usually do not
deliver spatially resolved information, but rather an integrated
view of the diffusion processes taking place. Furthermore, the
kinetics of proton insertion at the interface between electrode
and electrolyte tend to influence the results obtained by dis-
torting the view on the diffusional transport in the WO, lattice.
Spatial resolution on the microscale is necessary to resolve

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

39



4 Results and Discussion

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIAL

www.advancedsciencenews.com

CE RE WE

o

S
INTERFACES

www.advmatinterfaces.de

Figure 1. Experimental setup used for resolving the lateral hydrogen distribution in WOj3 thin films during locally confined electrochemical hydrogen
insertion: A magnified image of the sample back surface passes a subtractive double spectrometer, where it is imaged onto the active area of a CCD
detector array (CE: counter electrode, RE: reference electrode, WE: working electrode).

morphological effects on transport properties and rate deter-
mining steps. These prescribe cycling and switching behavior
of the thin films and are therefore of major interest for per-
formance enhancement. To study the diffusive transport of
hydrogen in thin films, a concentration gradient perpendicular
to the thin film normal must be established. This requires a
locally confined insertion of electrons and protons, forming
atomic hydrogen.®l

2. Results and Discussion

In this work we locally confined the electrochemical insertion
of hydrogen into WOs3 thin films by making use of an addi-
tional microstructured polymethylmethacrylate (PMMA) layer
on top of the WO; film. Our approach is somewhat similar to
that of Vértes and Schiller.”! To analyze the diffusion process,
we performed in situ UV-vis transmission spectroscopy which
has been established as a valuable tool in studies of many other
materials showing optical transitions.!% The spectral range
suitable for spatial and temporal transmission imaging is
selected based on a compromise between the magnitude of the
hydrogen-induced change of the WO; absorption and a high
signal-to-noise ratio of the absorbance calculated from trans-
mission data. The back surface of the sample is imaged onto
the active area of a CCD detector array using the transmitted
light in the spectral region of interest. Images taken at subse-
quent moments in time allow us to monitor the time-evolution
of the diffusion process. A schematic image of our experimental
setup for acquiring spatially and temporally resolved transmis-
sion data is shown in Figure 1 (see the Experimental Section
for additional information).

On the basis of Lambert-Beer's law the experimental results
can be directly converted into the spatial and temporal evolution
of the hydrogen distribution in the WO; films. The diffusion
coefficients of hydrogen in amorphous and polycrystalline WO;

Adv. Mater. Interfuces 2018, 5, 1701587
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can be extracted by comparing the experimental results with
numerical simulations of the diffusion process.

WOj thin films without an additional PMMA layer have
been colored homogenously using cyclic voltammetry (CV).
The CV data obtained from a polycrystalline thin film are
depicted in Figure 2a (see X-ray diffraction patterns in
Figure S1 and scanning electron microscopy images in
Figure S2 of the Supporting Information). The cathodic cur-
rent peaks at —130 mV versus Exgjagc and —285 mV versus
Epgjagci are related to the reduction of W to W** and to the
reduction of W>* to W**, respectively.[] It has been shown
that the contributions of both electrochemical reactions to
the overall coloration of WOj; thin films vary significantly,
meaning that the main contribution to electrochromic col-
oration is related to the reduction of W>" to W** states.[%%
Inspection of the current integrated during one cycle shows
that a significant amount of charge is involved into irrevers-
ible reactions in the cathodic regime and cannot be recovered
in the anodic part of the CV. Transmission spectra at distinct
potentials marked in the CV are depicted in Figure 2b. The
transmission spectrum measured at the open cell potential
of 179 mV versus Epg agc) basically agrees with the spectrum
of the halogen lamp, i.e. there is no significant absorption
of visible light. This changes, when the potential is lowered.
The transmittance is attenuated due to hydrogen insertion
and the occurring electrochromic coloration. This process
is reversed as the current switches from the cathodic to the
anodic regime, leading to an increase of transmission and a
bleaching of the WO; film.

The change in transmission in the transmission spectra meas-
ured is most pronounced at wavelengths above 600 nm. Based on
these results, we chose the wavelength of (637 £ 15) nm for moni-
toring the spatially and temporally resolved diffusion process in
the film plane which we will describe in what follows. At this
wavelength both, the signal-to-noise ratio of the detection system
and the hydrogen-induced change of WO; absorbance are high.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. In situ transmission spectroscopy during electrochemical hydrogen insertion: a) Cyclic voltammogram showing two current peaks related
to tungsten reduction and a subsequent current increase due to electrolyte decomposition at lower potentials. b) Intensity of transmitted radiation

during coloration and bleaching.

The absorbance A, was calculated using Equation (2)

Ao=— ln(i)
Io

where [ is the intensity of transmitted radiation and I, is the
intensity of transmitted radiation passing an uncolored WO,
thin film." In order to derive hydrogen concentration profiles
from the optical measurements, a Lambert—Beer like ansatz is
used

)

I=1I, exp[-l(&ic:1+&:0,)] 3)
where I, is the intensity transmitted through the uncolored
sample, [ is the absorption path length, & and &, are the molar
absorption coefficients which describe the absorption due to
transitions from W°* to W>* and from W°* to W*¥, respectively,
and ¢, and c, are the corresponding concentrations of W>* and
W* states. However, as recently discussed by Darmawi et al. 1%
the electrochromic coloration is strongly correlated to the
formation of W*" states upon electrochemical reduction. Taking
this into account, & may be neglected and the absorbance can
be approximated by
A, =g, 4)

Furthermore, assuming a constant molar absorption coef-
ficient &, for the dominating absorption process and a con-
stant film thickness I, the spectral absorbance must be linearly
correlated with the concentration of W** states and, thus, with

the concentration of hydrogen in the WO; thin film. This
interpretation may lead to an overestimation of the hydrogen
concentration, since the insertion of extrinsic species into the
WOj; host lattice also leads to changes in the reflectivity of the
thin film. However, reflectivity measurements revealed only
minor changes in the reflectivity of WO; thin films upon elec-
trochromic coloration in the spectral range investigated in this
work.[?l This approach also neglects changes of absorption and
reflectivity of both the FTO film and the glass substrate. How-
ever, these are not expected to play a significant role.

Prior to the spatially and temporally resolved measurements,
we have to prove that the analysis of the diffusion process based
on the sample's response at the single wavelength of (637 + 15)
nm is representative for the hydrogen-induced change of the
spectrally integrated response of the sample, i.e., the correlation
between the amount of hydrogen inserted and the electro-
chromic coloration process. This is justified, if a linear corre-
lation between the response at the single wavelength and the
integrated response holds. For this purpose, the changes of
the absorbance at (637 + 15) nm and the corresponding values
integrated over the entire spectral range are extracted from
transmission spectra taken during one CV cycle and com-
pared. Figure 3a shows the time evolution of both, the absorb-
ance Ay ora integrated over the full spectral range from 400 to
800 nm and the absorbance Ay, parial integrated over a spectral
range from 622 to 652 nm. Both integrated absorbance curves
exhibit the same time evolution. They increase upon hydrogen
insertion and decrease upon hydrogen extraction. A plot of
Ajngpartial VETSUS Ajpy o1 depicted in Figure 3b further confirms
the linear relationship between the two entities.
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Figure 3. a) Temporal evolution of the absorbance integrated over the whole spectral range from 400 to 800 nm Ay ;1. and the absorbance integrated
over the spectral range from 622 to 652 nm Ajy; oarial- b) Depiction of the linear relationship between Ay ot and Aing partial-
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Figure 4. Transmission images of the diffusion process recorded a) prior to applying a constant potential, b) 1000 s, and c) 7098 s after applying

—0.3 V versus Epg/agci-

Thus, the results depicted in Figures 2 and 3 justify the
assumption that the transmission variation in the spectral
range of (637 £ 15) nm is representative for the variation of the
hydrogen concentration in the WOs; thin films.

We used various WO thin films each with a patterned PMMA
layer on top may lead for the spatially and temporally resolved
measurements (see the Experimental Section for details).
Light with a wavelength of (637 + 15) nm passing through the
sample in the areas next to the 50 um wide stripe-like gap in
the PMMA layer is imaged onto the CCD detector array. As an
example, Figure 4 shows such images of the transmission of a
polycrystalline WO; thin film obtained at different stages of the
diffusion process.

In the uncolored state of the WOj thin film, only weak signs of
the PMMA layer can be seen in the image (see Figure 4a), there-
fore, it can be assumed in the following that additional absorp-
tion due to PMMA is negligible. The cathodic voltage applied to

amorphous WO,
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the sample leads to the insertion of hydrogen and electrochromic
coloration in the gap area of the PMMA layer. The continuous
insertion and the lateral diffusion of hydrogen lead to transmis-
sion changes below the PMMA layer (Figure 4b,c).

The intensity changes have been used to calculate the absorb-
ance according to Equation (2) after correcting the obtained
data for the dark current of the CCD detector array. Single
absorbance profiles are evaluated along the x direction, i.e. per-
pendicular to the gap of the PMMA layer, to analyze the lateral
diffusion of hydrogen in the sample plane. It is justified to treat
the lateral diffusion as 1D along x as the stripe is much longer
than wide. Intensity values for each x have been obtained by
averaging the readings of 10 CCD pixels in the y-direction (rep-
resenting 6.45 um in real space). Figure 5a,b shows the time
evolution of the absorbance in the gap of the PMMA layer
for an amorphous and polycrystalline WO; thin film, respec-
tively. The corresponding extracted spatial absorbance profiles

polycrystalline WO,
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Figure 5. Absorbance resolved temporally and averaged over sample spots (corresponding to x < 0) located in the gap of the PMMA layer on top of
a) an amorphous and b) a polycrystalline WO; thin film. Spatially resolved absorbance perpendicular to the gap in the PMMA layer and in plane of
) an amorphous and d) a polycrystalline WO, thin film, respectively. Vertical lines in (a) and (b) mark times at which a spatial absorbance profile is

shown in (c) and (d), respectively.
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perpendicular to the edge of the PMMA layer are plotted in
Figure 5c and d for different times corresponding to the dura-
tion of the insertion process.

The absorbance in both amorphous and polycrystalline
films are strongly affected by the WO; thin film morphology.
Not only the kinetics of the potentiostatic insertion of
hydrogen, but also the lateral diffusion kinetics differs signifi-
cantly. The insertion kinetics of hydrogen can be monitored
in the gap of the PMMA layer (x < 0). In an amorphous envi-
ronment (Figure 5a), absorbance shows a faster increase and
saturates after =2000 s of continuous insertion. A very similar
behavior has also been observed by Dini et al. during poten-
tiostatic measurements (however, no detailed information
about the WOj3 thin film morphology was given).!'¥l Hydrogen
insertion into polycrystalline films is much slower and does
not saturate during the duration of the experiment of 7100 s
(Figure 5b). The observation of different electrochromic col-
oration kinetics has been widely observed and reported in
literature.*d In particular, the strong impact of thin film dep-
osition and annealing parameters on film morphology com-
plicate a comparison of results obtained by different authors
and, thus, a detailed explanation. For example, the thermal
treatment used to initiate the crystallization of an amorphous
WO; film may lead to a decrease of film porosity.*“!* This
has been shown to impede ion insertion and extraction.!!]
The fast increase of absorbance in our measurements may
be attributed to the less dense structure of the amorphous
WO; thin film compared to the polycrystalline film. The lower
density facilitates a penetration of the film by the electrolyte
solution. Thermal treatment is also known to reduce the con-
tact resistance between the WOj; film and the substrate and
to increase the electronic conductivity of the WO; film.[1+16]
Since there were only slight variations of the open cell poten-
tials before the start of each measurement and the applied
potential is set to —0.3 V versus Epgagc in both experiments,
an increase of the conductivity of the thin film leads to a
reduced potential drop across the polycrystalline WOj; thin
film. Thus, the potential difference at the interface between
electrolyte and sample surface initiating the coloration
process is higher, leading to a slightly higher overall electro-
chromic coloration of the polycrystalline WO; film. A satu-
ration of absorbance in the polycrystalline WO; thin film is
then expected to occur at larger time scales.

While many other groups found that diffusion of hydrogen
in amorphous WOj thin films is faster than in polycrystalline
films (see Table 2), a qualitative analysis of the results pre-
sented in Figure 5c,d supports the picture of faster diffusion
of hydrogen in polycrystalline WO; thin films. This is indi-
cated by the finding that changes of the absorbance occur at
larger horizontal distances from the gap in the PMMA layer
in polycrystalline films at all times in our measurements.
Furthermore, the diffusion processes taking place seem to
differ. The absorbance profile observed in the amorphous film
(Figure 5c), at first sight, seems to correspond to the standard
solution of the diffusion equation with a constant diffusion
coefficient. As will be shown later, the diffusion coefficient in
the amorphous WOj; thin film decreases as a function of con-
centration as already shown by Vértes and Schiller.”) In con-
trast, the absorbance profile in the polycrystalline film shows
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a decreasing slope as a function of spatial coordinate x after
=2000 s. This cannot originate from a diffusion process with a
constant diffusion coefficient. It rather indicates that the dif-
fusion coefficient increases with increasing hydrogen content.

To obtain a more detailed understanding of the diffusion pro-
files depicted in Figure 5c,d, numerical simulations have been
performed. The description of the diffusion process in WOj; is
based on the differential equation for concentration-dependent
diffusion

dc_ 0 Jc

—=—/|D(c)=—|,t=20, 0,L

o Bx( (C)E)x) *elod G
where L denotes the spatial range investigated. The concentra-
tion-dependence of the diffusion coefficient D is modelled on
an empirical basis assuming the mathematical dependence

D(c)= D, +ADc (6)
where
AD=D;-D; (7)

is the difference between an initial and a final diffusion coef-
ficient D; and Dy and o(c) describes a monotonic transition
between both diffusion coefficients. The transition from D;
to Dy is assumed to begin at a threshold concentration ¢, and
to end at a concentration cp,,,, which corresponds to the last
data points measured in experiment. Thus, o(c) needs to satisfy
o(c < ¢) = 0 and o(c 2 ¢py) = 1. The qualitative shape of the
transition is defined by

E)G(c):k( c—co )p(l_ c—co )q ®)
dc Crnax — Co Crmax — Co

This dependence of o(c) leads to an approximate behavior of
the form (c—co)?*" in the limit c—¢o and 1—(c,,,—¢) @) in the limit
C—>Cmay- The coefficient k in Equation (8) is used to normalize
O(Cma) = 1 and can be calculated explicitly, if ¢ € {0,1,2...},
whereas p is chosen to be a number in [-1,e), to avoid singu-
larities in the transition function o(c). The diffusion coefficient
D(c) obtained by fitting this model to experimental data is char-
acterized by the initial diffusion coefficient D, the final diffu-
sion coefficient Dy, the threshold concentration ¢y and the para-
meters p and gq. According to Equations (4) and (5) the results
from numerical simulations are assumed to hold for the meas-
ured absorbance A, as well as the hydrogen concentration c.

Table 1. Summary of the parameters used in the numerical simulations
to fit experimental data of the various samples studied. Experimental
results depicted in Figure 5 are denoted by sample number 1.

Sample Ay Dy[cm?s7"]  Df[em?s7T] p q

number
a-WO, 1 0038 1.33x10% 290x107°  -0.75 6
2 0.011 1.42x10%  3.20x107° —0.85 7
p-WO; 1 0450  027x10% 3.28x10%  0.00 0
2 0.510 021x10°%  357x10°% 0.00 0
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Figure 6. Comparison of experimental (dots) and simulated values (lines) for A, e ¢ in a) an amorphous (sample 1 in Table 1) and b) a polycrystalline

(sample 1 in Table 1) WOj5 thin films.

Thus, the threshold concentration ¢, corresponds to the absorb-
ance A,. Additional information about the implementation of
the model in numerical simulations is given in the Supporting
Information. Best agreement between experimental and simu-
lated data was found for the values summarized in Table 1.

A comparison between the experimental results depicted in
Figure 5¢,d and numerically simulated values of the absorbance
is given in Figure 6, showing that the numerical simulations
describe the experiments very well. This is strong evidence that
the diffusion coefficients of hydrogen in both types of WO;
thin films are indeed concentration-dependent and, further-
more, that the concentration dependence depends on film mor-
phology. The result of the simulations, the variation of the dif-
fusion coefficients in amorphous and polycrystalline WOj; thin
films are depicted in Figure 7.

It should be noted that the results obtained by numerical
simulations give no information about the details of the micro-
scopic mechanisms behind concentration-dependent diffu-
sion processes yielding the electrochromic behavior observed.
The concentration-dependence of the diffusion coefficients is
approximated within the limits of the mathematical description

given by Equations (6)—(8). Explaining the dependence found
empirically on a microscopic level and describing the motion
of individual charge carriers or ions is a task of future work and
beyond the scope of this work.

A comparison of the results presented here with those from
earlier reports on hydrogen diffusion in WOj; thin films is
given in Table 2.

The magnitude of the diffusion coefficient in amorphous
films determined in this work fits well into the range of pub-
lished values, although mostly concentration-independent
diffusion in amorphous WOjs films was investigated. A compar-
ison of our results with those from Vértes and Schiller reveals a
very similar qualitative dependence of the diffusion coefficient
on hydrogen concentration, whereas the absolute values of the
diffusion coefficients differ significantly. The model used by
those authors was based on the assumption of two intertwining
diffusion channels of different diffusivities for hydrogen.l”’ An
alternative explanation of the decrease of the diffusion coef-
ficient with increasing hydrogen concentration could be the
reduction of the number of unoccupied lattice sites accessible
for protons. This in turn would also reduce the number of dif-

fusion paths and thus restrict the transport
of protons through the WO; lattice. Further-
. more, lattice sites with different capabili-

ties of trapping extrinsic ions are present in
amorphous WOs3, those interplay may play
an important role in the diffusion process.[?l
Malmgren et al. very recently reported on a

potential-dependent effective diffusion coeffi-

cient of lithium ions in amorphous sputtered

p  WOjs thin films.*”] This clearly indicates that
the assumption of a constant diffusion coef-
J ficient in WOj; thin films does not neces-
sarily hold, which in turn requires for a more
careful interpretation of results obtained by

fa  electrochemical experiments. The results
on hydrogen diffusion in polycrystalline

10,7 Aua Ao,c
— 1 / Dre
Dla
%, 10°F {"
« 1
5 1
< 2 '
Q 10°}
2
e D
-10 1 1  { 1 1 1
L 0.0 0.2 0.4 0.6 0.8 1.0
A

e

Figure 7. Dependence of hydrogen diffusion coefficient D on absorbance A, o< ¢ in two amor-
phous (blue and cyan) and two polycrystalline (red and orange) WOs thin films extracted by
numerical simulations (labelling of the curves corresponds to the sample numbers in Table 1).
Colored areas in the background depict the variation of the offset absorbance in amorphous
(Ao,2) and polycrystalline (A ) WOs thin films, as well as the variation of the initial (D, ,, D)
and final diffusion coefficients (D¢, Ds.) in both kinds of films.

Adv. Mater. Interfaces 2018, 5, 1701587 1701587 (6 of 9)

44

WO, thin films are several orders of mag-
nitude higher than most of those, found in
literature for amorphous and polycrystalline
material. Since the majority of data reported
in literature is derived from electrochemical
methods, the diffusion coefficients pub-
lished tend to reflect the overall kinetics
of electrochemical insertion/extraction of

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



4.1 Diffusion of Hydrogen in WOgs Thin Films (Publication 1)

ADVANCED

SCIENCE NEWS

ADVANCED
MATERIAL

www.advancedsciencenews.com

Table 2. Overview of the diffusion coefficients of hydrogen in WO, films
of different morphology and electrons in WOj3 films determined in this

work and published in literature.

D[cm?s™ Method Ref.
Amorphous WO; (a-WO3)

5.28x1078 Chronoamperometry [7b]
2.00x 1078 Chronoamperometry [5f]
3.45x107°-5.10x 10710 Cyclic voltammetry 17
2.40%x 107 Cyclic voltammetry 18]
1.70x 107°-3.40 x 107'° Impedance Spectroscopy 9]
1.00x 107 Chronoamperometry [20]
1.00 x 107°-2.00 x 10710 Cyclic voltammetry [74]
6.50x1071°-3.90 x 107" Impedance Spectroscopy (6]
4.00x1071° Chronoamperometry [21]
1.80x 10710 Chronoamperometry [7a]
1.06 X 1077°-8.16 x 107" CA-Boltzmann? 9]
3.00x 10712-1.00 x 1072 Chronoamperometry 5]
1.33x107%-2.90 x 1071° This work

Crystalline WO; (c-WO3)

4.95x1071° Nuclei Magnetic Resonance 22]
4.60x1071-5.20x 107'2 Impedance Spectroscopy [19]
2.00%x 107110 x 107" Chronoamperometry [7a]
3.28x107%-2.70x 107° This work

Anodic WO3

3.00%x 1077 Chronoamperometry [20]
6.00x 1078 Chronoamperometry [21]
5.00x 1078 Cyclic voltammetry [7¢]
7.10x10711-2.90 x 107 Impedance Spectroscopy [23]
Electrons in WO;

5.05%107-1.26 X103 Gating® [24]
2.50x 1073 Short circuit In wire9) [25]

@H-saturating WO; film via chronoamperometry, analyzing diffusion profile via
Boltzmann-method; ®)Electrolyte gating using ionic liquid; 9Short-circuit indium
wire and WO film, immersed in electrolyte.

hydrogen, rather than the pure diffusive transport in crystal-
line WO; thin films. Only if the diffusive transport of hydrogen
in the WO, lattice is the rate-determining process and not
the transport of protons through the electrolyte or across the
double-layer at the electrolyte-WOj;-interface, electrochemical
methods yield the real diffusion coefficient in WOs. If these
requirements are not fulfilled, the diffusion coefficient extracted
must be considered an effective one and can be considerably
smaller than the real one. Furthermore, models describing the
bleaching of crystalline WO; thin films need to take chemical
side reactions such as pronounced self-bleaching in the case of
hydrogen into account.’“?®l The results presented here show
that the hydrogen diffusion process itself in polycrystalline
WOj5 thin films is probably not the rate-determining process
in such electrochemical insertion/extraction experiments as
widely assumed. The desirable combination of a small diffusing
species and an open crystal structure with diffusion channels

Adv. Mater. Interfaces 2018, 5, 1701587

1701587 (7 of 9)

S
INTERFACES

www.advmatinterfaces.de

leads to large diffusion coefficients of hydrogen in polycrystal-
line WOj; thin films, compared to amorphous WOs; thin films.
Thus, the likelihood that the diffusive transport process is the
rate-determining step in electrochemical measurements of
amorphous WOjs is higher. In particular, as the insertion and
extraction kinetics is much faster and the porosity is higher as
already discussed.**?") Assuming that the diffusion coefficient
of hydrogen is determined by the independent motion of elec-
trons and protons, the diffusion coefficient depends on the

partial conductivities of electrons o, and protons 6;,, according
tol30]

D, o< O ¢Oion (9)
i -
O. + Oion

The conductivity of a specific charge carriers o; is directly
linked to its diffusion coefficient D; by the following relationship

212
= ﬂDi (10)
RT

i

Here, ¢; is the molar concentration of the species, z; is the
valency, F is the Faraday constant, R is the gas constant, and T
is the temperature. Since the diffusion coefficient of electrons
in WO; is found to be several orders of magnitude higher than
the diffusion coefficient of protons/hydrogen (see Table 2), the
transport of protons through the lattice is expected to determine
the magnitude of the transport coefficients of hydrogen. Thus,
the change in the diffusion coefficient of hydrogen observed
in polycrystalline WO5 films cannot be understood in terms of
an insulator-to-metal-transition often observed in WO; upon
charge insertion.’!l The process responsible for the change
in hydrogen diffusivity needs to influence the diffusive trans-
port of protons. This is most likely explained by the structural
phase transition accompanying the insulator-to-metal-transi-
tion. The change of crystal structure aligns the WOg octahedral
groups.[*32 This alignment in turn increases the channel size
and enhances diffusive transport. Another possible explanation
of the observed change in diffusivity could be the competing
diffusion in grains and along grain boundaries. As reported in
literature, fast or even exclusive proton diffusion along grain
boundaries takes place in various materials.’3 Future investi-
gations including the systematic variation of thin film crystal-
linity and morphology addressing the observed phenomenon
will have to be performed to clarify the microscopic origin of
the experimental findings. However, the results show that the
derivation of diffusion coefficients from results gathered in elec-
trochemical measurements not necessarily takes into account
morphological details such as porosity, tortuosity or interfaces,
thus making it harder to compare results from samples of dif-
ferent morphology. The advantage of the experimental approach
presented here is that spatial and temporal information about
the hydrogen distribution in WO; film is obtained simultane-
ously, which is necessary to resolve concentration-dependent
diffusion processes. Moreover, data gathered in electrochemical
measurements could contain contributions from side reactions.
The influence of side reactions can be excluded in the approach
used here. Thus, investigating diffusion processes using optical
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methods is a promising way to establish a better understanding
of these processes in electrochromic materials. Such an under-
standing is not only desirable from a fundamental point of
view, but gains importance due to the intensified use of these
materials in commercial devices. Results from electrochemical
studies demand a more complex analysis, if concentration-
dependent diffusion are present in the material.

3. Conclusion

A remarkable effect of thin film morphology on hydrogen
diffusion in WO; thin films has been revealed. The results
obtained have been discussed qualitatively and analyzed quan-
titatively by parameterizing the concentration-dependence of
the diffusion coefficients of various samples. As a result of
numerical simulations the diffusion coefficient in amorphous
WO; has been found to decrease by two orders of magnitude
as the hydrogen concentration increases. In contrast, the dif-
fusivity of hydrogen in polycrystalline WO; thin films is found
to increase with the concentration of hydrogen. The latter is
most probably originating from changes in the crystal structure
upon hydrogenation. The concentration dependent changes of
hydrogen diffusivity in polycrystalline WO5 thin films are less
pronounced than in amorphous WOj; thin films.

4. Experimental Section

Sample Preparation: Fluorine doped tin oxide (F,SnO,, e.g., FTO)
coated glass slides with a sheet resistance of R = 7 Q sq™' (purchased
at “Sigma-Aldrich”) were used as substrates. WO; powder (purity:
99.995%, purchased at “chemPUR GmbH”) was electron beam
evaporated out of a molybdenum crucible using a 100 W electron
beam of a V,-beam electron gun system (Vecco Instruments INC). At
a pressure below 1072 Pa, =150 nm WO; were deposited onto the FTO
coated surface of the water cooled substrate at a rate of 1-5 nm s7'.
A small area along an edge of the FTO-coated substrate was masked
during WO thin film deposition to retain a direct electrical contact. This
area was coated with 7.2 nm chromium and 73.5 nm gold subsequently
by thermal evaporation at comparable pressures and rates to enhance
the quality of the electrical contact. Heating the obtained thin films at
450 °C for 1 h with a heating rate of 100 °C h™! led to a transition from
amorphous WO; thin films to polycrystalline thin films (see Figure S1
in the Supporting Information for X-ray diffraction data). To deposit an
additional microstructured film on top of the WO; films, 150 uL of a
solution containing 4% polymethylmethacrylate (PMMA) in anisole
(MicroChem Corp.) were spin coated at 3000 rpm for 45 s with a Delta6
RC spin coater (SUSS MicroTec AG). After a subsequent heat treatment
on a hot plate at 180 °C for 2 min, a PMMA film with a thickness of
=200 nm was obtained. The PMMA film was microstructured by
electron beam lithography in a modified scanning electron microscope
(“JEOL JSM 7001F”). With an electron beam current of 200 pA and
an acceleration voltage of 15 kV, a line pattern with a width of 50 um
across the whole sample was exposed, resulting in a 50 um wide gap
in the PMMA layer after developing the exposed sample in a mixture of
isopropyl alcohol and purified water (2:1, volume ratio) for 45 s.

Electrochemical Hydrogen Insertion: Electrochemical experiments were
performed using a specially designed compact electrochemical cell with
a three electrode arrangement. The design was adapted from Wallys et al.
and enabled the use of the samples prepared as a working electrode.l*!]
A silver chloride (Ag/AgCl) microreference electrode, generally stored
in a saturated KC| solution when not in use (Ey = 0.197 V vs standard
hydrogen electrode, “Driref-450" purchased from World Precision
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Instruments), and a platinum counter electrode have been used. Diluted
sulfuric acid with a concentration of 0.1 mol L™ (purchased from Sigma-
Aldrich) was used as electrolyte. For the insertion of hydrogen into
nonstructured samples, CV measurements have been performed. The
potential was swept between —0.6 and 1.0 V versus Epgjasc) With a sweep
rate of 1 mV s™! starting from the open cell potential. Hydrogen insertion
into microstructured samples has been achieved by applying a constant
voltage of ~0.3 V versus Epgjagci With a Jaissle IMP 83 potentiostat.

In Situ Transmission Spectroscopy: During electrochemical hydrogen
insertion, the sample was illuminated with a halogen lamp. In situ
transmission measurements on WOj3 thin films without an additional
PMMA layer have been performed with an ASEQ LR1 compact
spectrometer with a spectral resolution of about 5 nm. In the case of
spatially and temporally resolved experiments, transmitted radiation
was analyzed by magnifying the image of the sample with a tenfold
magnification microscope objective and focusing it onto the entrance
slit (0.1 mm width) of a subtractive double spectrometer (Spex 1680 b,
Horiba Jobin Yvon GmbH). The spectrometer acted as a bandpass filter.
It was equipped with two gratings with a groove density of 300 mm™',
a blaze wavelength of 500 nm, and a blaze angle of 4.18°. It imaged
the transmitted radiation with a wavelength of (637 + 15) nm onto the
ICX258AL sensor of the CCD (pco.1400, purchased from PCO AG) having
a pixel size of (6.45 x 6.45) um? and an overall size of (1392 x 1040)
pixels. With this experimental setup transmitted radiation has been
resolved in two spatial coordinates with a resolution of £ 0.645 um. The
best temporal resolution was determined by the time interval between
acquiring two image frames with the LabVIEW software (purchased from
National Instruments Corp.). The time interval comprises the integration
time (50 ms) and a resting time (2 s) of the CCD.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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(Publication 2)

The demand for experimental access to transport properties of single secondary particles
with diameters on the micrometer scale and to the dependence of these properties on size

motivated the development of an appropriate measurement approach.

The idea was to immobilize single secondary particles in a way that two contacts on oppo-
site sides could be formed. The conductivity of these contacts should allow the transport
of either electrons or ions and should lead to the measurement of an ionically or electron-
ically dominated measurement signal. The way in which single secondary particles were
immobilized was developed based on existing experiences in microfabrication techniques
and particle arrangement. The properties of an epoxy-based, near-UV, negative tone resist
(SU-8) [220, 221], which can be patterned by photolithography and is known to be elec-
tronically insulating [222, 223| were advantageous here. Adapting the approach of earlier
work published by the research group [224, 225|, a mask for the fabrication of SU-8 thin
films with heights in the range of the particle diameter and cylindrical openings (traps)
penetrating the films at defined positions was developed. The mask was used to success-
fully pattern SU-8 thin films on squared glass substrates coated with copper or gold, as well
as FTO-coated glass substrates for testing purposes. The pattern was designed in such a
way, that the corners of a substrate with dimensions of 1cm x 1 cm would not be covered
by the SU-8 thin films but remain accessible for contacting. The size of the traps was
adjusted to the size of the secondary particles used for testing purposes and the demon-
stration of the approach. Single secondary particle measurements were expected to require
a large number of experimental attempts. This was taken into account by preparing four
independent particle traps on a single substrate. In order to arrange the particles in the
traps, the particles were dispersed in propylene carbonate. It was chosen because of its use
as a solvent in electrolytes for LIBs [196]. A “rough” arrangement of the particles on top
of the patterned surface was achieved by the meniscus-force method and modified with a
single-hair brush under the light microscope, if necessary. By this, particle arrangements
with up to 5 different particles in a single particle trap with a diameter of 35 pum could
be prepared. Secondary particles lying on top of the SU-8 surface and in the vicinity of
a trap could be displaced properly. The exact arrangement was investigated with a light
microscope and a corresponding picture was used to determine the size of the particles

arranged.

The specially designed cell was developed and constructed to match the requirements given
by the results of the microfabrication process. It was not sure at that time, whether the
measurements needed to be conducted in a protective atmosphere or not. In order to
ensure comparability between measurements with and without liquid electrolytes and to
suppress their possible tendency to evaporate, the cell was designed to be gas-tight. A
detailed description of the cell is provided in section C of the appendix. After assembling

the cell, the sample containing immobilized secondary particles was contacted at defined
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positions. Four copper cylinders contacted the surface of the squared substrate near its
corners (bottom contact). Four more contacts to the trap areas were implemented by
stainless steel cylinders with a diameter of 1 mm (top contact). In experiments, in which a
metal coated glass substrate was used, the bottom part of the steel cylinders were coated

with the same metal by thermal evaporation to ensure a symmetric cell configuration.

Particles with diameters exceeding the height of the SU-8 film were contacted by two metal
planes on opposite sides and plastically deformed. The degree of plastic deformation was
determined by the height of the SU-8 film and the diameter of the particle. The mechan-
ical properties of the latter also influenced the morphology of the plastically deformed
particle. This deformation, certainly being an aspect to improve, was necessary to obtain
a well-defined contact area. To investigate the influence of this plastic deformation, a
modified version of the contact-forming part was developed and constructed, which allows
the successive increase of the load applied by the steel cylinder. However, for the sake
of comparability, results on which this publication is based on, were obtained by experi-
ments with the first version of the cell. Experimental data was restricted to data obtained
from particles, which could be identified under the light microscope after disassembling
the cell.

The measurement signals employed for the investigation of charge transport in single par-
ticles were obtained by cyclic voltammetry, i.e. the acquisition of current-voltage curves,
chronoamperometric, and -potentiometric measurements and impedance spectroscopy. The
measurement configuration comprising ionically blocking contact materials allowed the in-
terpretation of the impedance spectra in terms of resistances describing ionic and electronic
charge transport. The values for both resistances were obtained by simulating the imped-
ance of an equivalent circuit and fitting it to experimental impedance data. The resistances
describing electronic charge transport were found to correlate with the size of the particles.
A model describing such a correlation [226, 227| was employed to develop a fitting routine.
The good agreement between simulated and experimental data motivated to proceed sim-
ilarly with the values obtained for the resistances describing ionic charge transport. Their
correlation with the size of the secondary particles was less pronounced compared to the
correlation of resistances describing electronic charge transport. During the submission
process, “R-values” for the quantification of the fits were requested. These were calculated
based on the definition of R? in [228], considering that the logarithm of the resistances

were used to minimize the deviation between simulated and measured resistance values.

The manuscript was written by me and edited by all the co-authors. The preparation
of the NCM 111 secondary particles was carried out by N. Bohn, A. C. Wagner, and
J. R. Binder at the Institute for Applied Materials (IAM-EES) (Karlsruher Institute of
Technology). The microfabrication process was developed by me, M. T. Elm, and P. J.
Klar, and optimized in project works of J. K. Eckhardt and M. S. Friedrich, who also
conducted the experiments that produced the data on which the publication is based on.
The electrochemical cell employed for single particle measurements was developed by me

in collaboration with T. Wasem. Several SEM investigations were conducted by M. S.
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Friedrich, and me, as well as M. Osenberg at the Department of Materials Science and
Technology (Technische Universitiat Berlin), who also conducted FIB-SEM tomography
on two particles after being measured. Raman experiments were carried out by L. Chen,
profilometric investigations of the sample surface by me. The simulation of the impedance
of an equivalent circuit and the fitting to measured impedances of single particles was
done by me using the software RelaxIS 3 (version 3.0.11.12, rhd instruments GmbH & Co.
KG, Otto-Hesse-Str. 19 / T3, D-64293 Darmstadt). The simulation of ionic and electronic
resistances as a function of the particle radius, as well as the implementation of a fitting
routine in the software “Wolfram Mathematica®” (version 11.2.0.0., Wolfram Research,
Inc., 100 Trade Center Drive, Champaign, IL. 61820-7237, USA) was carried out by me.
The article is reprinted with permission from ACS Energy Letters, 2019, 4 (9), 2117-2123.
(DOI: https://doi.org/10.1021/acsenergylett.9b01579)

Copyright © 2019 American Chemical Society
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ABSTRACT: We present a technique for systematically investigating electronic
and ionic charge transport in single Li(Ni, 3Co,/;Mn,,3)O, (NCM 111) secondary
particles as a function of size. We perform electrochemical impedance spectroscopy
employing ion-blocking electrodes. Micrometer-sized spherical particles are
arranged in cylindrical particle traps on a patterned substrate. A specially designed
electrochemical cell is used to contact and measure individual immobilized
particles in a defined contact geometry. The obtained electronic and ionic
resistances of the particles as a function of size are compared with model
calculations based on a homogeneous sphere with finite contact areas. The

resistance

=]
particle radius

modeling reveals that electronic transport mainly occurs in the bulk of the
NCM 111 particles, whereas ionic transport takes place along the particle surface. The extracted material parameters are
in good agreement with literature values, showing the reliability of our measurement technique and its potential for

systematic studies on the single-particle level.

igh demand for high-performance batteries in, e.g,
H mobile electronic devices, large-scale energy storage,

or electric vehicles, has led to a diversification of
battery systems. Today’s state-of-the-art battery technology in
portable applications and electric vehicles is the lithium-ion
battery (LIB). It consists of a graphite-based anode, a liquid
electrolyte, and a composite cathode as electrochemical key
components; current collectors, separator, and various
additives complement the cell components. The cathode is
mainly composed of the cathode active material (CAM),
conducting carbon additive, and a polymer binder." Energy
and power density as well as cycle lifetimes of CAMs used
today, e.g., Li;_,(Ni,Co,Mn;_,_,)O, (NCM) or
Li;_(Ni,Co,Al,_,_,)O, (NCA), still require optimization®™*
to comply with future energy demands.> Furthermore, the
extensive use of NCM and NCA is critical with respect to
natural resources of cobalt and nickel compromising mass
production at low cost. Approaches to improve energy and
power density without changing to “beyond Li-ion battery”
concepts, such as Li—air or Li—S technologies, are, e.g,, “excess
metal CAMs”,"~'* coatings for cathode materials, =7l

v ACS Publications © 2019 American Chemical Society
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solid-state LIBs,"*™>* or optimizing the architecture of CAMs
toward hierarchically structured and porous networks of
primary particles.”*™>¢

All these approaches have the characterization and
optimization of particulate matter in common, which is usually
carried out empirically by investigating the performance of
composite electrodes in half or full-cell setups. Such
approaches yield easy access to effective characteristics of the
composite as a whole, e.g, specific energy density, capacity
retention, or cycle lifetime. However, as the interplay of
material components and the microstructure of the composite
electrode determine its effective properties,”” > the individual
contributions of its components or of interfaces and
interphases formed between them cannot be easily separated.
Little can be learned about the intrinsic properties of the CAM
within the composite electrode, e.g., effects of size of primary
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and secondary CAM particles or of network formation. A
systematic investigation of the fundamental microscopic
processes taking place in the CAM during cycling is necessary
to reach a higher level of optimization. The identification and
understanding of structural limitations on different length
scales are crucial for optimizing the properties of CAMs and
finally composite cathodes in a controlled manner.

Different strategies for studying charge transport in CAM
particles have been reported in the literature. One is the
investigation of macrosco_/Pic ensembles like pellets of
compacted CAM particles”™ " or CAM powders,”" which
yields average properties of bulk and grain boundaries of a
polycrystalline CAM sample only. Moreover, the porosity of
pressed pellets is often below 5%°**° while the porosity of
secondary CAM particles used in composite cathodes lies
between 5% and 50%. Because porosity may influence charge
’transportsz_65 or mechanical properties66 significantly, values
obtained from experiments using macroscopic ensembles are
only to some extent representative for composite cathodes.””
Measurements on single CAM particles actually employed in
the composite cathodes are mandatory to determine a realistic
dependence of charge transport properties on size. This holds
especially for hierarchical structures, where effects of the
primary particle network are always present and the secondary
particles exhibit an often not well-characterized size distribu-
tion. Most of the single-particle measurements reported were
performed on single particles placed on top of an electrolyte-
soaked separator and contacted using a platinum or gold wire
sealed in a glass tube.”*~7° Another approach reported is the
attachment of a single particle to a current-collecting
micromanipulator using metal deposition in a focused ion
beam scanning electron microscopy (FIB-SEM) system and
performing electrochemical measurements employing a low-
vapor-pressure electrolyte inside a SEM instrument”” or a
standard liquid electrolyte inside a gIovebox.78 Further reports
are based on contacting single particles with a conducting tip
of an atomic force microscope,79 combining a scanning
micropipette contact method with SEM,* or immobilizing a
single particle between a gold micro disc electrode and a glass
pressing tool and immersing this ensemble in a liquid
electrolyte.*’ All these approaches have at least one aspect in
common that prevents the discrimination of ionic and
electronic charge transport in the single particles as a function
of size. Because of the use of liquid electrolytes, asymmetric
contacting, ill-defined point-contacts, or nonideally ion-block-
ing electrode materials, ion and electron transport can hardly
be distinguished. These experiments only offer the electro-
chemical response of a single particle in combination with a
very small and poorly defined contact to the current collector.
Conclusions drawn from these experiments depend on
assumptions concerning the influence of the contact on rate-
limiting processes, which also may explain the lack of reports
on the separation of electronic and ionic charge transport in
single CAM particles. Indeed, no studies on mixed conduction
in single CAM particles could be found during extensive
literature research, even though such information is crucial for
theoretical studies and simulations of the performance of
composite cathodes in batteries.”>™** In contrast, the
experimental approach presented here allows measuring the
impedance of single particles between symmetric and
selectively blocking electrodes. By using this method for the
investigation of mixed charge transport in single Li-
(Ni3Co,/3Mn,,3)0, (NCM 111) secondary particles, evi-
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dence for preferred conduction pathways of electrons and ions
is revealed for the first time. Instead of using microelectrodes,
we present an alternative novel approach for investigating ionic
and electronic transport in single NCM 111 secondary
particles. Despite NCM 622 and materials with higher Ni
content becoming state-of-the-art, NCM 111 is still an
important CAM in present LIBs, and values of its electronic
and ionic conductivities are reported in the literature;
therefore, it serves as a suitable model system to validate the
approach presented.

In this approach, individual secondary particles are
immobilized in traps patterned into an insulating SU-8 layer
and then electrically contacted by macroscopic contact pins in
a capacitor-like arrangement yielding a well-defined contact
configuration. A microfabrication process combined with a
variant of the meniscus-force deposition method was used to
prepare cylindrical openings in the SU-8 layer for trapping the
particles (see Figure la and Experimental Section in the
Supporting Information). Four cylindrical particle traps each
having a diameter of 35 ym and each completely penetrating
the SU-8 layer to a metallic contact were fabricated on top of a
glass substrate. A top view of a particle trap filled with a single
secondary particle is depicted in Figure lc. Transport
experiments were conducted using the specially designed
cell; its top part is shown in Figure 1b. The pressure caused by
the two contacting planes deforms the secondary particles to
some extent, as shown in Figure 1d. Sometimes even cracks
may arise, which can be detected by optical inspection.

a) thermal evaporation b)

of metal film

[ glass substrate |

microstructuring SU-8 resist

EPIIRY,
—— —

particle arrangement

Figure 1. Scheme of the sample preparation process comprising
metal film deposition, microstructuring SU-8 resist, and particle
arrangement via the meniscus force method (a); photorealistic
image of the contact forming part of the specially designed cell
(b); image of a single secondary particle in a particle trap recorded
under a light microscope (c); SEM image of the same secondary
particle after electrochemical measurements (d).

Impedances of various secondary particles with radii
between 6 and 16 pm were measured with an AC amplitude
of 50 mV. Experimental values of the impedances of three
secondary particles with different radii, as well as spectra,
calculated on the basis of an equivalent circuit (see Figure 3a)
are shown in Figure 2.

DOI: 10.1021/acsenergylett.9b01579
ACS Energy Lett. 2019, 4, 21172123
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Figure 2. Overview of plots of measured (filled circles) and
simulated (straight lines) impedances of various secondary
particles of three different radii. The low-frequency resistance
decreases with increasing radius. Each column depicts Bode and
Nyquist plots for one particle radius.

In all measurements, the impedance of single NCM 111
secondary particles is dominated by a large ohmic resistance in
the low-frequency region of the spectra (gray), which decreases
with increasing particle radius. Additionally, a second transport
process can be distinguished, which contributes to the
impedance at a frequency of approximately 10* rad s™'
(yellow). This transport process has also been observed in
the absence of NCM 111 secondary particles between the
metal electrodes (see Figure S1 in the Supporting Informa-
tion).

The equivalent circuit accounting for the two transport
processes observed and used for fitting the impedance spectra
is depicted in Figure 3a. The impedance representing the first
transport process (gray) and assigned to the actual sample
consists of three contributions connected in parallel: the
electronic charge transport (e), the ionic charge transport (i)
including ion blockage at the metal contacts, and the geometric
capacitance (g) due to dielectric polarization of all different
materials between the metal contacts. This equivalent circuit is
typically used for describing the impedance of a mixed ion—
electron conductor between ion-blocking electrodes.*”*® The
second circuit (s) corresponding to the second transport
process (yellow) represents the measurement system con-
nected to the sample.

Here, the resistances R; and R, describe the ionic and
electronic charge transport through the entire volume between
the metal contacts, which contain the SU-8 layer surrounding
the trap and defining the contact distance as well as the
NCM 111 secondary particle inside the trap in an argon
atmosphere (corresponding to the atmosphere in the glovebox
where the measurements were performed). As proved in
Figure S1, R; and R, are fully determined by the NCM 111
secondary particle as it possesses much better ionic and
electronic conductivities than SU-8 or argon. Thus, the
resistances R; and R, represent averages arising from the bulk
and grain boundary resistances of the primary particle network.
The capacitor C; connected in series with R; describes the

2119
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Figure 3. Equivalent circuit used for fitting the impedance spectra
of single NCM 111 secondary particles (a) and the obtained
resistances and capacitances as a function of the particle radius
(b). Dotted lines are guides to the eye only; straight and dashed
lines represent results of a least-squares fitting procedure using the
model of a homogeneous conducting sphere described in the text.

accumulation of lithium ions at the interfaces between the
metal electrodes and the NCM 111 secondary particle, as
lithium ions cannot penetrate into the ion-blocking metal
electrodes. No capacitor is included in the electronic branch as
all electrons may enter the metal electrodes. The capacitor C,
in parallel to the electronic and ionic branches describes the
dielectric polarization response of the materials between both
metal electrodes, which plays a role at higher frequencies. The
dielectric polarization of the SU-8 layer, Ar, and the NCM 111
secondary particle contribute to this so-called geometric
capacitance. The resistance R, as well as the capacitor C,
describe the impedance response of the measurement system.
The impedance spectra obtained from single secondary
particles with different radii have been fitted based on this
equivalent circuit. The optimized values for the different
parameters as a function of the secondary particles’ radii are
depicted in Figure 3b.

The ionic resistance R; is the largest resistance of the
secondary particles at all radii r,, indicating that the ionic
conductivity is lower than the electronic conductivity in this
NCM 111 material. The reports in literature concerning the
dominant ?pe of carrier in NCM 111 vary considerably. Either
electronic®® or ionic®® conductivity may be dominant depend-
ing on the degree of delithiation of the material.** Here, both
resistances R; and R, decrease with increasing radius of the
secondary particle. However, this effect is less pronounced for
the ionic resistance R;. An increase of the contact area between
particle and contact is the main origin of this effect. As will be
shown below, the electronic transport takes place via the bulk
of the secondary particle, whereas the ionic current is more
likely to flow along the surface, rather than through the bulk of
the material. The resistance R, assigned to the measurement

DOI: 10.1021/acsenergylett.9b01579
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system is always smaller than the ionic and electronic
resistances of the NCM 111 secondary particles except for
the largest secondary particle, justifying the experimental
approach. To additionally verify the results gathered from
impedance spectroscopy, DC polarization measurements of a
single secondary particle were performed subsequently after
measuring the impedance (see the Supporting Information for
experimental details and results). The DC resistance Rpc =
(144 + 2) MQ deviates less than 10% from the low-frequency
impedance Rygy.eq = (159.6 £ 0.6) MQ of the same secondary
particle. This deviation is acceptable, taking into account that
the measured currents are in the range of several nanoamperes,
which is close to the current resolution limit of the potentiostat
used. The geometric capacitance C, is virtually constant,
fluctuating between 3.5 pF and S pF. Considering the
dimensions of the plate capacitor built by assembling the
electrochemical cell, Cgis expected to be dominated by the SU-
8 layer, which covers more than 99.8% of the area between the
metal electrodes. Assuming an average SU-8 polymer layer
thickness of 10 ym and values of 3.5,*” 1,*® and approximately
50 + 15 for the relative permittivity of SU-8, argon, and the
NCM 111 material, respectively, indicates that only negligible
contributions of argon and the secondary particles to the total
geometric capacitance are expected. (The permittivity of NCM
111 has been investigated using pressed and sintered pellets. A
comprehensive study of all the experimental information
gathered from experiments on pressed and sintered pellets as
well as a comparison between these and results from single-
particle measurements will be published elsewhere.)

The geometrical model for describing the transport through
the secondary particles theoretically (see the Supporting
Information) is based on a homogeneous sphere truncated
on top and bottom to yield finite contact areas. Essentially,
three model parameters are used in the fitting procedure: the
contact area size as a parameter determined by the measure-
ment geometry and two material parameters, a surface
resistance (R, and a bulk resistivity (pp.). The secondary
particle’s internal structure consisting of a porous network of
primary particles is neglected. Despite its simplicity and
significant scattering of the data points, the model well
reproduces the observed size dependence of ionic and
electronic resistances R; and R,.. Simultaneous least-squares
fitting of R,(r,) and Ry(r,) with resulting coefficients of
determination (Rl) of 86.87% and 37.04%, respectively, yields
Pevu = (4.17 £ 0.01) kQm and R, s > 100 TQ for NCM 111.
The values should be considered as effective material
parameters for the porous network of primary particles.
Excluding the data obtained from the largest secondary particle
with r, = 15.85 ym in the fitting procedure (dashed orange line
in Figure 3b) slightly increases the bulk resistivity to p,pu =
(4.78 + 0.01) kQm. The mean of both values of p,py is
equivalent to an effective electronic bulk conductivity of 6,y
= (2.25 + 0.15) uS cm™". The electronic conductivity data at
room temperature reported for NCM 111 with different
degrees of lithiation vary between 0.0245 and 3.2 S cm™ for
fully lithiated NCM 111***%" and are reported to increase up
to 6.14 mS cm™ upon delithiation.”® Thus, the value
determined for the electronic bulk conductivity of the
secondary particles (2.25 uS cm™) is in good agreement
with the ones reported for fully lithiated NCM 111. The ionic
surface resistance R obtained is (14.9 + 0.1) GQ. Excluding
the data obtained from the largest secondary particle yields
(17.5 % 0.1) GQ for the ionic surface resistance. Though the
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interpretation of the surface resistance in terms of the ionic
surface conductivity requires more detailed information about
the properties of the surface, we estimate a surface conductivity
by assuming that charge transport along the surface takes place
in a spherical shell of a thickness d of 10 nm. The mean ionic
surface resistance of R, = 16.2 GQ then corresponds to
effective ionic surface conductivities between 10 and 50
#S cm™, depending on the contact angle (see the Supporting
Information). The results of this estimation are reasonable in
view of results on lithium-ion conductivity of surface layers like
Li,COj; that are known to be formed on NCM 111 surfaces, as
will be discussed below. The values for the effective electronic
surface resistance (R,,) as well as for the effective ionic bulk
resistivity (p,) of NCM 111 did not converge in the
modeling. Within the model employed, this indicates that both
currents flowing along the surface and through the bulk of the
secondary particle differ by several orders of magnitude.
Therefore, we tentatively assign the surface current to the ionic
current and the bulk current to be arising from electronic
charge carriers in the secondary particle in agreement with
recent results on Li(NigsC0g,0:Mng;)0,.% The ionic surface
conductivity can either be attributed to the surface of
NCM 111 secondary particles itself or be a property of a
surface layer, which, as is well-known, may be present on
CAMs because of reactions involving propylene carbonate™ or
the atmosphere containing carbon dioxide, water, and
oxygen.”' ™" We have taken Raman spectra of single NCM
111 secondary particles prior to and after the impedance
measurement (see Figure S4 in the Supporting Information).
The spectra do not reveal any changes at the surface of the
secondary particles. Nevertheless, this finding cannot entirely
rule out the formation of a surface layer such as lithium
929395 or mixed hydrous carbonate hydroxides
containing nickel’* during synthesis, storage, or impedance
measurements as the Raman cross section of the correspond-
ing material may be very low and its Raman features very
broad, in particular, in the case of amorphous materials. Such
surface layers could explain the ionic surface conductivity as
lithium carbonate, for example, is a Li-ion conductor,”®™* with
a lithium-ion conductivity varying between 1 uS cm and
0.4 nS cm™'* at 300 K.

The average height of the SU-8 layer deduced from the least-
squares fitting is 12.48 pm, which is close to the diameter of
the smallest secondary particle and in good agreement with
results from profilometric measurements (see Figure S5 in the
Supporting Information).

In summary, we present a novel and successful approach for
investigating the electric properties of single NCM 111
secondary particles and for revealing preferred transport
paths for electrons and ions, which in this case are different
for both charge carriers. This approach is not restricted to
NCM secondary particles but comprises a very versatile tool
for investigating charge transport in any type of particles with
sizes in the micrometer range. The well-defined measurement
geometry yields the possibility of adding a thin separator
soaked with liquid electrolyte and placed on top of the particle.
In this way, different half-cell configurations employing a single
CAM particle as cathode can be realized easily, enabling the
electrochemical characterization of single particles as a
function of size using the same measurement system.
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5 Conclusions and Outlook

The experimental approaches developed in the framework of this Ph.D. work and presented
in this thesis provide unique experimental access to properties of technologically relevant
thin films and particles, respectively, which were not accessible by conventional approaches.
Both approaches, to a certain extent, rely on micro- and nanofabrication techniques. The
results obtained demonstrate that the additional experimental effort in preparing samples
was justified. The approaches proved to be suitable for proper investigations of diffusion
processes in WO3 thin films and charge transport in single NCM 111 secondary particles

as a function of particle size.

The results on diffusion in WOj3 thin films were interpreted in terms of concentration-
dependent diffusion. They gave direct evidence of different concentration ranges, in which
the diffusion coefficient of hydrogen is either constant or depending on the concentration
of hydrogen. This finding is of great importance for the interpretation of experimental
results gathered from electrochemical experiments and has not been investigated to this

extent before. However, some aspects still remain to be studied in the future.

The first aspect is the correlation between the absorbance of the films and the actual
hydrogen concentration. The differences in the concentration-dependent diffusion of hy-
drogen in amorphous and polycrystalline WO3 imply a strong influence of the thin film
morphology on hydrogen diffusion. On the other hand, e.g. the degree of crystallinity of a
WOs3 thin film itself has given rise to different models for the EC coloration in the past. In
this work, the diffusion process was investigated by monitoring the transmittance of light
through WOj3 thin films. A very fundamental study of the influence of morphology and
crystallinity on EC coloration and hydrogen diffusion seems very desirable. This would
allow the estimation of the extent, to which changes of optical properties are attributed to
changes in the ion concentration. A possible consequence could be a correlation between
the ion concentration and the transmittance of the WOg film that is different from the one
assumed by following a Lambert-Beer-like ansatz (see equations (3) and (4) in publication
1). This would lead to deviations between the dependence of the diffusion coefficient on
the transmittance, which is the quantity measured in the experiments, and the ion concen-
tration. Thus, the concentration-dependence of the diffusion coefficient may be altered and
even become negligible. However, the diffusion coefficient of hydrogen in WOs3 thin films
is not expected to be independent of the ion concentration. A change in the activation en-
ergy for the coupled diffusion of AF, = £60meV would change the diffusion coefficient at
room temperature by one order of magnitude. Such changes in the activation energy could
probably be explained by the changes in the crystal structure or the electronic structure,

which occur during EC coloration of WO3 thin films. Due to the uncertainty of the ion
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5 Conclusions and Outlook

concentration in the film and the significant morphological differences, no attempts were
made to describe the data in terms of a percolation model [229]. It was therefore decided
to use a model-independent parametrization of the profiles obtained. After a proper cor-
relation between the ion concentration and the absorbance is established, a future project
could be investigating the capability of certain models to describe the observed diffusion

processes.

Another aspect for future work should address the origin of the changes in the diffusion
coefficient in WOj3 thin films. A percolation model based on two different diffusion path-
ways with different diffusivity was proposed to describe a decreasing diffusion coefficient
upon increasing ion concentration in amorphous WOj3 films [229]. In order to study struc-
tural changes upon ion insertion in polycrystalline WO3 thin films, the specially designed
electrochemical cell was also employed in subsequent project works of A. G. Strack. The
capability of measuring the transmittance of a laser used for Raman spectroscopy dur-
ing electrochemical coloration of WOj3 thin films creates a very powerful tool in studying
structural, optical and electrochemical properties of WO3 thin films simultaneously. First
results from such in situ Raman spectroscopy and transmittance measurements during elec-
trochemical hydrogen insertion into polycrystalline WOgs thin films were obtained. They
reveal strong influences of the applied potential on the crystal structure observed and the
transmittance measured. Also changes of the optical properties without changes of the
structural properties were observed, which has not been discussed for polycrystalline films
in the literature. This indicates that the EC coloration of polycrystalline WO3 may require

even more research efforts to be fully understood than originally anticipated.

As already discussed, the differences between the diffusion coefficients derived from elec-
trochemical measurements and from the approach presented here differ considerably. It
is of interest to understand the differences between both diffusion coefficients in more de-
tail. This is partly addressed in project works of J. L. Dornseifer and P. Tuchecker, who
investigate diffusion processes in WO3 thin films by different methods. This is required in
order to evaluate the extent of the aforementioned influence of changes in the absorption

process upon ion insertion on the interpretation.

The experiments on single NCM 111 secondary particles yielded experimental access to the
investigation of charge transport in single particles, with diameters of several micrometers.
The approach presented is based on the immobilization of single particles in traps pat-
terned into a polymer film on a conducting substrate. The use of a specially designed cell
enabled the contacting of these immobilized particles with metal films at opposite sides.
This approach offers the possibility to use different measurement signals for the character-
ization of charge transport through different types of particles. It can be applied to a large
variety of particulate matter, as long as the particles are dispersible in a solvent, which will
not harm the SU-8 layer or its adhesion to the substrate. The large variability offered by
photolithographic patterning of SU-8 enables the customization of particle arrangements
and systematic investigations on e.g. two or more particles connected in parallel. Arrange-

ments with a different number of particles in a single trap were conducted, but have not
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shown any pronounced differences to measurement on single particles. This is probably due
to the fact that only one of the particles, the largest one, was contacted by both contacts

in case of several particles in the trap.

The mounting of the cell is probably the most decisive part of this approach since it is
capable of plastically deforming the particles severely, in case of a large difference between
the polymer film height and the particle diameter. The deformation of the porous particles
mainly affects the size-dependence of the resistance, from which the partial conductivities
have been derived. For this reason, a symmetric truncation of the particles was assumed
to describe the plastic deformation. This assumption imposes severe boundaries in the
application of the method depending on the mechanic properties of each single particle.
As already mentioned, a modified version of the cell was also developed, where the load of
the top contact on the particle can be increased in a controlled manner. The systematic
evaluation of these load-dependent experiments conducted by J. K. Eckhardt and M. S.
Friedrich is another task to be done in the future, since such experiments might lead to

conclusions about the influence of particle deformation on the results presented.

The interpretation of the conductivities derived is another aspect to discuss. The imped-
ance spectra of a single porous secondary particle represent the impedance of a porous
network of primary particles, i.e. grains and grain boundaries. The derived properties are
therefore effective properties of such a network rather than properties of the bulk or the
surface of the material. This could be further investigated by charge transport studies on
single primary particles and across grain boundaries between single primary particles. An
approach based on embedding single secondary particles in an SU-8 matrix was developed.
By using an argon-ion beam etching system to partially ablate the SU-8 film, the surface
of the secondary particle, and thus single primary particles and primary particle agglomer-
ates, can be exposed again. Corresponding trial experiments were successfully conducted
by J. K. Eckhardt. In a subsequent step, two gold contacts on a single primary particle or
on two adjacent primary particles could be prepared. An electron beam lithographically
patterning process with a subsequent thermal evaporation of gold and a liftoff process
appears to be suitable for this purpose. Such an approach was presented by J. Zahnow
(Institute of Physical Chemistry, Justus Liebig University Giessen) for CeOs crystallites
[230].

A software to simulate the impedance of a porous secondary particle, which is made up by
primary particles and grain boundaries in between them was developed by J. K. Eckhardt
[231]. A network model for the impedance of a single secondary particle would possibly
be capable of describing the experimentally measured impedance of a single particle based
on its microstructure. The microstructure of two representative porous secondary parti-
cles was successfully derived from FIB-SEM tomography data recorded by M. Osenberg.
By this, contributions of charge transport in and along grains, as well as across grain

boundaries to the overall effective impedance could be investigated.

Future work should also take advantage of the special design of the cell developed in this

work, since it allows the realization of a half-cell setup with a single secondary particle as the
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positive electrode active material. Results on single particles, which would be characterized
in both configurations, would allow a more detailed investigation of the electrochemical
properties of single particles. Ongoing investigations that aim on the identification of single
charge transport processes in such half cells are currently conducted by M. S. Friedrich.
In this setup, charge transfer, degradation or cyclability can be investigated on a single-
particle level, which can deliver valuable insights into the performance of the material in

a composite.

The experimental approaches developed and presented are very versatile and powerful
tools for the fundamental investigation of charge transport in thin films and particles,
respectively. However, their potential relevance and significance will show in the future as

more interesting phenomena in materials for energy technologies and beyond are revealed.
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Appendix

The following chapter provides supporting information on the publications discussed ear-
lier. Additionally to the content, which is also available for download free of charge from
the websites of the corresponding journals and reprinted here for the sake of completeness
and conformity, details on the specially designed cells developed, manufactured and used

are provided.

A Cell Design for Simultaneous Electrochemical and Optical Experiments
on Thin Films

The specially customized electrochemical cell used for investigations on lateral hydrogen
diffusion in WOj3 thin films was designed to provide an optical path through the working
electrode and the liquid electrolyte. Two more components are required to obtain a desired
three-electrode-setup that is capable of measuring the potential of the electrolyte near
the surface of the working electrode. These are the reference electrode and the counter
electrode, which generally are not transparent. This sets additional requirements for their

position with respect to the optical path and the design of the cell.

The transparent sample is mounted in the cell such that the patterned surface faces toward
the cell housing, while two O-rings above and below the sample protect it and seal the
cell. The O-ring below the sample, as well as the hole in the center of the plastic plate
underneath confine the optical path as illustrated in figure A.1 (left). The O-ring above
the sample defines the geometric surface area of the working electrode/sample, which will
be in contact with the liquid electrolyte, as implied by the shadow on the sample surface.
The sample is mounted to the bottom side of the polyether ether ketone (PEEK) housing
(see figure A.1 (right)) to enable the imaging of the sample surface through the transparent
substrate by an objective and a subtractive double spectrometer. The gold film on one

side of the sample surface is contacted by a wire during assembly.
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Figure A.1: Exploded view of the components along of the optical path. The hole in
the plastic plate defines the field of vision. The electrode area of the patterned sample
is visualized by a blue stripe on the sample surface. The O-ring above the sample (see
also shadow on the sample surface) defines the area in contact with the electrolyte (left).
These components are mounted to the bottom side of the PEEK housing, which leads to
the formation of a contact between a wire (not depicted here) and the gold film on top of
the sample surface (right).

The PEEK housing has a hole in its center that allows a direct view on the patterned
surface of the sample. This view is illustrated in figure A.2 (left). Under experimental
conditions, the volume above the sample surface, which is confined by the PEEK housing,
is filled with a liquid electrolyte. The light must therefore pass through the electrolyte.
This aspect itself does not require the electrochemical cell to be sealed, if the electrolyte
is stable at ambient conditions. However, a plane electrolyte surface in the optical path
is desired to reduce scattering effects and increase the quality of the imaging process. For
this purpose, the top side of the PEEK housing is sealed by a fused silica window with an
anti-reflective coating (purchased from Edmund Optics) as depicted in figure A.2 (right).

The desired three-electrode-setup requires a counter and a reference electrode to be added,
while the extent to which these occupy the optical path should be minimized. Two ducts in
the PEEK housing (see figure A.2 (left)) connect the volume above the sample surface to
the outside, where two additional PEEK components can be mounted. These components
serve two purposes. On the one hand, they act as inlet and outlet during the filling of
the cell with the liquid electrolyte. On the other hand, they contain the counter electrode
or enable the reference electrode to be mounted. The counter electrode is realized by a
platinum tube, which is fixed inside the electrolyte inlet depicted in figure A.3 (left). A
Driref-450 Ag/AgCl-reference electrode (purchased from World Precision Instruments) is
mounted to an additional PEEK component, which also contains the electrolyte outlet,
as illustrated in figure A.3 (right). The reference electrode is inside the black PEEK

component.
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Figure A.2: Top view through the hole in the center of the PEEK housing onto the surface
area of the patterned sample that is exposed to a liquid electrolyte (left) and an exploded
view on the components that seal this hole under experimental conditions (right).

b

Figure A.3: Inlet and outlet used for filling of the cell with the liquid electrolyte. The inlet
contains a platinum tube used as counter electrode (left) and the outlet is mounted to the
PEEK component, containing a Driref-450 Ag/AgCl-reference electrode (purchased from
World Precision Instruments).

By fully assembling the cell and filling it with a liquid electrolyte, the tip of the reference
electrode, which has a diameter of 450 pm, is in close proximity to the surface of the working
electrode and immersed in the liquid electrolyte. This means, the tip of the reference
electrode protrudes slightly into the optical path, allowing the major part of the sample
surface to be investigated. The measurement configuration realized under experimental
conditions is illustrated in figure A.4, where the PEEK housing above the sample, as well

as the PEEK component of the electrolyte inlet are omitted.
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Figure A.4: Measurement configuration inside the electrochemical cell used for monitoring
lateral hydrogen diffusion in WQOj3 thin films. The optical path goes through a fused silica
window, a liquid electrolyte and the patterned sample. A platinum tube and a Driref-450
Ag/AgCl-reference electrode serving as counter and reference electrode, respectively, are
positioned outside the optical path.

B Supporting Information on Publication 1

In Situ Monitoring of Lateral Hydrogen Diffusion in Amorphous and Polycrys-
talline WQO3 Thin Films
Simon Burkhardt, Matthias T. Elm, Bernhard, Lani-Wayda, and Peter J. Klar

X-ray Diffraction Data

X-ray Diffraction Measurements on WQOgs Thin Films after Different Post-Deposition Treat-
ments

Figure S1 depicts the results obtained in XRD experiments on WO3 thin films, which have
been heated to different temperatures in air after thin film deposition onto silicon <100>
wafers. During heat treatment, the temperature increased from room temperature with a
heating rate of 100°Ch~! to the desired temperature. As the temperature was reached,
it was held for one hour before the oven cooled down to room temperature again. Exper-
iments have been performed using a PANalytical EMPYREAN diffractometer equipped
with a PIXcel®P detector and a copper anode (A(Cug,) = 1.541 A). While no diffraction
reflexes originating from a WOQO3 thin films as received after deposition can be observed, the
diffraction patterns obtained from WOj3 thin films after the heat treatment show additional

diffraction reflexes and thus clearly indicate increased crystallinity.
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Figure S1: X-ray diffraction patterns of WOj5 thin films as grown and after a heat treatment
at 400 °C, 450 °C or 500 °C, respectively. Asterisks mark diffraction angles of silicon <100>
wafers used as substrate.

Scanning Electron Microscopy Images Before and After the Heat Treatment
Figure S2 shows scanning electron microscopy images of WQO3 thin film surfaces before and
after a heat treatment at 450 °C.

1 pn 2016-03-29 — lmm  JLpn 2016-03-31
15.0kV SEI SEM WD 11.3mm 10:34:14 X 15.0kV SEI SEM WD 11.0mm 18:35:19

Figure S2: Scanning electron microscopy images of WO3 thin film surfaces before (left)
and after (right) a heat treatment at 450 °C.
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Numerical Simulations

Remarks on the implementation of the model

Experimental data for the absorbance A. gathered in the gap area of the PMMA film
have been used in numerical simulations to preset the concentration at x = 0, whereas at
x = L, linear extension has been used. The spatial discretization of the simulation grid
used was equal to the size of a pixel of the CCD sensor (0.645um), which turned out to be
sufficiently fine. For the numerical integration of the nonlinear diffusion equation an Euler

scheme of the form
c(t+dt) = cfi](t) + V], i=1,..,L, (S1)

with a suitably small time step dt (typically corresponding to about 0.01 s) was used, where
¢M[i] is a numerically calculated value for the right hand side of Equation 5. Square brack-
ets as in ‘c[i]” are used to describe the discrete representation of quantities in the computer
simulation. The calculation of the right hand side of Equation 5 has to be implemented in

a way that avoids artificial oscillatory behavior induced by the discretization!!.

The simulation can be summarized as follows:
1) D(c) at index i is not directly computed as the function D(c[i]), but as D(¢[i]), where

cli] is a local average of ¢ around the index 4, typically involving three adjacent data
points to the left and the right.
2) Derivatives (appearing two times on the right hand side of Equation 5) are in principle

evaluated as difference quotients in the form

ali + 1] — ali — 1]
2Ax

dali] = (S2)

for an array a of numbers. A local averaging procedure in a discrete version of the

formula
[oe)

alx) = / P (| — y]) a(y) dy, (s3)

— 00

with a narrowly concentrated Gaussian distribution P has been applied. The parame-
ters p and ¢ were optimized along with the parameters ¢y, D;, and D;. All these pa-
rameters together determine the behavior of the simulated diffusion coefficient. These

have been fitted to the experimental data, such that the total sum of squared errors

N L
S = ZZ | Ae(ts, i) — C{tj’i”Z (S4)

j=1i=1

became minimal, where ¢; are the N times at which the experimental data Ae(;, z;)
were used, and c[t;,] are the corresponding computed concentration values. A test of
the integration scheme by an example with constant diffusion coefficient and analytically

known solutions gave satisfactory results. The procedure was implemented using ETH

84



C Cell Design for Investigations on Single Particles

Oberon (see, e.g., https://www.inf.ethz.ch/personal /wirth/Oberon/Oberon07.Report.

pdf). Detailed code is available upon request.
References

[1] J. Crank, The mathematics of diffusion (2! edition), Claredon Press, Oxford, 1975.

C Cell Design for Investigations on Single Particles

The special design of the cell used for investigations on single secondary particles consists
of four essential parts, which are all made of PEEK. The bottom plate comprises a square-
shaped notch and a spherical recess in its center. This is, where the square-shaped and
patterned sample, which contains the single particles that are immobilized at defined po-
sitions, is mounted. It is placed on top of a fluorocarbon-based synthetic rubber O-ring to
protect the sample from breaking during cell assemblage. Once placed inside the square-
shaped notch, the sample can be fixed by tightening a screw and thereby clamping the
sample. The bottom part together with the sample in an elevated position are depicted on
the left-hand side of figure C.1. The middle part of the cell consists of two components.
The outer component is mounted to the bottom plate and thereby deforms an O-ring on
top of the sample to seal the cell. It also exhibits a central recess for the contact-forming
inner component and several tapped holes at the sides for gas-tight bushings. The outer

component is depicted on the right-hand side of figure C.1.

axe

Figure C.1: Two components of the specially designed cell used for investigations of single
secondary particles. The sample is placed and fixed in a square-shaped notch in the
bottom plate (left). The outer component of the middle part comprises a central recess for
contacting the square-shaped sample at defined positions and is mounted to the bottom
plate (right).

The outer component of the middle part also provides four contacts. Four copper cylinders
form a contact to the metal film underneath the patterned SU-8 layer at the corners of

the sample. These cylinders enable the bottom contact to the particles. A spring-loaded
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Appendix

suspension that allows a certain adjustment of the pressure exerted to the sample was

realized by a wire.

The inner component of the middle part is mounted to the outer one and forms five
individual contacts to defined positions on the sample surface. Four stainless steel cylinders
contact the sample at the positions of the particle traps. They form the top contact to
the particles. The diameter of the circular area of the top contacts is 1 mm. This allows
the formation of the top contact to particles, even if a certain misalignment between
the patterned structure and the glass substrate is present. Prior to cell assemblage, the
bottom side of the stainless steel cylinders was coated with the same metal used for the
bottom contact to the particles. Doing this, a symmetric cell configuration was realized.
The top side of the steel cylinders provides an opening for a soldered cable connection to
hexagonal copper prisms. In these intermediate contacting points, pins, which are usually
used for integrated circuits, were inserted. Two versions of this inner component have been
developed. One of them exhibits steel cylinders for the top contact, which are vertically
fixed. In a modified version, these cylinders are not fixed, but loose. The cylinders can be
lowered by tightening spring-loaded plastic pressure pins with external threads. In both
versions, a spring-loaded contact to the center of the substrate was included to enable the
use of a currentless reference electrode in experiments with half-cell setups. It is located
in the center of this component. Both versions of this component, as well as four copper

cylinders for the bottom contact are depicted in figure C.2.
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Figure C.2: Two different contact forming components for investigations of single particles.
In an early version (left), the cylinders for the top contact to single particles or particle
arrangements were pressed and fixed in the PEEK body, while in an advanced version
(right) plastic pressure pins with a hexagon socket enable the adjustment of the pressure
exerted by the top contact.

As depicted on the left-hand side of figure C.3, the recesses in the outer component of
the middle part match the corners of the sample and the positions of the particle traps.
After fully assembling the middle part of the cell, nine individual contacts to the sample

protrude from the bottom side of the outer component of the middle part, as illustrated
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on the right-hand side of figure C.3.

Figure C.3: Top view onto the surface of the sample through recesses in the outer com-
ponent of the middle part (left) and the nine individual contacts to different points of the
sample, which protrude from the bottom side of this part after one of the inner components
depicted in figure C.2 is inserted (right).

After the middle part is mounted to the bottom part, each corner of the sample, as well
as each particle trap and the center of the sample are contacted individually, as indicated

in figure C.4.

Figure C.4: Inner component of the middle part above a sample, which is contacted at
nine individual positions.

An optional top part of the cell was designed to seal it. This was intended to enable
experiments outside the protective atmosphere in which the assemblage took place. The
cell design also allows additional experiments on single particles in a half-cell setup. For
this purpose, a dried separator can by placed on top of the sample and soaked with an
electrolyte after the arrangement of the particles. A circular piece of lithium-foil can be
attached to the bottom of the stainless steel cylinders and the contact pin for the reference

electrode to obtain a half-cell setup with a single particle as the active material.
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Charge Transport in Single NCM Cathode Active Material Particles for Li-
thium-Ion Batteries Studied under Well-Defined Contact Conditions

Simon Burkhardt, Markus S. Friedrich, Janis K. Eckhardt, Amalia C. Wagner, Nicole
Bohn, Joachim R. Binder, Limei Chen, Matthias T. Elm, Jiirgen Janek, and Peter J.
Klar

Experimental Methods

Preparation of Particle Traps on Patterned Substrates

A glass substrate as well as the bottom faces of four cylindrical steel contact pins with a
diameter of 1 mm were coated with a 200 nm to 250 nm thin film of either gold or copper.
After metal film deposition, an SU-8 film was patterned photolithographically on top of
the substrate using the following procedure:

The substrate was covered with 0.5 mL of SU-8 10 (purchased at MicroChem Corp.) and
rotated first with 500 rpm for 10s and subsequently with 1750 rpm for 45s to yield a
homogeneous resist film. After spin coating, the sample was heated on top of a hot plate
for 120s at 65°C and for 300s at 95°C. The resist was exposed through a specially
designed mask with a pattern, comprising four circles with diameters of 35 pm at defined
positions acting as particle traps. Exposure was performed with UV radiation with a
wavelength of 365 nm for 22s. The sample was heated on a hot plate for 60s at 65°C and
for 120 s at 95 °C before the resist was developed in mr-Dev 600 (purchased at micro resist
technology, https://www.microresist.de/) for 240s. The particle traps obtained penetrated
the SU-8 layer completely revealing the underlying metal film at the bottom of the trap.

The processed resist film thickness varied between 6 pm and 16 pm.

Preparation of Nanostructured Secondary Particles and Powder Characterization

NCM 111 secondary particles have been synthesized and characterized according to the
procedure reported ealier.! Li(Nij/3Co1/3Mny/3)O2 (NCM 111) powder from Toda Kogyo
Corp. (NM-3100, Lot. No. 6200613) was suspended in deionized water with Darvan 821A
(Vanderbilt Minerals) as dispersant and milled in an agitator bead mill (LabStar LSI,
Netzsch) with Y-stabilized ZrOs beads of 0.2mm diameter at 3000rpm. The grinding
process was monitored by laser diffraction in order to determine particle size distribution
and was stopped at around 220nm mean particle size (dso3). After milling 0.25wt%
polyethylene glycol 400 (Sigma Aldrich) was added to the aqueous suspension and subse-
quently, it was spray dried at 115°C (MobileMinor, GEA). The as-obtained powder was
calcined at 900 °C for 5 h under pressured air with a flowrate of 300 L min~! at heating and
cooling rates of 5 K min~! and 10 K min~!, respectively. Afterwards granulates were sieved
(<45 pm) resulting in a mean secondary particle diameter of 16.4 pm, a specific surface area
of 2.52m? g~ !, calculated mean primary particle sizes of 500 nm, and a granulate porosity
of 40.6 % determined from mercury intrusion measurements. XRD analysis proved the

existence of phase pure NCM 111.
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Particle Arrangement, Cell Assemblage and Impedance Measurements

Single NCM 111 secondary particles were dispersed in propylene carbonate (purchased at
Sigma-Aldrich) and then arranged in the particle traps by using a variant of the meniscus
force method?™ or simply placing them on a tilted surface. Remaining propylene carbonate
was removed by a heat treatment at 100°C for 5min. Once the secondary particles were
arranged, substrate and steel cylinders were transferred into an argon-filled glove box.
After cell assembling, both, the metal surfaces of the substrate and the bottom face of one
steel cylindrical contact pin formed a contact to a single secondary particle. Impedance
measurements with an amplitude of the AC signal of 50mV or 200mV and frequencies
between 60 MHz and 0.1 Hz or 1 Hz were carried out with a bio-logic SP300 potentiostat.
The simulation of the spectra based on the equivalent circuit shown in Figure 3 were

performed using the commercial software RelaxIS 3 (version 3.0.11.12, rhd instruments
GmbH & Co. KG)

Impedance Spectra of Different Configurations

To ensure that the measured impedance response contains separable contributions of the
secondary particle in a particle trap and is not dominated solely by the measurement
system, different ‘plate capacitor configurations’ have been realized in the electrochemical
cell. The following configurations between two gold contacts were studied: solely argon
(1), solely SU-8 polymer (2), a single NCM 111 secondary particle with a particle radius of
7.7 pm in an SU-8 trap (3) and a loose agglomerate of many NCM 111 secondary particles
(4). In these experiments, the amplitude of the AC signal was 200mV. The Nyquist
diagram of the impedance measurements performed in these configurations is depicted in
Figure S1.
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Figure S1: Nyquist representation of the impedance spectra measured with argon (white
filled upright triangles), an SU-8 polymer film (red filled upside down triangles), a single
NCM 111 secondary particle (blue filled circles) and a loose agglomerate of NCM 111
secondary particles (cyan filled squares) between two gold contacts.

The contributions of the different materials of the cell present during the electrochemical
experiments to the measured impedance can clearly be distinguished. Even though, the
complex impedance is similar in all configurations at high frequencies (small values for the
real and imaginary part of the complex impedance), implying a contribution of the cell
setup connected to the samples, clear differences between experiments with and without

NCM 111 secondary particles between the gold electrodes can be distinguished at low
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frequencies on the right-hand side of the Nyquist plot. The impedance spectra obtained
without NCM 111 between the two gold electrodes show a typical capacitor-like behavior
that manifests itself in a steep increase of the complex impedance’s negative imaginary
part with decreasing frequency. The electric field generated across argon or SU-8 is of the
order of 1072V ym™"! and thus too low to lead to a breakdown or a measurable current.’
In contrast to that, the presence of either a single NCM 111 secondary particle or an
agglomerate of NCM 111 secondary particles closes the electric circuit and leads to a
vanishing negative imaginary part at low frequencies. This and the fact that the shape of
the impedance spectra obtained from a single NCM 111 secondary particle and the loose
particle agglomerate qualitatively match very well, ensures, that the impedance measured
in single particle measurements can be related to the material investigated and are not an

artifact of the cell setup.
DC Polarization of a Single Secondary Particle

DC polarization of a single secondary particle (r, = 9.30 pm) between two copper electrodes
was carried out by applying a current of (4.362 4+ 0.011) nA and measuring the potential
as a function of time as depicted in Figure S2. Due to ion blocking at the interfaces
between the secondary particle and the inert electrodes, the steady-state current is purely
electronic. The difference between the open cell potential and the initial potential under DC
polarization is U = (630 + 1) mV which leads to a DC resistance of Rpc = (144 £ 2) MQ.
It should be noted that the measured potential difference under DC polarization might be
larger once the electronic charge transfer is hindered, e.g. by Schottky-type contacts. The
chemical polarization of the particle and the created concentration gradient of lithium ions
leads to diffusion of lithium ions and to a decrease in potential by approximately 19mV
after 12h. The low-frequency impedance of the same secondary particle is Rigw freq =
(159.6 £ 0.6) MQ, which is slightly higher, but the deviation is still below 10 % and probably

arises due to the resolution of the measurement setup.
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Figure S2: DC polarization curve of a single NCM 111 secondary particle with a radius
of 9.30 pm. The polarization current of 4.362nA leads to an initial increase of the steady-
state-potential of 630mV. Due to chemical polarization of the material and subsequent
diffusion of lithium ions the potential is decreases by approximately 19mV after 12 h.

Modeling

To describe the radius-dependence of the electronic and ionic resistances of NCM 111
secondary particles, a model for the resistance of a sphere with finite contact area is
employed.”® The model structure is schematically depicted in Figure S3. It assumes the
potential distribution of a homogeneous sphere with a radius r, and a finite and non-

vanishing surface resistance Rgyf and volume resistivity ppuk as a starting point.
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a) point contact b) (similar) finite contact areas

Figure S3: Visualization of the model applied for simulating the resistance of secondary
particles starting from a point contact at the poles (a). Symmetric truncation of the
secondary particles due to the pressure applied by contacting planes was assumed, to
obtain a correlation between the secondary particle radius, the height of SU-8 film and the
contact angle 6. (b).

For a current I entering the sphere at point contacts located at the poles of the sphere
(1 = 0 and O = w in polar coordinates), the potential distribution across the sphere is

described by

V(r,0) = P (R 20 s
T

where Ryat = Rsurf - Tp/Poulk 1S a dimensionless resistivity ratio, z = r/r, and p = cos(0).
The integral form of the function F'(Ryat, 2, ) was used for the simulations (see equations
(27) and (28) in reference 7).” It should be noted that the derivation of Eq. (1) requires
the assumption of a small contact area and does not hold for an ideal point contact.
However, if a finite contact area is assumed a finite resistance of the sphere can be calcu-
lated. We assume a deformation of the secondary particles due to the pressure applied by
the contacting planes (see Figure S3b). The deformation is approximated by a symmetric
truncation of the secondary particles, which defines a contact angle 6.(= 6.1 = 6.2) in
terms of the average height of the SU-8 layer hgi.g and the radius of the secondary particles

T'p as

0.(rp, hsu.g) = arccos (hSU'8> (52)

Tp

The resulting ohmic resistance R between two points at the surface can be approximated

by the ratio of the potential difference AV between the contact points at which the current
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is entering (6 = 1) and leaving (6 = 62) the sphere and the current itself leading to®

bulk
R(rp,61,02) = p4: - [F' (Ryat, 1,cos (62)) — F (Ryat, 1, cos (61))] (S3)

P
In our simple model of finite contact areas, the angles 6; and 6, are equal to 6. and
n — 0.. This together with the symmetric properties of the cosine function allows to

simplify equation (3) to

R(rp, 6c) = 5 - F (Brar, 1, cos (6c) (S4)
Tp

Using Eq. (1) to derive the potential at the contact areas in Eq. (3) is an approximation
because the equipotential surfaces that result from the derivation of the model applied are
curved apart from that at the sphere’s equator,” which is not fully displayed by assuming
horizontal truncation. The fitting parameters used in the least-squares fitting are the
surface resistances Re gyt and R; gurf, the bulk resistivities pe puk and p; pukx of NCM 111,
as well as the average height of the SU-8 polymer film hgy.g.

Interpretation of the Surface Resistance

Due to the geometry assumed, the correlation between the surface resistance Rgu s of a

sphere?, which is

n—0c
_ Psurf 1
Pt = 2% / sin (6?)Ch9 (85)
Oc

and the corresponding surface conductivity oguf is given by

1 tan <ﬂ —29¢> N

surzi'1 i~
Tsurt = o T Rewt tan(m)

2

where d is the thickness of a spherical shell, in which charge transport takes place exclu-

sively and 6. is the angle of the contact ares at the poles.”
Raman Spectroscopy

Raman spectra have been acquired using a Renishaw in Via Raman microscope system
employing an edge filter for suppression of the Rayleigh-scattered light and a single-
monochromator equipped with a charge-coupled device detector for detecting the spec-
trally dispersed Raman scattered light in the relative wavenumber range from 100 cm™! to
1200 cm™!. The spectral resolution of the system is better than 1cm™! in this range. An
Ar-ion laser operating at 488 nm was used for excitation. The laser beam with a power
of less than 1 mW was focused to a spot with a diameter of 1 um on the particle surface.

The Raman scattered light was detected in a backscattering geometry without polarization
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optics. The spectra displayed in Figure S4 have been normalized to the intensity of the

mode at 595cm ™! and stacked for comparison.
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Figure S4: Normalized Raman spectra obtained from NCM 111 secondary particles as
received (green), after dispersion in propylene carbonate and drying on a glass substrate
(blue) and after impedance measurements on secondary particles with radii of 7.7 pm (gray)
and 9.3 pm (dark gray) have been performed.

The Raman spectra obtained from NCM 111 secondary particles as received show modes
at 368cm™!, 478 cm™!, 578cm ™!, 595cm ™!, and 650 cm~! and are in good agreement
with results from other groups.'%13 Spectra obtained from both, a secondary particle after
dispersion in propylene carbonate and drying on a glass substrate, as well as secondary
particles after impedance measurements show the same modes without any signatures of

other vibrations.
Profilometric Investigation of the Sample Surface

Height profiles of the samples investigated have been measured using a DektakXT Stylus
Profiler from Bruker Corporation. A typical height profile along the diagonal of a sam-
ple after particle arrangement is shown in Figure Sha. The height of all the SU-8 layers
investigated varied between 6 pm and 16 pm. The peaks in the profile of Figure S5a orig-
inate from secondary particles lying on top of the SU-8 layer. Figure S5b shows a profile
across a particle trap and indicates, that SU-8 has been removed completely during the
development of the exposed resin. Figure S5c depicts the approximate height of the SU-8
layer near the positions of the particle traps containing the secondary particles investigated
in this work. Due to the macroscopic size of the contacting pin and the roughness and
unevenness of the SU-8 layer, the exact height of the SU-8 layer determining the distance

between both contacting planes cannot be determined accurately. The dashed line visu-
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alizes the boundary condition for single particle measurements via our approach, namely
the diameter of the secondary particles must exceed the height of the SU-8 layer. As can
be seen in Figure S5c, this holds for all the measurements performed. Furthermore, the
height of the SU-8 layer obtained during the fitting procedure of the electronic and ionic
resistances as a function of the particles’ radii is in accordance with the experimental values

obtained by the height profiling.
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Figure S5: Height profile along the diagonal of a sample showing the unevenness of the
SU-8 layer and peaks originating from NCM 111 secondary particles lying on top of its
surface (a), height profile of an empty particle trap revealing the penetration of the SU-8
layer (b) and approximate height of the SU-8 layer near the positions of the particle traps
containing single NCM 111 secondary particles of different size (c).
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