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Chapter 1

1. Introduction

Energy; something that drives us all. Broadly defined, energy is
the capability of a system to perform work. For ease of usage, it is
crucial that a system can provide work on demand, such as switch-
ing on a light bulb or driving a car. Hence, energy should be avail-
able (in other words: stored) for a system to provide work, which
brings us to energy storage. The energy can be stored in different
forms, such as chemical or kinetic energy. Over the last decades,
one particular form of energy storage is of great interest in view of
the transition to renewable energy sources: electric potential ener-
gy. In practice the term ‘electrical energy’ is often used. The inter-
est in this form of energy mainly lies in the fact that a large num-
ber of sustainable energy sources such as windmills and photovol-
taics yield electrical energy, which needs to be consumed directly,
or stored for later use. Among several options, rechargeable bat-
teries receive great attention because of their beneficial combina-
tion of high operating efficiency, ease of operation and storage
capacity.[*?! Within a battery system, electrical energy is converted
to chemical energy with high efficiencies. Combined with the ease
of usage, the commercial breakthrough of rechargeable lithium-ion
(Li-ion) batteries in the 1990s revolutionized how people live, work
and travel today.[?3!

1.1 Li-ion batteries

Although Li-ion batteries are relatively expensive and suffer from
more safety risks than other battery systems, the main advantage
of Li-ion batteries lies in the high energy and power density.[?#! In
other words, less volume and mass are required to store the ener-
gy for a system to provide an equal amount of work.

Like other rechargeable battery systems, Li-ion batteries consist of
four types of functional materials:

(i) Electrode materials, providing Li-ion and electron (e")
storage. Electrode materials are subdivided in positive
electrodes (‘cathodes’) and negative electrodes (‘an-
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odes’). Common electrodes are graphite (negative) and
lithium cobalt oxide (positive).[*!

(ii) Electrolyte materials, facilitating Li-ion transport be-
tween the positive and negative electrode. Usually, this
is a non-aqueous solvent with dissolved lithium salts.
In many battery systems, the electrolyte is combined
with a (porous) separator to prevent positive and nega-
tive electrodes from touching each other.

(iii) Current collector materials, allowing e” transport be-
tween the electrodes and the external load of the sys-
tem. In most systems, current collectors consist of
metals such as copper or aluminium.

(iv) Packaging and scaffolding materials, responsible for the
mechanical strength and protection against the sur-
roundings.

For a typical battery, consisting of graphite as negative electrode
and lithium cobalt oxide (LiCoO,) as positive electrode, the half
reactions during discharge are shown in Equations 1 and 2.2

LiCG_)LI:++€_+CG (1)
Lit+ e~ 42 LigsCo0, - 2 LiCoO, (2)

During discharging, an electrochemical reaction occurs between
lithiated graphite (LiCs) and delithiated lithium cobalt oxide
(Lig.5C005), vielding a cell voltage of about 3.7 V. As a result of the
delithiation of graphite (Equation 1), the Li* ions travel to the lithi-
um cobalt oxide through the electrolyte. Because of the electronic
insulation function of the electrolyte, the electrons move via the
current collector of the negative electrode, through the external
load utilizing the current (e.g. a light bulb), towards the current
collector of the positive electrode into the lithium cobalt oxide (Fig-
ure 1).
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Figure 1: Schematic representation of a discharg-
ing graphite-lithium cobalt oxide battery.

During charging of the battery, the opposite reactions occurs,
where the external load provides work to reverse the reactions,
delithiating the lithium cobalt oxide and lithiating the graphite back
to the initial state.

1.2 Improving Li-ion batteries: all-solid-state

Although rechargeable Li-ion batteries have been developed into a
mature technology, some important issues remain to be solved.
First of all, the lifetime of the batteries is limited. This issue is re-
lated to side reactions occurring with the liquid electrolyte, forming
a SEI, which acts as a passivating layer. In addition, due to the use
of non-aqueous solvents for the electrolyte, contemporary Li-ion
batteries pose an inherent safety risk.[>! Strong temperature varia-
tions or a short circuit can cause combustion of the flammable
liquid electrolyte.

Successful implementation of a solid electrolyte into a Li-ion bat-
tery, yielding an all-solid-state Li-ion battery, would greatly im-
prove the issues contemporary Li-ion batteries suffer from. The
lifetime of Li-ion batteries could be improved significantly, as SEI
formation does not occur for an electrochemically stable, inorganic
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electrolyte.!®”! In addition, the safety of the system is strongly
increased because flammable solvents are not required.>”! Solid
electrolytes also yield advantages for device integration. Scalability
is an advantage, since much thinner electrode separation can be
used with a solid-state approach. Also the thermal stability of the
solid electrolyte is an advantage, which makes Li-ion batteries
suitable for integration in photovoltaic applications.®°!

1.3 Towards 3D all-solid-state Li-ion batteries

Though the advantages of all-solid-state Li-ion batteries are clear,
scientific and technical hurdles have to be cleared before an all-
solid-state Li-ion battery is realized. This is mainly due to the lower
Li-ion conductivity in most solids as compared to liquid electro-
lytes. Simply replacing a liquid electrolyte by a solid-state counter-
part would be undesirable. The 10 pm electrolyte thickness cur-
rently used for high capacity Li-ion batteries would lead to a huge
resistance, deteriorating the battery’s performance.!*?

To solve this problem, either the Li-ion conductivity of the solid
electrolyte needs to improved, or the thickness of the electrolyte
layer needs to be reduced significantly.!'!]

T ‘Thick film’
Energy Planar (2D)
density

Power density ——»

Thin film
3D

Thin film
Planar (2D)

Figure 2: Relation between energy density, power
density and battery architecture for all-solid-state
Li-ion batteries with thin film solid electrolytes and
thin film electrodes.
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Ideally, both reduced thickness and improved conductivity are real-
ized in a thin film configuration of the solid electrolyte, yielding
little resistance over the electrolyte layer.®!

Downscaling the electrolyte layer to submicron thicknesses while
maintaining thick electrode layers (in the order of microns) yields
additional issues however. Since Li-ions are inserted at the electro-
lyte-electrode interface and electrons at the current collector-
electrode interface, the high thickness of the electrode poses
transport issues for both the Li-ions and electrons. Hence, a thick
film electrode yields high energy density, but little power density.
Reducing electrode thickness is therefore desired to improve the
power density. However, this leads to a significant energy density
loss because thin films only have little energy capacity per footprint
area (Figure 2).1'1

To achieve both high energy density and high power density, 3D
architectures are required (Figure 2). Since a thin-film architecture
is established all over the battery, the power density remains unal-
tered, but much more electrode material is available per footprint
area, increasing the energy density (Figure 3).[11:12]

/ Current collector 1
Negative electrode
Solid-electrolyte
Positive electrode
Current collector 2

Figure 3: Schematic representation of a 3D thin
film all-solid-state battery.

1.4 Deposition of 3D thin film battery materials

Although the concept is simple, realization of the thin film 3D all-
solid-state Li-ion batteries poses a major challenge. Deposition of
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materials on 3D dimensional scaffolds requires development of
deposition processes. Thus far, progress was mostly established
with vacuum based deposition methods. Current collector materials
such as TiN, which poses superior Li-ion blocking and high elec-
tronic conductivity, have been established as 3D thin films by
ALD.[®13] In addition, high temperature stable Pt is available as a
current collector material via ALD as well.['**>] For positive and
negative electrode materials several high quality coatings have
been established, showing good electrochemical activity. This in-
cludes ALD deposited LiCo0O,,[*®! which was named before (Equa-
tion 1), but also other electrode materials such as MnO,,!”]
LiFePO,,[*8 Ti3(PO,4); and TiO, [*>19201 have been demonstrated by
ALD. For CVD, reports were made on 3D deposited poly-Si,?!]
LisTisO1, and Ti0,.[?%23] The solid electrolyte, as core of the thin
film 3D all-solid-state battery, was deposited successfully in the
form of LiPON and lithium silicates by ALD as well as lithium phos-
phate by CVD.[?*2°] However, integration of current collectors,
electrodes and electrolytes to yield a fully functioning 3D thin film
all-solid-state battery has not yet been shown.

1.5 Wet-chemical synthesis for 3D thin film batteries

Though these results are a major step forward, the vacuum based
character of these deposition methods leads to high cost for practi-
cal applications. In addition, not all materials can be prepared with
these methods because multi-metal based materials pose a chal-
lenge (e.g. Li insertion during synthesis)[*6:1%2223] and metal-ion
precursor specific diffusion limitations.[?22°) Hence, new routes are
sought to use methods that are more cost effective, more up-
scalable and a higher degree of deposition freedom with respect to
complex multi-metal-ion materials.

Especially in the field of ceramics, wet-chemical synthesis routes
are shown to be able to yield high quality materials, showing a
higher degree of stoichiometric control and lower crystallization
temperatures compared to other methods.[?®! In addition, most of
these methods are very cost-effective and up-scalable, which is an
intrinsic advantage.[?”! Wet-chemical synthesis routes proved ver-
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satile for a broad range of battery materials, 8 including thin film
electrolytes and various electrode materials.[2973!

Efforts have been made to use these wet-chemical routes to pre-
pare 3D all-solid-state batteries. First, porous solid electrolyte
structures were applied. Various reports were made for 3D ordered
macro porous all-solid-state Li-ion batteries.[3¢*!1 However, the
final performance of the full devices established with this approach
was slightly disappointing, mostly ascribed to low electronic con-
ductivity and degradation of the 3D networks.[*%) Recently, reports
were made of 3D patterned solid electrolyte, enabling preparation
of electrolyte-separated electrode compartments with sizes down
to the micron scale. Although this method has a big advantage in
terms of thermal budgets because the electrolyte deposition can be
done prior to deposition of the electrodes, only limited 3D en-
hancement is possible because of the length-scales used.*?]

In view of a superior gain in energy and power density, a wet-
chemical approach attempting to prepare components for a 3D thin
film all-solid-state Li-ion battery have been done as well. Deposi-
tion of active LiCoO, electrodes was shown on rods with submicron
diameters with wet-chemical synthesis in combination with spray-
coating. Though this was an excellent first result, the energy densi-
ty per footprint area only doubled, where much higher capacity
gains were to be expected.[*3] Recently, Gielis et al. reported the
conformal deposition of TiO, on high aspect micro-cylinders using
spray-coating as well, although only limited functional properties
could be shown.[*4

Both these highly promising examples give rise to the question
how wet-chemical synthesis methods can be applied for 3D thin
film all-solid-state Li-ion battery materials in a competitive way.
Further development of this field would yield more freedom in
terms of material choice regarding multi-metal based materials, as
well as a huge gain in cost reduction and scalability to realize 3D
thin film all-solid-state Li-ion battery materials.
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1.6 The scope of this thesis

This thesis is focussed on the deposition and characterization of
functional thin film battery materials by means of wet-chemical
routes. Especially the feasibility for 3D depositions is investigated.

Part I (Chapter 1 and 2) holds the introduction and experimental
methods used. They include details on wet-chemical synthesis
routes and spray-coating in Chapter 2.

Part II is oriented towards solid electrolyte films (Chapters 3-6),
both planar and 3D. In chapter 3 an overview of inorganic solid
electrolyte materials is given. Chapter 4 is dedicated to the synthe-
sis and characterization of planar lithium lanthanum titanate (LLT)
by means of aqueous CSD. In chapter 5, the 3D deposition of LLT
is discussed. In chapter 6, the synthesis of the garnet solid electro-
lyte films is discussed, especially Li;LazZr,015.

In Part III, a high voltage negative electrode material in the form
of tungsten oxide is discussed (Chapters 7-10). The hallmark of
this material is the high volumetric capacity and the fact that it can
be combined with less electrochemically stable solid electrolytes,
such as LLT. In chapter 7 the deposition of tungsten oxide via a
colloidal suspension is discussed, including the electrochemical
properties. Chapter 8 continues with investigation of addition of
lithium to the precursor system discussed in Chapter 7; aimed at
the synthesis of Liy\WO; films. In chapter 9, the 3D deposition of
tungsten oxide is discussed, including electrochemical comparisons
between planar and 3D depositions. At the end of Part III, the 3D
stacked combination of LLT and tungsten oxide is studied in Chap-
ter 10.

Part IV (Chapter 11) discusses the last category of functional bat-
tery materials: current collectors. The 3D deposition of indium tin
oxide (ITO) is discussed, including its use as a current collector for
3D thin-film Li-ion batteries.

Finally, conclusions are drawn in chapter 12.
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Abstract

The experimental methods used during the research
presented in this thesis are explained in this chapter in
general terms. First, a short introduction is given for the
wet-chemical synthesis routes used. Next, several depo-
sition methods are discussed. This includes ultrasonic
spray deposition, which was frequently used during the
studies presented in this thesis. Finally, the characteri-
zation methods used are discussed. A general overview
of the spectroscopic, gravimetrical, diffraction, micros-
copy and electrochemical methods is given.
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1. Wet-chemical synthesis routes
1.1 Chemical solution deposition (CSD)

The synthesis method to obtain oxide films most often applied in
this thesis is chemical solution deposition (CSD). Essentially, this
wet-chemical method is based on the synthesis and stabilization of
metal-complexes in a suitable solvent, followed by deposition on a
substrate and a final anneal to form the oxide material. However,
this involves a lot of separate steps that need to be optimized in
order to obtain smooth films. For instance, stabilization of the
(several different) metal complex(es) in the solvent is crucial, as
precipitation would lead to inhomogeneous deposition and / or local
stoichiometric differences in the material.

There is a broad spectrum of CSD approaches, involving different
starting products, solvents and stabilizing ligands.[*?) The main
approach used within this thesis is based on citrate ligand coordi-
nation to a metal ion in water under appropriate pH conditions.
This is based on the electron donating citrate ligand, which coordi-
nate to the metal ion via carboxylate groups. A simple example is
lithium citrate. Since Li* is such a small ion with a low oxidation
state, one citrate ligand can host several lithium ions, with a max-
imum of three; one Li* on every carboxylate group. For other met-
als this complexation occurs differently, depending on pH condi-
tions. For instance, W8 complexation with citrates leads to a com-
plex consisting of one citrate ligand per W®* ion, combined with
non-bridging oxygen (oxo ligand) and water (aqua ligand) coordi-
nation.t3!

Once a mono/multi metal ion precursor is obtained, it is deposited
on a substrate via a specific deposition technique, such as spin-or
spray-coating (c.f. Section 1.1 to 1.3). Upon heating the liquid film,
gelation occurs together with evaporation of the solvent (water). At
higher temperature decomposition of the citrate ligand occurs, via
intermediate products M-O-C bonds are decomposed to form M-O-
M bonds. This leads to amorphous or crystalline oxide formation.
The latter step is strongly influenced by the final synthesis temper-
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ature applied, similar to other deposition methods such as ALD,
CVD or sputtering.

In the specific case of multi-metal oxides there is a small difference
however; since molecular mixing of the metal complexes applies
both in the liquid (before deposition) and solid phase (after deposi-
tion), the resulting film consist of metal-ions in the same stoichi-
ometry all over the substrate or in- and out-of-plane directions.
This is a large difference with for instance ALD, which is based on
stacked (atomic) layers of different metal oxides (concentration
difference for out-of-plane direction), followed by a solid-state re-
action to form the multi-metal oxide. Although CSD requires a
thermal budget for the removal of stabilizing ligands to form the
final oxide, the molecular mixing is one of the main benefits of the
CSD approach. However, perfect control over chemistry to ensure
homogeneity is required to achieve molecular mixing. Once this is
realized, difficult diffusion of (large) metal-ions is no longer re-
quired. Therefore, crystallization temperatures may be lowered and
secondary phase formation can be prevented.

1.2 Other wet chemical methods

Besides CSD, a long list of wet-chemical synthesis routes is availa-
ble for the synthesis of oxides.[*] Though all these methods have
their pros and cons compared to (aqueous) CSD, one other ap-
proach was used during this research: deposition of stable suspen-
sions. As the name suggests, deposition of stable suspensions does
not (solely) involve molecular solutions. Instead, a suspension
consisting of particles is deposited, which are sintered to form a
film. This does not mean that the liquid phase only consists of sol-
vent, as a mixture of particles and molecular precursors is also
possible. In comparison with (aqueous) CSD, suspension-based
precursors may be less stable over time. In addition, molecular
mixing does not apply once the (oxide) particles are formed, imply-
ing that mixing has to take place during the formation of the colloi-
dal suspension, and no segregation should occur afterwards. De-
spite these challenges, successful deposition of suspensions has
one major advantage, since removal of organic ligands (i.e. coordi-
nate bonding) can take place before the deposition. Hence, the
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advantage of a suspension-based precursors lies in smaller thermal
budget requirements, since removal of solvent(s) and organic addi-
tives (lacking coordinate bonds) generally require a low tempera-
ture to be removed from the film.

1.3 Spin-coating

Within the field of wet-chemical synthesis, spin-coating is a well-
established deposition method. The basic principle is simple: a few
drops of precursor solution are deposited on a substrate, followed
by rotating the substrate. Typically, the speed of the rotation is
chosen between 1000 and 6000 rpm. Since most of the material
leaves the substrate upon rotation, the yield of deposited material
per cycle is relative low. Therefore, a multi-step deposition is often
applied, using intermediate anneals to make sure the previous
deposition cycle is fixed to the substrate and no longer consists of
a liquid film.[®! The method is highly popular because ease of use
and low surface roughness. For instance, for In,03:Sn (ITO) thin
films, a sub-nm roughness was achieved.[®! The main drawback of
spin-coating is that this method is laborious if thick films (500 -
1000 nm) are required, especially when the solute has a low solu-
bility limit. Therefore, it is often considered only suitable for lab-
scale applications.!”®! In addition, it is a planarizing method and is
therefore no candidate deposition method for 3D deposition.

1.4 Dip-coating

The next technique that is often applied is dip-coating. Here, a
substrate is dipped in the precursor solution, with well controlled
withdrawal rate.!® Depending on the desired thickness, this proce-
dure is repeated after an intermediate anneal. By controlling the
precursor wetting, viscosity and solvent evaporation, good results
can be achieved yielding smooth films. Just as with spin-coating,
precursor concentration dictates the thickness of the obtained
films. Nevertheless, dip-coating can easily be applied on industrial
scale, because there are no intrinsic issues to up-scale the immer-
sion process.[®) In essence 3D deposition should be possible with
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dip-coating, although only few successful examples are found in
literature,[10:11]

1.5 Spray-coating

The final deposition method considered was used extensively dur-
ing this study. The main difference with the previous two deposi-
tion methods is that spray-coating does not rely on an excess of
precursor solution for film formation. Instead, small droplets are
generated which are supposed to form a film under optimized con-
ditions. This different approach has a large practical advantage: a
high yield of deposition. Besides initiation, cleaning and loss due to
overspray, all the precursor solution or suspension is deposited on
the substrate. Furthermore, the spray-based character makes roll-
to-roll processing possible, giving spray-coating a huge upscaling
potential.l”*2] More importantly for this study: spray-coating is
capable of coating 3D structures down to the micron scale.!*3 ~1°]

1.5.1 Various spray-coat systems

A wide variety of different spray-coating types can be found in
literature (Figure 1).[*6727] The lack of consensus regarding defini-
tions is probably due to the fact that many different physical pro-
cesses are used as a driving force for spray transportation, yielding
a solution or slurry / suspension borne coating. Essentially, spray-
coating can be defined as a way to distribute particles, dissolved
salts or molecules yielding a coating on a carrier with the help of a
spray. The carrier can be a particle or a substrate.

While this definition of spray-coating is not very useful because of
its broadness, some divisions can be made. From a coating applica-
tion perspective, spray-coating can be divided into two classes,
namely i) spraying a coating on particles and ii) spraying a coating
on a substrate. Note that this involves ‘coating’ of particles or sur-
faces, meaning that for instance ‘spray drying’ essentially is a dif-
ferent synthesis method as it is primarily aimed at the synthesis of
particles, not coatings.[?8:2°]
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For films, one of the most used types of spray-coating is electro-
spraying, also referred to as ‘electrodynamic spraying’ or ‘electro-
static spray deposition’ (ESD).['6:202434]1 Ag the name suggests,
ESD utilizes electrostatic interactions between the precursor drop-
lets produced and the substrate. This is achieved by creating a
potential difference in the order of 10 kV between the spray nozzle
and the substrate. Hence, several precursor properties are crucial,
including a low surface tension and (sufficient) electronic conduc-
tivity.®* ESD is therefore rarely used in combination with aqueous
precursor systems.[**! Upon optimization of an organic precursor
with additives such as acetic acid, crack free metal oxide films can
be realized.’** In addition, the flow rate of the precursor, nozzle
height, voltage difference and deposition temperature (T4) were
shown to be of major influence on the morphology of ESD deposit-
ed films.[*”]

[ Spray-coating ]

| |

[ Powder-coating ] [ Film-coating ]

Electro-spraying ]

Spray pyrolysis ]

[ Air blast ]

Ultrasonic spray

Figure 1: Division of different spray-coating
methods

The second common class of spray-coating is often referred to as
‘spray pyrolysis’,[22:23:25-27,32-40] By definition, pyrolysis (or ther-
molysis) suggests high temperature treatments and breakage of
covalent bonds, possibly under inert conditions.[*}! Therefore, the
definition of ‘spray pyrolysis’ seems inappropriate in some cases.
Especially so, since the term ‘pyrolysis’ is sometimes used without
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knowing the details of the precursor system, meaning that pyroly-
sis may not be applicable.[?”! Nevertheless, the atomization (i.e.
droplet generation) of so-called ‘spray pyrolysis’ can occur in dif-
ferent ways. The most simple atomization occurs via air blasting.
Precursor droplets are formed while exposing the precursor solu-
tion to high velocity airflow, creating a spray.[3'4% Although cost-
effective, reproducibility of these systems is limited due to broad
droplet size distributions.3!1 Alternatively, atomization occurs via a
transducer (i.e. a ceramic plate to transfer kinetic energy) which
vibrates at high frequency, this issue is circumvented. This is often
referred to as ‘ultrasonic atomization’ due to the fact that trans-
ducer frequencies surpass ultrasonic frequencies. Since this meth-
od of atomization was used during this study, more insights in ul-
trasonic spray deposition will be provided in this chapter.

1.5.2 Ultrasonic spray deposition

Although rarely used, this term clearly indicates how atomization of
the precursor solution, suspension or slurry occurs. The process of
ultrasonic spray deposition (USD) can be described in a four sub-
sequent steps, namely (i) atomization, (ii) spray formation and
shaping, (iii) droplet transport and evaporation and (iv) film for-
mation.

1.5.2.1 Atomization

As mentioned before, USD depends on a transducer vibrating at or
above ultrasonic frequencies to form the droplets. Simply said, this
process consists of a number of subsequent steps, as described in
the patent of Berger et al.[4?

(i) Automated precursor transport to the transducer, often
done with a syringe connected to a syringe pump;

(ii) Precursor wetting of transducer, forming a precursor film;

(iii) Transducer vibration at high frequencies, leading to high
speed movement of the liquid film on top;

(iv) Capillary wave formation within the precursor film;

(v) Collapse of capillary waves, creating a precursor droplet;
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(vi) Movement of the droplet to the nozzle for spray formation
and shaping by a carrier gas.

The physical phenomenon utilized during ultrasonic atomization via
the transducer, is the occurrence of capillary waves. These capil-
lary waves in the precursor film go through three different phases
while changing the frequency and amplitude of the vibrations,
namely (i) initiation, (ii) modulation and finally (iii) turbulence.
Handling the physics behind these individual steps in great detail
goes beyond the scope, but an intuitive example is shown in Figure
2.

Figure 2: simulated image of capillary wave a) initi-
ation, b) modulation and c) turbulence.[*3!

For the droplet formation, creating stable capillary waves is crucial.
From physics, these stable waves can be described in equation 143!

1
vZ o2 |53 (1)

where v is the angular frequency (i.e. transducer vibration fre-
quency), o the liquid surface tension, p the liquid density, and A
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the wavelength of the capillary waves. Thus, beside precursor
properties that can be tuned by changing the precursor chemistry,
the main atomization parameter is the vibration frequency. This is
related to the wavelength of the capillary waves; the square of the

frequency scales with the wavelength to the power -1/3 (v? « ,1—%).

While the formation of stable capillary waves can be tuned with the
frequency, the turbulence or collapse of these films can be caused
by a change of amplitude. As the acceleration (a) of a confined
precursor volume on the wave can be described as the second
derivative of the amplitude (A) over time of the wave (Equation 2),
acceleration of the confined volume soars at high frequency
(v=1/t) and a large amplitude.!*>%3! Hence, it becomes clear why
ultrasonic frequencies (v > 20 kHz) are much more suitable for
atomization than for instance supersonic frequencies, because it
leads to larger acceleration at comparable amplitude.

_9%A

a=24 (2)

The acceleration cannot become infinite, since the capillary wave
will collapse at high accelerations. Once again, further details go
beyond the scope of this thesis, but a schematic representation can
be found in Figure 3.

040

)

Figure 3: collapse of capillary waves as function of
the applied amplitude (A) with droplet diameter D
for a fixed wavelength (A). The image was partly
adopted from stated reference.**!

For USD, these principles imply that three main factors are of in-
fluence for successful atomization with a fixed vibration frequency:
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(i) the surface tension of the precursor, (ii) the density of the liquid
and (iii) the amplitude of the transducer frequency. For example, a
low surface tension combined with a high density (i.e. small wave-
lengths at a fixed frequency) requires small amplitudes to achieve
atomization (e.g. diethyl-ether or isopropanol). Or the opposite: a
low density, high surface tension precursor (e.g. water) will require
larger amplitudes for atomization.

Using ultrasonic atomizers leads to intrinsic advantages. First of all,
a well-defined droplet size distribution results from the collapsed
capillary waves. According to Berger et al., the droplets generated
via the ultrasonic atomization obey Equation 3.
811'0)1/3 (3)

pv?

Dos = 0.34(

Where D, s is the median of the drop diameter, ¢ the surface ten-
sion of the liquid, p the density of the liquid and v the frequency of
the transducer. Since the droplet size is defined by the confined
volume acceleration of the capillary wave, it is no surprise equa-
tions 1 and 3 are related. For a typical ethanol / water precursor
(50/50 vol%), the mean droplet size at 20°C is 8.6 pm just after
atomization.[*>! This well-defined droplet size distribution, mainly
consisting of small droplets, increases the reproducibility consider-
ably, especially compared to air blast deposition.

A second advantage of ultrasonic atomization is that the droplet
size distribution is virtually independent of the flow rate. This is
due to the fact that droplet atomization only depends on the pre-
cursor properties and the transducer vibration (amplitude and fre-
quency). Obviously, no unlimited precursor volumes (i.e. high
flowrate per unit time) can be atomized due to the limited size of
the transducer and the precursor film volume on top of it. Practi-
cally speaking, the droplet size distribution is the same while using
a precursor flowrate of 0.4 or 4 ml-min’!. This feature enables ex-
clusion of at least one parameter in an already intertwined set of
different variables during USD.

1.5.2.2 Spray formation and shaping
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If atomization occurs, the droplets are transported to the nozzle
with a carrier gas, which can mechanically be shaped in several
ways. Different shapes can be generated by changing the nozzle
type. For relative small deposition areas, the so called Accumist®
nozzle (Sono-Tek) is used.

The main parameter for shaping the spray with a fixed nozzle type
is the carrier gas pressure. In case no pressure is applied, a shroud
leaves the nozzle; gravity and natural convection dictate the direc-
tion of the shroud. Therefore, the spray lacks shaping and is very
vulnerable to external airflow (e.g. exhaust inlet), yielding inhomo-
geneous deposition. If the carrier gas pressure is increased, the
spray shaping increases, quickly transporting the droplets to the
substrate in a cone-shaped spray. At higher pressures, the droplets
gain higher velocity which can have consequences for the droplet
impact on the substrate (c.f. next section). In addition, the high
pressure leads to a larger gas flow over the substrate which can
lead to deposition temperature deviations.[3!]

Since the precursor flowrate has virtually no influence on the drop-
let size distribution, the precursor flow (before atomization) only
influences the mass flux of the spray (after atomization).

1.5.2.3 Droplet transport and evaporation

Once the droplet leaves the nozzle as part of a well-defined spray
due to the carrier gas pressure, several forces are acting on the
droplets. Especially for large droplets, gravity forces can influence
the trajectory. However, for the small droplets used during this
study (Dgs < 10 pm), gravity forces are of little significance.[*”]

A second force encountered is drag due to resistance of surround-
ing air, which has a much lower velocity. This can be expressed
with the Stokes force, which dictates that the drag is (almost) line-
arly related to the product of droplet size and speed. Since a carri-
er gas is applied for spray shaping, increasing the velocity of the
droplets and surrounding gas simultaneously, this is the main pa-
rameter to minimize drag.!*®! The drag encountered only affects
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the outer limits (outer diameter) of the spray, slowing down only
the outermost droplets of the spray.[*®]

The final (significant) force acting on the droplets is the thermo-
phoretic force, although it is only valid for deposition on a heated
surface. This force arises from the large temperature gradient pre-
sent up to 5 mm above the heated surface.l3!] Thermophoretic
forces act especially in case of a carrier gas, due to forced convec-
tion between the nozzle and the substrate, leading to an even larg-
er temperature gradient.!*! The thermophoretic force retards drop-
lets from the heated surfaces, due to the much higher kinetic en-
ergy of the gas molecules close to the surface compared to the
droplet and surrounding gas.!3?! Therefore, the thermophoretic
forces slow down the droplet approaching the surface, while the
(strong) temperature increase strongly reduces the droplet size
due to evaporation.[t>31:46:47]

1.5.2.4 Film formation

The complex interplay of forces, changing droplet size, decomposi-
tion reactions and surface chemistry hinder a complete under-
standing of the film formation mechanism. Nevertheless, Perednis
et al. tried to formulate a simple model for their metal halide /
alkoxide salt / organic solvent precursor.332] This was further
elaborated upon by Filipovic et al.[*>1 In this model, the deposition
temperature is the leading parameter dictating the film formation.
It must be noted though, that the temperatures indicated in the
following may vary strongly, depending on the choice of precursor.

If the deposition temperature is too low (<150°C), the solvent
evaporates after droplet impact. Depending on the solvent mixture
and decomposition / precipitation behavior, this can lead to non-
uniform deposition due to diffusional differences (also known as
the ‘coffee stain effect’).[*®) In addition, a low deposition tempera-
ture can lead to droplet splashing. This depends on the velocity,
surface tension and diameter of the droplet (which is defined by
the dimensionless Weber (We) number). Large droplets with a high
velocity and low surface tension readily lead to splashing. For ul-
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trasonic deposition (i.e. small droplets), splashing can easily be
avoided by increasing the deposition temperature, since this lowers
both the velocity and droplet diameter.

If more intermediate deposition temperatures (200-400°C) are
reached, additional effects can come into play: the Leidenfrost
effect. Intuitively, this effect is recognized when a water droplet
hits a hot surface, leading to the droplet hovering over the surface.
This phenomenon is based on the formation of a stable vapor film
between the droplet and the heated surface.[**! This results in *CVD
like’ deposition behavior, since material is deposited via the vapor
phase present between the droplet and the substrate. This temper-
ature regime is reported to yield very smooth films.[t>324%] The
temperature at which the Leidenfrost effect starts occurring is in-
fluenced by many factors, including solvent, solute, surface rough-
ness and wetting behavior.[*®*% For a typical aqueous or organic
precursor on silicon substrates, the Leidenfrost point lies between
280 and 400°C.[#049]

Within the intermediate temperature regime, (below the Lei-
denfrost point) droplets are evaporated upon hitting the substrate.
Decomposition occurs on the surface before the coffee stain effect
occurs. Larger droplets take longer to evaporate, and thus have
the possibility to spread among immobilized smaller droplets, yield-
ing relative smooth morphologies as well.[*>31]

If the deposition temperature is further increased (>400°C), too
high temperatures can be reached for film formation. In this case,
the (smallest) droplets completely evaporate before hitting the
surface. This leads to powder / gel formation before the precursor
wets the substrate, resulting in poor adhesion to the substrate. The
occurrence of this mechanism depends on the solubility of the so-
lute in the chosen solvent. It is speculated that this is the reason
why lower precursor concentrations (in the order of 10 to 100 mM)
are often used to obtain high quality coatings.[!3:273931] Especially
so for ultrasonic atomizing systems, since the atomization hardly
depends on concentration of (molecular) precursors (unless surface
active species such as surfactants are used, altering the surface
tension).
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2. Substrates

Since a large number of different substrates is used during the
study presented in this thesis, an overview is shown here.

2.1 Planar substrates

- Si: monocrystalline silicon substrates with native SiO,.
These substrates are suitable for morphology analysis of
deposited films, but tend to react with lithium (ions) and
other metals. In addition, these substrates exhibit a (very)
low electronic conductivity. Supplier: imec, Belgium.

- SiOy: thermally grown silicon oxide on monocrystalline Si
substrates. The substrate characteristics are comparable to
Si, but the SiO, makes them even more electronically insu-
lating than Si substrates. These substrates were used to
study ITO deposition (Chapter 11). Supplier: imec, Bel-
gium.

- Si3N4: SisNs; (80 nm) on top of Si with SiO, in between.
These substrates yield high thermal stability (approx. up to
800°C), prevent lithium diffusion into Si, but are non-
conductive. Supplier: imec, Belgium.

- TiN: TiN (80 nm) on top of monocrystalline Si with SiO, in
between. Known as a suitable lithium blocker and highly
conductive material,’*!1 it is often used as a current collec-
tor during this study. However, TiN is susceptible to oxida-
tion reactions above 450°C. Supplier: imec, Belgium.

- Pt: sputtered Pt (100 nm) on top of TiN substrates, as de-
scribed above. Pt is the current collector most often used
for this study because of the high electronic conductivity
and high temperature stability. Supplier: Ghent University,
Belgium.

-  GGG: polished monocrystalline Gds;GasO;, substrates.
These substrates were used to study crystallization of gar-
net electrolytes (Chapter 6). The material is strongly insu-
lating. Supplier: Alineason, Germany.

- ITO: In,0s3:Sn films (200 nm) on glass substrates. A well-
known transparent conductive oxide which was used as a
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reference material during this study (Chapter 11) . Suppli-
er: Sigma-Aldrich, Belgium.

2.2 Non-planar substrates

The non-planar substrates used during this study serve as scaffolds
for the functional materials deposited on top. To study the mor-
phology, functional properties and deposition mechanism of the
deposited materials, various substrates were used.

- 3D Si (2x5): micro-cylinders of 50 micron, with a diame-
ter of 2 micron at the top (3 at the bottom), placed 5 mi-
cron apart (Figure 4). Although the micro cylinders them-
selves have an aspect ratio of about 25 (50/2), 50 micron
long cylinders with an inter-cylinder distance of 5 micron
yields 3D structures of with an aspect ratio 10 (50/5).
Supplier: imec, Belgium.

- 3D TiN (2x5): similar to 3D Si (2x5), but coated with 20
nm of TiN to ensure electronic conductivity. This feature is
of importance to determine the functional properties of the
deposited materials. Supplier: imec, Belgium.

- 3D TiN (2x10): similar to the previous 3D TiN substrate,
but the inter-cylinder distance amounts 10 pm. The aspect
ratio of the 3D structure is therefore 5 (50/10). Supplier:
imec, Belgium.

- Si trenches: Si structures with varying aspect ratio
(1 to 21), which were used to study the deposition
and conformality of the deposited coatings (Figure
5). Supplier: Philips, the Netherlands (in cooperation
with Eindhoven University of Technology).

In this study, conformality of a deposited coating is defined
as the lowest thickness divided by the highest thickness of a
3D film, times 100%.
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Figure 4: SEM micrograph of 3D Si (2x5), with side
(a and b) and top (c) views.

Figure 5: SEM micrograph (cross section) of Si trench-
es, with aspect ratios of (a) 15, (b) 7, (c) 3 and (d) 1.

3. Characterization methods
3.1 Spectroscopic methods

3.1.1 Inductively coupled plasma atomic emission
spectroscopy (ICP-AES)

For the stoichiometry of multi-metal oxides, as well as reproducible
film deposition, the concentration of the starting precursor is of
crucial importance. To be able to determine mono-metal solution
precursor concentration, ICP-AES is applied for all the aqueous
solutions prepared during the research presented in this thesis.
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The physical phenomenon utilized during these experiments is
based on element specific photon emission.

ICP-AES is also used for analysis of films deposited, by dissolving
the films in a strong acid or base. This allows determination of the
amount and composition of the material deposited.

3.1.2 Ultraviolet-visible light (UV-VIS) spectroscopy

In the specific case of a non-aqueous tungsten precursor discussed
in chapter 6 and 7, UV-VIS spectroscopy is used. By analysing the
light specific wavelengths absorbed by the precursor with a spec-
trometer, insights in the oxidation state and / or metal-complex
formation can be established.

3.1.3 Fourier transform infrared (FTIR) spectroscopy

Especially in case of citrate based metal complexes (abundantly
used during this study), FTIR spectroscopy allows determination of
specific chemical bonds present. The absorption occurring at spe-
cific wavenumbers by, for instance, O-H stretching vibrations leads
to determination of the chemical groups present in the gel.t>?

Due to infrared light coupling via a crystal, grazing angle attenuat-
ed total reflectance FTIR (GATR-FTIR) spectroscopy allows the
analysis of films as well. This is utilized to understand how and if
decomposition reactions proceed in view of oxide formation.

3.1.4 X-ray photoelectron spectroscopy (XPS)

With XPS, a sample is exposed to high energy X-rays, leading to
emission of electrons from the sample. By measuring the energy
difference between the incident X-rays and emitted electrons, the
binding energy of the atoms present in the sample can be calculat-
ed. These binding energies are correlated with elements with spe-
cific oxidation states.[°?! Therefore, XPS yields valuable information
about the composition of the sample, including the oxidation state.
Because the method only has a shallow penetration depth in the
nanometer range, ion beam milling is often applied to ablate parts
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of the sample, enabling composition analysis deeper into the sam-
ple.

3.2 Electron microscopy

Secondary electron microscopy is often used to analyse the mor-
phology of deposited films, using top-view or cross sectional analy-
sis of the films. The versatile magnification range allows analysis of
structures down to 50 nm. In addition, back scattered electrons
can also be used to compose micrographs. This yields information
about the distribution of light and heavy elements present.

For larger magnifications, transmission electron microscopy is
used. In contrast with SEM, analysis of films requires special spe-
cialized sample preparation. This is due to the fact that the sample
needs to be semi-transparent for the electron beam, which in prac-
tice means only very small thicknesses (< 200 nm) are
allowed.!?! Therefore, TEM is frequently used for powders, which
are easily prepared on a metal (copper) grid. TEM allows character-
ization of particles down to 10 nm. In addition, TEM can also be
used to determine if (small) particles are crystalline, by measuring
electron diffraction patterns.t>?

3.3 Thermogravimetric and spectrometry
3.3.1 Thermal gravimetric analysis (TGA)

During TGA, a dried sample of the precursor is inserted into a cru-
cible. By heating the sample in presence of a preferred gas (e.g.
dry air), the sample weight changes due to (among others) drying
or decomposition reactions. By closely measuring the weight loss,
decomposition of the precursor gel can be tracked. The results can
yield powerful insights in precursor synthesis, the occurrence of
solid-state reactions or oxidation reactions combination with other
analysis methods. For instance, TGA can be coupled with differen-
tial scanning calorimetry (TGA-DSC). In this case thermal events
are monitored together with the weight change. In some cases
these events coincide (e.g. combustion; leading weight loss and
heat generation) but thermal events can also occur without signifi-
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cant weight loss (e.g. melting or crystallization).[®?! Another meth-
od used in this thesis is TGA analysis coupled with mass spectrom-
etry (TGA-MS). Here, the products evolving from the decomposi-
tion reactions are analysed in a mass spectrometer, leading to a
much better understanding about the cause of the decompositions
reaction. A schematic representation is shown in Figure 6.
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Figure 6: Schematic representation of TGA-MS.

3.3.2 Headspace gas chromatography coupled mass
spectrometry (GCMS)

The reaction products produced during the synthesis of a specific
precursor can yield information of the precursor composition in the
liquid phase. Some of these products may be volatile, such as hy-
drocarbons or chlorine gas. After additions of reagents to a small
vessel and immediate closure, the volatile products are contained.
A small volume of the headspace (Figure 7) is inserted into a gas
chromatograph (GC). After separation of the products in the col-
umn of the GC, a mass spectrometer (MS) analyses the weight of
fragments that leave the column. Hence, the composition of the
volatile products produced during the precursor synthesis are
known.
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Figure 7: Schematic representation of headspace
measurements.

3.4 Various types of X-ray diffraction (XRD)

Within materials science and inorganic chemistry, X-ray diffraction
(XRD) is a very established method to check the crystallinity of
samples. It is based on interference of reflected X-ray beams at
specific angles. By turning the source and detector around the
sample, a fingerprint pattern is obtained regarding the crystalline
phase(s) present in the sample. This data is cross-referenced with
calculations, a crystallographic database and / or literature. By
doing so, various properties of the crystalline material can be
tracked, including the occurrence of phase segregation, the lattice
parameter of certain phases, and preferential growth of a certain
material. In this thesis, the method is also used to track lithium
intercalation into materials, since this is often accompanied with
changes in the crystalline lattice.[3]

XRD can be applied for powders and films, although the latter usu-
ally requires longer measuring times because less material is avail-
able for diffract of X-rays. In addition, XRD of thin films often suf-
fers from large background diffractions related to the substrate
used.
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Besides XRD at room temperature, two types of XRD in combina-
tion with sample heating are used. High-Temperature-XRD (HT-
XRD) is used for powders, enabling to identify which crystallo-
graphic phase occurs at a certain temperature. It involves heating
the sample, followed by an isothermal period in which the diffrac-
togram is recorded. In addition to this, in-situ XRD (isXRD) is uti-
lized to track phase changes in real-time. In other words, diffracto-
grams are recorded continuously while maintaining a constant
heating rate (or isotherm if desired).

3.5 Electrochemical methods
3.5.1 Electrochemical test cell with liquid electrolyte

The thin film electrode materials, synthesized with the methods
described previously, are allowed to react with a metallic lithium
electrode in the form of electrochemical reactions. In essence these
are chemical reactions as can be observed in various field of chem-
istry (governed by the chemical potential). In the specific case of
electrochemical reactions, it involves transfer of electrical charge
between the electrodes.® For the materials studied in this thesis,
these reactions are limited to the exchange of Li* and e".

In a typical measurement, a potential difference exists between
both electrodes. The metallic lithium present is strongly electro-
negative (0 V vs. Li*/Li, by definition). If electrical current is al-
lowed to flow in presence of an electrolyte to facilitate Lit*
transport, the metallic lithium (negative) electrode is oxidized,
acting as an anode according to Equation 4.

Li - Lit+e” (4)

On the other hand, the thin film (positive) electrode material with a
higher reduction potential (e.g. 3.0 V vs. Li*/Li), acting as a cath-
ode, is reduced according to a typical reaction shown in equation 5.
In this thesis, this reaction is referred to as lithiation, whereas deli-
thiation describes the reversed process.

MO, + Li* + e~ > LiMO, (5)
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To study the electrochemistry of these reactions, the flow of charge
carriers is separated by using an electrolyte (c.f. section 1.1).
Since only the flow of electrons can be controlled properly (with a
galvanostat or potentiostat), this current is utilized to gain deeper
insights in the electrochemical reactions occurring. Facilitating
these reactions by building an electrochemical cell using a liquid
electrolyte is explained in the following.

For the wet electrochemical measurements involving (de)lithiation,
a custom made three-electrode setup was used, with a strong re-
semblance to the design presented by Donders et al.[>®} A sche-
matic representation is given in Figure 8.

Reference electrode
Counter electrode .

Liquid
electrolyte “j_

O-ring
Substrate

Copper disc Activefilm /
Working electrode

Figure 8: Schematic representation of the electro-
chemical cell used.

At the bottom of the setup, the thin film electrode material acts as
the working electrode via connection to the potentiostat with a
copper disc to ensure (electronic) conductivity to the silver paint at
the bottom of the substrate. An O-ring ensures that liquid electro-
lyte remains inside the cell, wetting the thin film electrode material
with a surface area of 0.96 cm?. At the top of the cell, two similar
lithium electrodes, acting as counter electrode and reference elec-
trode, are inserted in the liquid electrolyte. Because the measure-
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ment involves metallic lithium which tends to react with oxygen,
nitrogen and water, all experiments were done inside an argon-
filled glovebox.

The electrochemical reactions studied are strongly temperature
dependent. Therefore, the measurements were done inside a cus-
tom-made temperature chamber (in cooperation with Eindhoven
University of Technology), which was placed inside the glovebox.
By pumping circulation liquid (Julabo Thermal H10) inside the tem-
perature chamber with a ‘refrigerated-heating circulator’ (VWR
15R-30), a stable temperature regime could be established for the
electrochemical measurements.

3.5.2 Cyclic voltammetry

Cyclic voltammetry relies on the setup shown in Figure 8. During
cyclic voltammetry, a potential sweep with a fixed rate (i.e. scan
rate, in V-s'!) is applied in a positive or negative direction between
the working and counter electrode. A minimum and maximum po-
tential, values which are defined on forehand, indicate the potential
(voltage) boundaries of the experiment. It is called ‘cyclic’ voltam-
metry because the material is ‘cycled’ from high to low - and back
to high potentials (or visa versa).

Depending on the composition of the various electrodes and elec-
trolyte, electron transfer and diffusional processes are expressed in
a measured current. Due to (a) reaction(s) occurring between the
working electrode and the counter electrode, a current flowing
between these two electrodes can be measured. The potential is
measured between the working and reference electrode. This is
shown schematically in Figure 9.
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-
’

Figure 9: Relation between working electrode (WE),
reference electrode (RE) and counter electrode (CE)
and measured potential (V) and current (A).

Since redox reactions (e.g. lithiation) occur at specific, often
known, potentials; the change of the potential difference triggers
the start of a redox reaction between the working and counter
electrodes. This is shown in the cyclic voltammogram (potential
versus current plot), since this reaction involves exchange of elec-
trons (i.e. a current). In a typical experiment, a potential is varied
between to pre-defined values. While the potential increases, the
reaction rate increases, causing a larger current. However, at a
certain point the reaction rate may decrease again, due to - for
instance - completion of the reaction. Because of the lower reac-
tion rate, the current starts decreasing while the potential differ-
ence keeps increasing. This forms a peak in the cyclic voltammo-
gram (CV), specifically relating to a certain reaction. Hence, analy-
sis of the peaks in the CV peaks yields information about the elec-
trochemical reactions occurring (charge transfer reactions), but
also about transport-limited phenomena. This is where the so-
called ‘overpotential’ is of importance, which is defined as the dif-
ference between the ‘potential measured’ and the ‘potential under
equilibrium conditions’. At low current densities, the overpotential
arises from charge transfer limitations between electrolyte and
electrode. At high currents, the overpotential is mainly caused by
transport-limited phenomena or (low) reaction rates.>®!
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Figure 10: Example of a cyclic voltammogram,
showing (de)lithiation of a Li,W,0; film at 1 mV-s™
in 1.0 M LiCIO4 electrolyte.

An example of a CV is given in Figure 10, where a CV of Li,W,0, on
Pt as working electrode is shown, cycled between indicated poten-
tials against metallic lithium counter and reference electrodes in a
non-aqueous electrolyte.

3.5.3 Galvanostatic cycling

A second method commonly used, is galvanostatic cycling. Instead
of a potential applied with cycling voltammetry, for galvanostatic
measurements the current is fixed and the voltage is measured.
Galvanostatic cycling closely resembles actual operation of a bat-
tery.

Due to redox-reactions of the active material with the electrode, a
current is allowed to flow and the voltage at which this occurs
changes due to reaction completion or diffusional factors. The cur-
rent inserted or extracted from the material is integrated over
time, yielding the capacity of the material. The measured capacity
of the battery material is combined with film thickness measure-
ments (with SEM or ICP-AES), enabling the determination of the
volumetric capacity or gravimetrical capacity of the film (based on
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the theoretical density). This gives rise to a capacity versus voltage
plot, often showing voltage plateaus for (de)lithiation reactions
occurring. However, also for this method non-equilibrium condi-
tions influence the shape of the graphs obtained. This includes
resistance of the sample (IR drop) and charging of the double layer
at the surface. However, it is a very suitable method to study ma-
terials, as it can distinguish charge insertion for different crystalline
phases, since these occur at different potentials.!>78]

The measured capacity depends on the current applied. Hence,
reporting the applied current is crucial for the discussion of the
results. Since the kinetics of (de)insertion depend on the (local)
current density applied, the current is expressed in a C-rate to
compare different sizes and geometries of a single electrochemical
cell. The C-rate is defined as the reciprocal value of the time (in
hours) it takes to charge or discharge the material. For instance, if
a material is discharged at 2C, it implies that the measurement
took half an hour. For new materials with unknown capacity, film
porosity or crystallinity, the C-rate is only known after the experi-
ment. Therefore, the work presented in this thesis utilizes various
current densities, sometimes leading to seemingly ‘arbitrary’ C-
rates.

Finally, the coulombic efficiency (n.) is an important factor. This
efficiency is defined as the ratio between the amount charge ex-
tracted and inserted with respect to electrochemical cell (Equation
6).

1, = Lischarge o 1009, (6)

Qcharge

Especially for repeated galvanostatic cycling, the coulombic effi-
ciency indicates if the desired electrochemical reaction occurs in-
stead of competing side reactions. A low coulombic efficiency im-
plies that only part of the charge inserted into the material is ex-
tracted again, which is unbeneficial from an application point of
view.
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Figure 11: Example of lithiation curves of Li,W,0;
films, measured during galvanostatic cycling in 1.0
M LiClO,4 electrolyte at various C-rates.

An example of a galvanostatic measurement is shown in Figure 11,
showing lithiation of Li,W,0-. The charge plateau at 1.7 V is related
to the following delithiation reaction shown in Figure 10.

3.5.4 Impedance spectroscopy

Linear response theory is frequently used for several applications.
It relies on causality, response and linearity. For example, this
theory is used to describe interaction of light with matter. Imped-
ance spectroscopy is closely related to these examples, but it con-
siders potential and current as relevant signals. For an ideal resis-
tor (R), the current wave signal (I) occurs perfectly simultaneous
with the induced potential wave signal (U). In other words, poten-
tial and current are in phase; the imaginary part to describe the
impedance wave function (Z) is equal to zero. For non-ideal resis-
tors, I is not in phase with U, meaning that the imaginary part of Z
is non-zero. In addition, the response is strongly wavelength /
frequency (w) dependent, implying that Z (imaginary part) de-
pends on the frequency of the U wave.
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This can be applied to batteries, or distinct battery materials as
well, since they can be described as non-ideal resistors with a cer-
tain Z. Well-known factors that contribute to this non-ideal re-
sponse are (i) charge transfer resistance (ideal resistor R), (ii) a
double layer contribution (capacitor, C) and (iii) mass transport
(Warburg impedance, W). For each of these contributions, mathe-
matical expressions are formulated; and the combination of these
equations yields an equivalent circuit that describes the Z function
of a system. This can be used to simulate the impedance of mate-
rials as well; a well-known example is the Randles circuit (Figure
12). A Nyquist plot, frequently used for impedance spectroscopy,
plots the real and imaginary part of Z on a x-y plot. A third varia-
ble, not directly visible on the plot axes, is the frequency (w) of the
applied wave function,t>7:°%:601

Double layer 1
7 +insertion C R, &
Im bp--=-—--—=o——

Electrolyte .
resistance e

Figure 12: Simulated Nyquist plot of a Randles cir-
cuit.

At high w, electrolyte resistance dominates, yielding a resistance
without phase lag. While decreasing w, a combination of resistor
and capacitive effects become dominant because of resistance to
insertion and formation of a double layer, respectively. This gives
rise to an imaginary part of Z. At low w, diffusion becomes domi-
nant, expressed in the Warburg impedance contribution (W).t°7:>9

In practice data interpretation can be hard, as noise or signal
strength can complicate the interpretation. For solid electrolytes,
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this involves surface roughness, the occurrence of grain boundaries
and morphological issues such as pin-holes.

During this study an all-solid-state approach was used for imped-
ance spectroscopy, implying that the current collectors were de-
posited directly on the samples (by evaporation) without the use of
a liquid electrolyte. In this way, out-of-plane measurements could
be done. This means that the z-direction of the solid-electrolyte is
measured, sandwiched between a conductive substrate and a cur-
rent collector. This method is preferred, since this measurement
direction closely resembles the actual operation in case of a solid
electrolyte. A different option would be in-plane-measurements.
Here, the x-y direction of the solid-electrolyte is measured, and
therefore does not require a conductive substrate. However, depo-
sition of a current collector with an interdigitated structure (small
separation with respect to the film thickness) is required. The two
different measurements setups are shown in Figure 13.

Setup 1: out-of-plane direction Setup 2: in-plane direction
O
l s

«~—>
Electrolyte Electrolyte
Conductive substrate Non-conductive substrate

Figure 13: two different impedance setups for
measurement of thin film solid electrolytes.
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Abstract

An overview of various inorganic solid-state lithium-
ion (Li-ion) conducting solid-state electrolytes is giv-
en in this chapter. The Li-ion conductivity, electro-
chemical stability and (thin) film synthesis results
achieved are the main focus of this overview.

First of all, the NASICON class of materials is dis-
cussed, followed by lithium lanthanum titanates.
Both classes exhibit superior Li-ion conductivity, but
suffer from limited electrochemical stability and high
thermal budget requirements. Strategies aimed at
yielding amorphous lithium lanthanum titanates
films proved useful, although the electrochemical
stability remains an issue. Li-stuffed garnets are dis-
cussed as a possible alternative, showing a promis-
ing balance between Li-ion conductivity and high
electrochemical stability. However, synthesis of Li-
stuffed garnets appears to be a major challenge.
The leading material within the field, LiPON, is also
discussed. Recent developments yielding 3D deposi-
tion of this material by ALD are promising in view of
3D all-solid-state Li-ion batteries. Without N-doping,
LisPO,4 proves to be an interesting material as well,
although the conductivity is limited to 107 S-cm™.
Finally, some results on Li-ion conducting silicates
are shown. Although conductivity of these materials
is limited (9.0-10® S-cm™), the move towards ul-
trathin films puts the silicates on par with LiPON.

This overview shows that progress is certainly
booked, albeit in small steps, regarding solid elec-
trolytes (especially) for 3D thin film all-solid-state
Li-ion batteries.
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1. Introduction

Solid electrolytes represent the core of the all-solid-state battery.
The scientific progress in this field is therefore crucial for the de-
velopment of these battery systems. Research on solid-state elec-
trolytes dates back to the 1960’s, where inorganic materials such
as Lil, LisN, LiBH, were studied at first.[*?] However, these materi-
als suffered from various issues, including temperature instabilities,
limited electrochemical stability and low Li-ion conductivity at room
temperature.l*! In view of these short-comings, the focus shifted
towards other materials such as polymers and sulfide based elec-
trolytes. The former enables many advantages of polymer technol-
ogy such as ease of processing, but it introduces many drawbacks
similar to liquid electrolytes. These include limited battery lifetime
(SEI formation) and safety hazards due to the use of organic lig-
uids.l>3! To date, sulfide materials (referred to as thio-LiSICONs or
super ionic conductors) achieve very promising Li-ion conductivities
(up to 107 S-cm™), which in some cases surpass liquid electrolyte
conductivities.[*! In addition, very high electrochemical stability
from 0 to 10 V vs Li*/Li has been shown.[®! However, application of
these sulfides remains an issue due to persistent issues with hy-
groscopicity, leading to the formation of H,S gas. Solutions to this
problem seem to start emerging only recently.[>

While facing all these (electro)chemical stability issues, oxide- and
phosphate-based solid-state electrolytes are interesting because of
their higher stability at elevated temperature and relative low reac-
tivity under ambient conditions compared to other (in)organic solid
electrolytes.[*®] Therefore, a review is presented here, where the
emphasis lies on oxide- and phosphate-based solid electrolyte.
However, the synthesis of these materials is challenging in some
cases, especially for thin films. Therefore the progress made in
recent years is discussed here, including their deposition meth-
od(s) and application within the field of 3D all-solid-state Li-ion
batteries.

56



Part II - Chapter 3

To guide the reader, a graph summarizing the conductivity and
electrochemical window of the material classes discussed is given
in Figure 1 before going in to details.

a) Bulk b) Films
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Figure 1: Summary of the best conductivity versus
electrochemical stability of various a) bulk and b)
film solid electrolytes discussed in this chapter.

2. NASICONSs

As the name suggests, the Sodium(Na) Super(S) Ionic(I) Conduc-
tor(CON) (referred to as ‘NASICON’) class of materials was initially
discovered for its sodium-ion conductivity in the form of
Na145ZrP54Six015 (0 < x < 3).[78] The NASICON structure consists
of MOg octhahedra which corner-share oxygen atoms with PO, te-
thrahedra leading to a network of interstitial sites that are respon-
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sible for conduction of small cations such as sodium.!® Despite the
name, the NASICON phosphates appeared to be suitable for con-
duction of Li-ions as well.[”®] Several years later, Aono et al. stud-
ied Li-ion conductivity of these materials by substituting metal ions
in the Nai,Zr,Ps.,Si04, structure; Na for Li, Zr for Al, Ti and / or
Sc, yielding Li; 5Mg5Tii7(PO4)s (M = Al, Sc).[*% Due to this high
conductivity (up to 7-10% S-cm'!), a large number of studies fo-
cused on titanium containing lithium phosphates (LTP).[*!]

Although good conductivity was established for LTP, the presence
of Ti** limits the electrochemical stability window of the
electrolyte.?*2! Ti** reduction to occurs around 1.6 V for titanium
based NASICON materials.!*3! Besides Ti** reduction, it was found
that for LATP (Li;3Alg3Ti; 7(PO4)3) Li insertion is observed around
2,4 V.['3718] However, in practice the low electronic conductivity of
LTP hinders lithium insertion in the material.['***®] The highest bulk
Li-ion conductivity (i.e. inside the grains) reported for NASICON
materials to date is 5:10 S-cm™ at room temperature.l!”! It is
important to note that the total Li-ion conductivity of a polycrystal-
line material depends on both the bulk conductivity and grain
boundary conductivity. As is the case with most crystalline inorgan-
ic electrolytes, the total Li-ion conductivity is lowered due blocking
effects at the grain boundaries due to issues regarding particle-to-
particle transport. These grain boundaries form one of the major
drawbacks of NASICONSs.!?18-20] Besides the influence of grain
boundaries, Aono et al. indicated that the porosity of the (powder)
pellet - which is strongly related to the stoichiometry of the mate-
rial - has a major influence on the total Li-ion conductivity.!*?!

Since all these NASICON materials are multi-metal-phosphates, the
first synthesis method used to prepare this material was (conven-
tional) solid-state synthesis,[1%1721-26] byt a wet-chemical (often
referred to as ‘sol-gel’) approach has been used several times as
well for materials with a wide range of compositions.[*519:20:27-38]
An overview is given in table 1. In first instance, the performance
of the materials does not differ significantly while comparing wet-
chemical and solid-state synthesis. However, it does indicate that
wet-chemical synthesis requires lower synthesis temperatures to
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achieve comparable conductivity values, which is the main motiva-
tion to use this synthesis method. However, the lower synthesis
temperature used to prepare a particular phase leads to differences
in crystallization as well, affecting the functional properties directly
related to the crystallinity and size of the grains, making a direct
comparison between wet-chemical and solid-state synthesis rather
tricky.

Table 1: Various NASICON material compositions,
their synthesis method and total Li-ion conductivity.

Composition Synthesis Tsyn (°C) oL (S-cm™)  Ref.
Lio.2Zr2Ndo.267 (PO4)3 Wet-chem. 900 3.4-107 [19]
Li1 2Al1.1Tao.s (PO4)3 Solid-state 800 6.5-107 (23]
Liz 3Alo.5Ti1.7(PO4)3 Wet-chem. 1000 1.5-10° (28]
Li13Alo.3Ti1.7(PO4)3 Wet-chem. 1000 3.0-10* [30]
Li13Alo.3Ti1.7(PO4)3 Wet-chem. 900 3.5.10 [15]
Li1 3Alo 3Ti1.7(PO4)3 Solid-state 1000 1.0-10* (28]
Li1.4Alo.15Ti1.6F€0.25(PO4)3 Wet-chem. 1040 7.7-10* (351
Li1.4Alo.4Ti1.6(PO4)3 Wet-chem. 950 6.1-10 (321
Liz sAlo.sGe1.5(PO4)3 Wet-chem. 850 1.4-10* (31
Li;.5Alp.5Ge1.5(PO4)3 Wet-chem. 850 2.8.10° [28]
Li1.5Alo.sGe1.5(PO4)3 Wet-chem. 1000 4.5-10 [20]
Li1 sAlo.sGe1.5(PO4)3 Solid-state 1350 4.0-10* (331
Li1 7Alo.7Ti13 (PO4)3 Solid-State 1000 8.8-10°° (261
LiAITa(POa4)s Solid-state 800 6.5-107 (23]
LiTi>(PO4)3 Solid-State 1000 1.6-10° (261

Some efforts have been made to transfer the good (total) Li-ion
conductivity (10 S-cm™) for NASICON powders to ‘films’, although
thicknesses range from 1 to 6 um.[*°*3 Despite good total conduc-
tivities and a proof of principle regarding positive electrode combi-
nations with LiCoPO4 and LiCoy,3Mny/3Ni;30,,149*1 the large thick-
ness of the electrolyte induces a large voltage drop and hinders
(practical) device integration. Regarding the ‘thin film’ approach
(i.e. thickness <500 nm), only a few reports were found for the
NASICON structure using either chemical solution deposition (CSD)
or sputtering (c.f. Table 2).[*%°] These crystalline films are seri-
ously hindered by a large grain-boundary resistance, leading to a
low total Li-ion conductivity. Perhaps this is the reason why very
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few studies could be found regarding thin films. It is therefore no
surprise that 3D depositions have not yet been attempted for this
material.

Table 2: NASICON films, their synthesis method
and film characteristics..

Composition Sub. Syn. Tsyn(°C)  d (nm) oL (S-em™) Ref.

LiTi2(PO4)3 SiO, CSD 800 300 4.4-107 144]

Li1.5Alo.5Ti1.5(PO4)3 AlLO;  CSD 650 200 *2.9.102 145]

LiZry(PO4)s Si Sput. 800 320 1.0-10” 146l
*at 300°C

3. Lithium lanthanum titanates

First reported as a highly Li-ion conductive material (10 S-cm™)
back in 1993 by Inaguma et al., lithium Ilanthanum titanate
(LisxLay/;3—xTiO3, LLT) exhibits the highest Li-ion conductivity for
oxide-based solid electrolytes.[*”] However, Garnet-based electro-
lytes approach this value (c.f. next section), as well as some re-
ports of very good performing NASICONs previously discussed.[3!
LLT exhibits a perovskite ABO; structure where Li* and La®>" occupy
part of the A-sites, and Ti** fully occupies the B-sites.[*8! There-
fore, this class of materials is often referred to as ‘Li-ion conducting
A-site deficient perovskites’.[?®! The Li-ion conductivity of crystal-
line LLT is greatly influenced by the size of the A-site cation (La"),
the Li* concentration and vacancy concentration. This reflects the
fact that Li* moves via A-site vacancies, where the plane formed
by four oxygen atoms forms the bottleneck for higher Li-ion con-
ductivity.[*®%! In view of varying the Li* and vacancy concentra-
tions, various compositions were synthesized. The resulting conclu-
sion is that the crystalline LisLa,;3-4TiO3 structure is stable only
over a composition range of 0.04 < x < 0.16 with a maximum con-
ductivity (1-10° S-cm™) at x=0.11.1*8] Besides several composi-
tions, various crystal structures were reported for this material
depending on the synthesis temperature; namely cubic, tetragonal,
hexagonal and orthorhombic.[*®*°1 For the tetragonal phase, the
maximum bulk ionic conductivity was determined to be 1.1-1073
S-cm™ for x = 0.11.1647]
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With respect to the electrochemical stability, many studies indicate
that the possibility of a Ti** to Ti** reduction seriously hinders the
practical use of LLT electrolyte. As is the case with the Ti-based
NASICONSs, after this reduction the electrolyte loses its electronic
insulating function.>#8:50511 A few studies investigated the poten-
tial of LLT as an electrode material. These studies indicate that Ti**
reduction (accompanied with Li* intercalation) takes place at, or
slightly below 1.5 V with respect to Li*/Li.l>>>* This reduction seri-
ously hinders the choice of negative electrode materials, e.g. me-
tallic lithium, graphite or silicon-based negative electrodes are not
feasible because this would lead to a short circuit of the battery. As
a promising negative electrode material, the question remains if
LLT is compatible with LTO. Although this material has a lithiation
mechanism based on the Ti** reduction as well, some studies claim
that both materials are compatible,[>> probably because the inter-
calation voltage of LTO is 1.55 V, slightly higher (0.05V) than the
LLT reduction (1.45 to 1.50 V). However, this leaves little room to
overcome several aspects that increase the over-potential, such as
a low Li-ion conductivity due to the presence of secondary phases,
compositional deviations and / or interfacial issues. The stability of
LLT at high potential does not form any problems known from an
integration point of view, since stability was shown up to 4.3
v.[5*56]  Galvanostatic measurements of LLT with LiMn,O, and
LiCoO, were shown in the form of a composite electrode
materials,[>®~%8] but these examples cannot be regarded as a half-
cells because the (porous) electrolyte was mixed with the positive
electrode material to improve the Li-ion conductivity.

Although many studies report the bulk Li-ion conductivity,[47:5°-62]
the total Li-ion conductivity is more relevant from an application
point of view. Therefore, an overview of this property is listed in
Table 3.
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Table 3: Various lithium lanthanum titanate reports
with similar composition, their synthesis method and
total Li-ion conductivity. Amorphous phases are indi-
cated with (a).

Composition Synthesis Tanneal (°C) oL (S-cm™)  Ref.
Lig.35La0.5TiO3 Solid-state 1350 2:107° 147]
Lio.35L@0.5TiO3 Solid-state 1150 3.9-10* [54]
Lig.35L20.5TiO3 (a) Wet-chem. 600 1.0-10° [55]
Lio.35L20.5TiO3 Solid-state 1200 1.0-10” 059
Lio.35La0,5TiO3 Wet-chem. 1350 1.6-10* [61]
Lio.35L20.5TiO3 Wet-chem. 1250 2.0-10° (61]
Lig.35L20.5TiO3 Wet-chem. 700 2.710° [63]

The bulk conductivities of LLT are the highest known for oxide
based electrolytes, and it is only recently been surpassed by sulfur-
based electrolytes such as LijoGeP,S;,.1%*! However, as was the
case for the NASICON class, LLT suffers from significant grain
boundary resistance, leading to a lower total Li-ion conductivity.!?
Addition of different oxide material (e.g. Al,03), forming a compo-
site material, seems to lower the grain boundary resistance without
hindering bulk conductivity of the ‘composite LLT".[6?] A totally dif-
ferent approach to reduce grain boundary issues is also reported:
amorphous LLT.’58%1 Although no high “bulk” conductivities are
possible anymore, a good amorphous phase is arguably a better
choice than a crystalline counterpart, as the amorphous phase
exhibits a higher total Li-ion conductivity.[®"]

Regarding the synthesis approach for bulk electrolyte materials,
the difference between wet-chemical and solid-state synthesis
seems to be absent for LLT. This is probably due to the very high
(1350°C) synthesis temperatures required, even in case of wet
chemical synthesis, to obtain the highly conductive crystalline
phase, where enhanced molecular mixing and / or decomposition
of residual organics does not form a (dis)advantage anymore.

Due to the high bulk Li-ion conductivity of LLT achieved for pow-
ders, which is only an order of magnitude lower than liquid electro-
lytes, several studies have been done for LLT films as well (Table
4). Phase formation was confirmed on (monocrystalline) NdGaOs;
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and SrTiOs, leading to epitaxial LLT films.[®®] But also more ‘com-
mon’ substrates such as Si,!%”! Pt coated Si and glass were used for
the synthesis of polycrystalline LLT.[677%° This indicates that phase
formation of perovskite LLT is possible on a wide variety of sub-
strate materials, which makes it more interesting to implement in a
thin-film battery.

Table 4: Lithium lanthanum titatate films with vari-
ous compositions, their synthesis details, thickness
and total Li-ion conductivity.

Composition Sub. Syn. Tsyn(°C) d (nm) oL (S-ecm™) Ref.
Lig.35Lao sTiO3 (a) Steel e-B. 100 1.5-10° 1.8-107 [58]
Lig 35Lao sTiO3 NGO  PLD 900 40 3.5-10° 166]
Lig.sLag.sTiO3 Glass CSD 700 0.8-10°  *1.10°® 169]
Lip.1Lao.e3TiO3 (@) Glass PLD RT 460 4.4-10* 170]
Lio.7sLao.35Ti03 (@) Si Sput. RT 2.6:10° 9.4-10” [71]
Lig.35Lao.sTiO3 STO CSD 1200 410 4.4-10° 172]
LiLaTiOs (a) Sap. CSD 350 1.0-10°  4.5-10° 1731
*at 120°C

While considering the crystalline materials performance, it can be
noted that the films seem to perform at least one order of magni-
tude worse in terms of total Li-ion conductivity (Table 4). This may
be the reason why amorphous LLT is often studied for films as
well [6567.7L73] Amorphous LLT films yield three main advantages
over crystalline counterparts: (i) lower synthesis temperatures, (ii)
higher total conductivity and (iii) no crystallization issues induced
by the substrate.

For device integration, few examples of LLT coated electrodes are
available. For instance, Li et al. prepared a LiCoO,/LLT/LiPON/Li
half-cells, where 43% of the expected LiCoO, capacity could be
measured.!®®! This indicates that integration of LLT is not evident,
probably due its limited electrochemical stability. 3D depositions of
LLT have not been presented as such. ALD deposited LLT should
give some perspective, but no functional properties were reported
for these (planar) films. [®71 Kokal et al. were able to pattern LLT
films for 3D Li-ion batteries via CSD, with film thicknesses up to
500 nm. Unfortunately no functional properties were shown for
these patterned films.[®3]
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4. Lithium-stuffed garnets

The garnet structure contains a wide variety of chemical composi-
tions. The chemical formula can be described as A3B,(X04)3 (with A
= Ca, Mg, Y, La; B = Al, Fe, Ga, Ge, Mn, Ni or V; X = Si, Ge, Al).!3
Recently, Thangadurai et al. discovered lithium containing garnets
as a promising electrolyte material,[°*! which are conveniently re-
ferred to as ‘lithium-stuffed garnets’.[” Initially LisLa;Ta,0;, and
LisLasNb,O;, were studied,®! in a later stage the composition was
altered by doping with (primarily) rare-earth and transition metals
on the B and X sites. This yielded a wide range of lithium contain-
ing garnets with high Li-ion conductivity (10* S-cm™).7#77° In
general the conductivity mechanism for all lithium-stuffed garnets
is related to LiO4 tetrahedra and (distorted) LiOg octahedra, where
the latter are responsible for the high Li-ion conductivity. More
details about Li-ion conductivity mechanisms of distinct garnet
materials and their compositions can be found in excellent, recent
reviews, 3801

The main advantage of the garnet materials often stated is their
high electrochemical stability,!°%7>77:81-901 egpecially compared to
other oxide electrolytes such as NASICONS (especially Ti**-based)
and lithium lanthanum titanates. A DFT study showed that - be-
sides the metals involved - the crystal structure is of great im-
portance to the electrochemical stability of a solid electrolyte.[®!]
The corner sharing octahedra of the perovskite structured materi-
als lead to an increased covalent bonding character of the octahe-
drally coordinated metal, which makes it prone to react with metal-
lic lithium. Since garnet structured materials consist of isolated
polyhedra, the coordinated metals have a less covalent character,
leading to a higher electrochemical stability towards metallic lithi-
um (i.e. 0 V vs. Lit/Li ).°Y

Experimentally, LisLasTa,Oi, and Lig4laszZri4Tage01> are both
proven to be stable against metallic lithium,®7:°21 which is of great
importance for device integration.
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Table 5: Various Li-stuffed garnets, their synthesis
methods and Li-ion conductivity.

comPOSition Synthesis Tanneal (OC) OLi (S'Cm-l) Ref.
Li;LasZr,012 Solid-state / PLS 1000 1.0-10* [50]
LizLasZr,04, Wet-chem. 1100 3,5-10° 1881
LizLasZry04, Wet-chem. 900 3.7-107 EB)]
LizLasZr,04, Wet-chem. 1230 1.7-10% 195]
LizLasZry04, Wet-chem. 900 3.1-107 1891
LisLasZr,04,.5:Al Wet-chem. 1180 1.3-10* [85]
LigBalLa,Ta,012 Wet-chem. 800 1.7-10° [96]
Li;LasZry041, Wet-chem. 750 2.9-10° 1971
Li;LasZr,042:Al Wet-chem. 1200 2.4-10* [94]
Li;LasZr,01, Solid-state 1230 2.4-10% 771
LizLasZr045:Al Solid-state 1230 3.5-10° 182]
Li;LasZr,01, Solid-state 1230 1.4-10% 1871
Lis.7La3Zr1.7Ta0.3012 Solid-state 900 9.6:10* 198]

Besides the electrochemical stability, the second advantage of Li-
stuffed garnets to other crystalline solid electrolytes is related to
the grain boundary conductivity. Whereas perovskite (and NA-
SICON) solid electrolytes exhibit very high bulk conductivities, the
total ionic conductivity is reduced because of low grain boundary
conductivity (c.f. previous sections). The advantage of garnets is
that the difference between bulk and grain boundary conductivity is
relatively small.[5%7°1 The nature of this phenomenon is assigned to
the 3D conductive pathway mechanism of lithium-stuffed
garnets.l®!! Hence, for garnet LigBaLa,Nb,O;, a higher total ionic
conductivity was reported in a direct comparison with perovskite
LLT, even though the bulk conductivity of the garnet was lower
(c.f. Table 3 and 5).17°!

Since LisLasZr,04, (LLZO) was shown to have a relatively high Li-
ion conductivity of 10 S-cm™, most studies done on garnets are
based on LLZO as shown in Table 5. Although high temperatures
(approx. 1200°C) are required to form the highly conductive cubic
phase, 598589 recent studies indicate that doping with aluminium
stabilizes the cubic phase of LLZO, leading to slightly lower sinter-
ing temperature requirements.!748290:93.94] Taple 5 shows that for
garnets, the synthesis temperature has a profound influence on the
magnitude of the Li ion conductivity. This is directly related to the
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crystal phase obtained. Although pulsed laser annealing (PLS)
seems to have a clear advantage, differences between synthesis
methods with respect to Li-ion conductivity are minor, especially
while taking into account the influence of annealing temperature
and resulting (cubic) crystal phase.

Since lithium-stuffed garnets exhibit a high total Li-ion conductivity
(10% S-cm™), combined with high electrochemical stability, garnet
films are very interesting from an application point of view. Despite
these positive features, the synthesis of thin film Li-stuffed garnets
is rarely shown (Table 6).

Table 6: Various Li-stuffed garnet films with various
composition, their synthesis, thickness and Li-ion
conductivity.

Composition Sub. Syn. Tsyn(°C) d (nm) oL (S:cm™) Ref.
LizLa3Zr,04, GGG __PLD 1000 30 1.0-10° 3]

Li;LasZr,04:Al MgO CSD 900 1.0-10° 2.4.-10°° T99]

LigBalLa,Ta,01, MgO PLD 550 2.0-10° 1.7-10° [100]
LizLasZr,01, STO Sput. 800 1.0-10° 1.78-10° [101]
LiyLasZr,04 (@) STO Sput. RT 1.0-10°  3.35.107 T101]
LizLasZr,04, (a) Steel Sput. RT 560 4-107 [102]
Li;LasZr;04, Steel CSD 800 50 3.4-10°8 [103]

Note that almost all these studies make use of lattice matching
with the substrate material (@gamet = 1/N asubstrate,, Where n is an
integer) to obtain crystalline garnet films.[83991001 This suggests
that crystallization of garnet films is challenging. Bitzer et al. were
able to prepare cubic Li;LazZr,0;, on steel substrates by optimizing
their synthesis procedure; apparently a large amount of lithium
excess is required to form this phase. However, secondary phases
were formed and the film showed a low Li-ion conductivity in the
order of 10® S-cm™.[103] A thick crystalline garnet film (2 pm) was
also achieved on a conductive (non-lattice-matched) substrate by
Lobe et al. However, this led to the formation of a 200 nm hybrid
interface layer between the electrolyte and the substrate, explain-
ing the low Li-ion conductivity of 2:10° S-cm™.[104]
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A comparison between Li-ion conductivities of powders (Table 5)
and films (Table 6) indicates that garnet (thin) films exhibit lower
conductivities (10> S-cm™ for films compared to 10* S.-cm™ for
bulk materials). It has been suggested that the microstructure,
lithium deficiency and lower synthesis temperature are the main
reasons for the lower conductivity.!'° Although the crystallization
of lithium-stuffed garnet films is clearly challenging, the result can
be very rewarding as a highly conductive and stable electrolyte
could in principle be obtained. Creative solutions are sought to
circumvent crystallization issues. For instance, Ahn et al. deposited
pre-annealed LLZO powders by means of aerosol deposition meth-
od. Unfortunately, the functional properties (1.0-10® S:cm™) were
somewhat disappointing due to the lack of a sintering of the 20 ym
thick films.[1%%] Kalita et al. showed a different approach with the
deposition of amorphous Li;LazZr,0,, films on steel substrates,
where no lattice matching is required. However, the conductivity of
amorphous LiyLasZr,0;, is two orders of magnitude lower than
their crystalline counterparts (10°® S-cm™),[101:102]

Given the transfer of lithium-stuffed garnets to thin films is chal-
lenging, it is no surprise that no reports have been made for 3D
depositions of this material.

5. Lithium phosphates

Besides the oxide- and phosphate-based bulk and thin film solid
electrolytes listed, the leading material within the field of thin-film
Li-ion batteries remains to be discussed: nitrogen doped lithium
phosphate (LiPON). Dating back to the beginning of the 1990s,
Bates et al. applied LiPON as a solid electrolyte for all-solid-state
Li-ion batteries.['% With moderate Li-ion conductivity values vary-
ing from 107 to 108 S-cm™3,[197 111 this amorphous material does
not seem to be appealing in comparison to other materials. How-
ever, the electrochemical stability of LIPO(N) makes it compatible
with lithium and Si negative electrodes .['%%112] In addition, the
amorphous character leads to low synthesis temperature require-
ments and good morphologies. The combination of these features
makes LiIPON a very interesting solid electrolyte, remaining a

67



Inorganic solid electrolytes for 3D thin film Li-ion batteries

benchmarking material for over 20 years. Device integration is
developed to such a high level that commercial products are avail-
able using LiPON as the solid electrolyte in combination with LiCoO,»
and metallic lithium, 13

Recently, development of LiPON seems to have made the next
step, as ALD LiPON films have been deposited on non-planar 3D
structured substrates by Nisula et al.,['°”! paving the road for 3D
all-solid-state Li-ion batteries.

Nitrogen doping is often thought to be crucial to achieve high con-
ductivity (10°® S-cm™), but a selection of recent results from litera-
ture indicates that not all LiPON films achieve the same conductivi-
ty (Table 7). Hence, the precise mechanism responsible for en-
hanced conductivity remains a debate in literature,[07:111:114] The
N-doping step also marks one of the drawbacks of LiPON, since
nitrogen doping of LiPO(N) has only been achieved thus far by vac-
uum based methods. Hence, no reports of successful LiPON depos-
ited with wet-chemical methods have been made. Instead of nitro-
gen, boron doping is opted as one of the routes to achieve higher
conductivity for lithium phosphates.[*>11¢] For films, good results
were achieved with 1.9:-10®% S.cm™, equalling LiPON
performance, 16!

Non-doped lithium phosphate (LisPO,4) also yields Li-ion conductive,
electrochemically stable films.!*'7-20] The conductivity of Li;PO, is
slightly lower on average as could be expected, though a good
LisPO4 film is reported to surpass LiPON in terms of conductivity
under comparable circumstances (Table 7). Regarding 3D deposi-
tions and device integration, Xie et al. were able to coat 3D struc-
tured surfaces with this material while showing activity of the elec-
trolyte on (amorphous) Si negative electrodes, although aspect
ratio was limited to 1.[*20]
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Table 7: Various (N-doped) lithium phosphate films
with various compositions, their synthesis details,
thickness and Li-ion conductivity.

Composition Sub. Syn. Tsyn(°C) d (nm) oL (S-cm™) Ref.
LiPON N.A. CVD 575 0.9:10°  3.0-107 21
LiPON Glass  Sput. 300 2.7:10° 1.7-10° 1109]
LiPON Si Sput. RT 12 1.5-107 [108]
LiPON Si ALD 250 40 1.5-107 t122]
LiPON Glass ALD 330 115 6.6:1077 11071
LiPON Pt Sput. 500 350 9.6:10° 1]
LiPON TiN Sput. RT 240 2.5-107 1110]
Li3.50P04.64B0.24 Glass Sput. RT 1.5-10° 1.9-10° [116]
LisPO4 Pt PLD RT 1.5-10° 3.3-107 1117]
LisPO,4 Pt CVD 300 200 3.9-10°® 1120]

6. Other thin film electrolytes

Finally, a few recent reports have been made on thin film electro-
lytes that do not fit in either of the material classes discussed (Ta-
ble 8). Reports were made on spinel structured lithium magnesium
aluminate solid electrolytes with various compositions (e.g.
Lio.2sMgg sAl> 2504).[123124] However, a thorough study of this mate-
rial indicated that conductivity was too low for practical application
as an electrolyte.[*?*! Elaborate studies were done on thin film lithi-
um silicates. Compared to the other materials discussed, this class
of materials exhibits the lowest Li-ion conductivity for thin film
materials. The conductivity mechanism is not elaborated upon,
which is the case for most amorphous electrolytes. The electro-
chemical stability of these systems is unknown up to now. Based
on a comparison with other solid electrolytes, this is expected to
depend primarily on the occurrence of (transition) metal-ions in the
amorphous silicate material.

Table 8: Various lithium silicate films with various compo-
sitions, their synthesis details and properties.

Composition Sub. Syn. Tsyn(°C) d (nm) oL (S-em™) Ref.
Lio.6AlSip.4Ox ITO ALD 290 6 9.0-10°® [125]
Lio.6oV0.17S1140x Si PLD RT 2.5:10° 3.0-10°® 1126]
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Since Li-ion conductivity of these materials is rather low, extremely
thin films (at least for solid electrolyte standards) have been de-
posited for a vanadium doped lithium silicate by ALD, while ensur-
ing the electronic insulating function of the electrolyte.l’?”! As a
result, these thin film silicates’ (10 nm) performance is comparable
to an average LiPON film with 100 nm thickness (Table 7). In addi-
tion, high aspect ratio wires were coated,!*?”! indicating that this
approach has also some potential for 3D all-solid-state Li-ion bat-
teries. However, the fact that vanadium was included in this mate-
rial makes its electrochemical stability somewhat uncertain, as this
metal-ion shows a double reduction between 3 and 4 volt (vs.
Li*/Li) in a phosphate lattice.[*?8]

7. Summary

After several decades of research on inorganic solid electrolyte
materials for Li-ion batteries, one can conclude that progress pro-
ceeds slowly in general, accelerated by new findings once in a
while. For powders, NASICONs and lithium lanthanum titanates
formed a major step forward in terms of conductivity, but no solu-
tions were found for the limited electrochemical stability of these
materials. By replacing titanium for other metals, a collapse of the
high Li-ion mobility occurred. Lithium stuffed garnets appeared to
be the answer. To date, they are the most stable, highly conduc-
tive solution for a bulk approach, with conductivity values ap-
proaching the best Li-ion conducting solid electrolytes available for
Li-ion batteries (Figure 1).

However, for films, all these crystalline materials are highly prob-
lematic because of temperature requirements. In addition, few
studies report the in-plane Li-conductivity that disregards morpho-
logical issues. Both high temperature requirements and morpho-
logical issues are dubbed to be major bottlenecks for these three
classes of materials. Especially so, since all approaches attempting
this achievement yielded poor conductivity results due to formation
of secondary phases or reactivity with the substrate.
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As Figure 1 shows, the highest conductivity is achieved by lithium
lanthanum titanates (10 S-cm™). However, the major difference
is the amorphous character of the lithium lanthanum titanate films,
which perform better as compared to crystalline counterparts. Sev-
eral studies speculate that this is due to the advantage that no
grain boundaries are formed. In addition, amorphous lithium lan-
thanum titanates require significantly lower synthesis temperatures
and are less susceptible to substrate influence, aiding device inte-
gration. Nevertheless, the limited electrochemical window remains
a persistent problem, preventing further application of this materi-
al. Currently, amorphous lithium-stuffed garnet films (107 S-cm™)
do not exhibit the same range of conductivity. Progress is still pos-
sible, as very few studies are done on this particular topic.

Therefore, LIPON (10°® S-cm™) remains the material of choice for
most studies, although LisPO, (1077 S:cm™) performs only one or-
der of magnitude lower in terms of conductivity. Although both
materials are not particularly interesting because of their moderate
conductivity; their low thermal budget requirements and electro-
chemical stability are highly beneficial.

As for 3D thin film all-solid-state batteries, deposition of solid elec-
trolytes has a long way to go since only very few successful deposi-
tions were reported. Especially the 3D deposition of NASICON,
lithium lanthanum titanates and lithium-stuffed garnets remain a
large gap within this field. In fact, until recently no examples of
successful 3D depositions of solid electrolytes were available at all.
Fortunately, considerable progress has been made the last two
years with the deposition of LIPON (ALD) and LisPO, (CVD). If
thicknesses of these films could be reduced, further performance
increase would be possible, as was shown with the ALD deposition
of 10 nm vanadium doped lithium silicates. Although all these ap-
proaches require costly vacuum methods, to date it seems the
most promising approach to realize the (inorganic) core of the 3D
all-solid-state battery.
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LLT films as solid electrolyte for
all-solid-state Li-ion batteries
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Abstract

In this chapter, the synthesis of amorphous and
crystalline perovskite LLT thin films is shown by
means of aqueous chemical solution. Li-ion conduc-
tivity measurements of the pin-hole free, amorphous
LLT thin films (90 nm thick) indicate a conductivity
in the order of 10® S-cm™ with out-of-plane meas-
urements. GATR-FTIR measurements shows that all
organic fragments have been decomposed at 500°C.
In addition, in-situ (heating) X-ray diffraction analy-
sis shows that phase pure crystalline perovskite LLT
is formed on top of the rutile TiO, anode at 700°C.
Furthermore, thickness control is possible by varying
the precursor solution concentration and the number
of deposition cycles. The current study presents a
promising synthesis route to develop thin film all-
solid-state Li-ion batteries based on multi-metal ox-
ide materials using aqueous precursor chemistry.
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1. Introduction

In Chapter 3 various thin film solid electrolyte materials were dis-
cussed with a broad Li-ion conductivity. Based on its high Li-ion
conductivity, perovskite lithium lanthanum titanate (LLT) is a
promising solid electrolyte to be implemented in all-solid-state Li-
ion batteries.[*?] In addition to the high conductivity of the perov-
skite phase (1073 S-cm™), the bulk material retains a high conduc-
tivity in the amorphous state (10 S-cm™).[3*! The main disad-
vantage of this electrolyte is its incompatibility with metallic lithium
as a negative electrolyte due to reduction of Ti** around 1.5 V.[?®!
However, other negative electrode materials with higher
(de)lithiation voltages have been combined with LLT. More specifi-
cally, LLT was synthesized in combination with LTO using macro
porous morphologies to maximize the electrolyte-anode
interface.l!

Several synthesis routes such as solid state synthesis and sol-gel
synthesis yielding bulk LLT are known (c.f. Chapter 3).[*6! In addi-
tion, several attempts have been made to combine negative and
positive electrodes with LLT, such as creating LLT coated LiCoO,
particles as well as preparing 3D ordered macro porous LLT to cre-
ate an electrolyte network with high Li-ion conductivity surrounded
by a LTO matrix.[>”! However, only a limited number of studies
focus on thin film synthesis of this material: PLD was applied sev-
eral times to yield epitaxial LLT layers (approximately 40 nm thick)
on STO and NGO substrates,!®! amorphous LLT films of approxi-
mately 500 nm were grown on quartz glass substrates and both
amorphous and crystalline LLT were deposited on Pt substrates
with 400 nm thickness.[*°! In addition, lanthanum deficient amor-
phous LLT (Lig3,Lag30TiO3) was deposited on Si by ALD, but crys-
tallization yielded relatively rough morphologies combined with
slow growth rates between 0,30 and 0.50 A-cycle’.[?% A first at-
tempt at preparing crystalline perovskite LLT films (x=0.167) on
indium tin oxide using chemical solution deposition was carried out
by Kitaoka et al.['!) Using three different organic precursors solu-
tions based on metal alkoxides or acetates dissolved in 2-
methoxyethanol, films with thicknesses ranging from 200 nm to 1
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pum were obtained by dip coating in combination with a post-
deposition anneal of 700 to 1300°C.[*!]

In the this chapter, amorphous and crystalline perovskite LLT thin
films were prepared on various substrates by CSD using an aque-
ous precursor solution containing Li*, La3* and Ti**.

2. Experimental

2.1 Precursor synthesis

Aqueous precursor solutions were prepared for Li*, La3>* and Ti*".
Lithium nitrate (LiNOs, Sigma Aldrich, 298.5%) and lanthanum
nitrate hexahydrate (La(NOs)5;:6H,0, Sigma Aldrich, =99%) were
both dissolved in water by stirring at room temperature, yielding
concentrations of 1.5 mol-L™! and 1.0 mol-L™? respectively. Titanium
isopropoxide (Ti[OCH(CH3),]4, Sigma Aldrich, =297%) was added to
water to form titanium hydroxide, followed by addition of citric acid
mono hydrate (Sigma Aldrich, 299%), hydrogen peroxide (H,O»,
Acros Organics, 35%) and ammonia (NHs, Merck, 32%) to yield a
citrate-peroxo-Ti** solution with a 0.9 mol-L™. A detailed descrip-
tion of the citrate-peroxo-Ti** precursor was reported earlier by
Hardy et al.l*?]

The concentrations of the mono-ion solutions was determined by
ICP-AES (Optima 3300, PerkinElmer) before mixing them together
in stoichiometric amounts at room temperature (Figure 1). The
final multi-metal ion precursor solution was prepared in a high
(0.95 M) and low (0.38 M) total metal ion concentration with a
Li*:La3*:Ti** molar ratio of 0.35:0.55:1.00.

2.2 Film deposition

The aqueous multi-metal ion precursor solution was spin-coated
(3000 rpm, 30 s, 1000 rpm-s’!) onto small pieces (3 x 3 cm) of
different substrates: Pt, TiO,/Si (Si substrate with 90 nm TiO,),!*3]
and TiO,/Pt (a stack of TiO,/Pt with 90 nm TiO,).[*3! See Chapter 2,
section 3.3 for more details.
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Li(l) nitrate La(lll) nitrate Ti(lv)
hydrate hexa hydrate isopropoxide

<— H,0

‘ Ti(IV) hydoxide \

<— CA

<— H,0,

«— NH,

Li(l) nitrate La(lll) nitrate Citratoperoxo
solution solution Ti(IV) solution

«<— H,0
Precursor
solution

Figure 1: Synthesis scheme of the aqueous precur-
sor solution.

All these substrates were cleaned by an UV/Os treatment at 60°C
(40 min., Novascan PSD Pro Series). Heat treatments were carried
out in ambient air after spin coating of the aqueous precursor at
250°C (2 min.), 375°C (2 min.) and 500°C (2 min.). The sequence
of spin coating and heat treatment was repeated multiple times to
obtain films with the desired thickness. The final film was annealed
by either a heat treatment at 500°C (1 to 4 hours) in static air on a
hot plate or at 700°C (1 to 4 hours) under a dynamic air flow (0.1
L-min’!) in a tube furnace.

2.3 Powder characterization

The thermal decomposition profile of the yellow precursor powder,
obtained by drying the precursor solution at 60°C, was investigat-
ed by TGA/DSC (TA instruments SDT Q600). 6 mg of the powder
was heated ramped at 10°C-min’! up to 1200°C using dry air (0.1
L-min!) in an alumina crucible. The crystallization process of the
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aqueous precursor powder was studied by HT-XRD (Bruker D8 with
an Anton Paar HTK1200 high temperature chamber with a Kap-
ton® window) from 250 - 900°C (10°C-min’!), in steps of 50°C
with a counting time of 52.8 s per step. The yellow precursor pow-
der was underwent a pre-anneal (250°C in a drying oven over-
night) to remove most of the organics before starting the HT-XRD
experiment.

2.4 Film characterization

As-deposited and sequentially heated (250, 375, 500 and 700°C)
layers were characterized by GATR-FTIR (Bruker Vertex 70 com-
bined with Harrick 65° single reflection Ge-ATR) from 4000 to 600
cm™ with 32 scans per sample with a torque of 24 kPa. Crystalliza-
tion of amorphous LLT thin films was studied by isXRD (Bruker D8
Discover with experimental heating chamber)!*¥ in cooperation
with the CoCoon Group of Ghent University, Belgium. A linear de-
tector was used, recording a diffraction pattern with a 26 range of
30 to 50° every 5 seconds within a temperature range of 25 to
900°C (with a heating rate of 1°C-min™!). The morphology of an-
nealed LLT films was investigated by means of SEM (FEI Quanta
200F). Finally, the Li-ion conductivity of LLT thin films was studied
by means of impedance spectroscopy. Hereto, Au electrodes (300
nm thick, 6 mm? area) were evaporated (Vactec thermal evapora-
tor, 3-107 mbar) on top of post-annealed LLT thin films with Pt or
TiO,/Pt as the underlying substrate. The Li-ion conductivity per-
pendicular to the film direction is of importance for the power den-
sity of the final battery, therefore the electric field was applied in
this direction. The impedance was measured using an Autolab
PGSTAT302N with frequencies ranging from 1MHz - 10 mHz, at
open circuit voltage with an alternating voltage of 3 mV. The re-
sults were fitted with equivalent circuit models with resistor (R)
and capacitor (C) elements using Nova software (Version 1.9.16,
Metrohm Autolab B.V.). CV was measured with an Autolab
PGSTAT128N, using a three electrode setup!*>! (see Chapter 2).
The LLT/Pt samples were used as the working electrode via a cop-
per disc connected to the back of the substrate. Silver paint (Bene-
lux scientific) was used to ensure good conductivity between the
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copper disc and the substrate. The top of the substrate was acces-
sible to the liquid electrolyte (1.0 M LiClO4 dissolved in polycar-
bonate, Soulbrain MA) and a Kapton® O-ring was used for sealing.
Metallic lithium (99,9% Sigma Aldrich) served as the counter and
reference electrodes.

3. Results and discussion
3.1 Powders - decomposition and crystallization

Figure 2 shows the results of the TGA analysis. The thermal de-
composition of the dried (60°C, overnight) aqueous precursor gel
shows a weight loss between room temperature and 150°C, which
is most likely the evaporation of residual water. Above 150°C, a
major weight loss is observed while the heat flow indicates that
this is accompanied with small endothermic step at 220°C followed
by a sequence of exothermic events at 270 and 535°C, respective-

ly.
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Figure 2: TGA-DSC graph of dried (60°C overnight)
LLT precursor gel (10°C-min’!, with dry air flow of
0.1 L-min’Y).
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This sequence is related to the decomposition of organics and ni-
trates. Above 600°C, no significant weight loss is observed, indi-
cating that the precursor has completely decomposed, and most
probably only oxide phase(s) remain.
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Figure 3: HT-XRD patterns a of dried and pre-
calcined (250°C) precursor powder measured at
several temperatures (in °C) with a heating rate of
10°C-min’t in dry air (0.1 L-min™).

To study the crystallization of the LLT precursor powders, HT-XRD
was used; heating the powder to high temperatures while record-
ing an X-ray diffractogram (c.f. Chapter 2). The HT-XRD analysis
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(Figure 3) indicates that the onset of perovskite LLT crystallization
(JCPDS 46-0465) occurs at 600°C. From 600 to 850°C small peaks
are present around 26,4 and 27,2° 286, indicating the presence of
LasTigO,4 (JCPDS 036-0137) as a secondary phase.

These small peaks disappear at 900°C, but at this temperature a
small single peak at 25,7° 26 can be observed, implying that
LayTigO,y4 is transformed into Lig 375Lag 54 TiO3 (JCPDS 47-0668) at
higher temperatures, possibly by reacting with a lithium containing
amorphous phase.

3.2 Films - Decomposition and crystallization

After showing the suitability of the water based precursor system
to obtain LLT powders, the deposited and decomposition of the
precursor was studied to obtain thin films. Due to differences in the
surface to volume ratio between powders and thin films, leading to
different heat transport and gas diffusion phenomena, their de-
composition process may differ.[*®] Therefore, the decomposition
process was indirectly studied on the thin films, by identification of
the organic residuals using GATR-FTIR.

A single layer deposited onto the TiO,/Si substrate was measured;
as-deposited and directly after different heat treatments (Figure
4). The TiO,/Si substrate shows a strong band at 750 cm™?, arising
from TiO, lattice vibrations.['”'8] Sj-O-Si longitude and transverse
modes are also observed at 1250 and 1050 cm™, respectively.[*?]
For the as-deposited aqueous precursor, several bands could be
observed: the (broad) band at 3500 to 2750 cm™ is associated
with C—H stretching vibrations, O-H stretching vibrations of (un-
bound) water and NH,* anti-symmetric stretching vibrations
broadened by hydrogen bond formation.?%2!1 At 1600 and 1400
cm™® strong bands are observed, associated with COO™ asymmetric
and symmetric stretching vibrations of the citrate ligands.??? In
addition, the 1400 cm™ band overlaps with the asymmetric
stretching vibration of NO5.!??) The (weak) band at 1250 cm™ is
assigned to C-OH stretching of a carboxylic acid, related to citric
acid.[?0!
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Figure 4: GATR-FTIR of the blank TiO,/Si substrate
(bottom), the as-deposited aqueous precursor and
different heat treated LLT layers on TiO,/Si. The
spectra were recorded directly after spin coating
(as-deposited) or after consecutive heating steps for
2 minutes at 250°C, 250°C+375°C or
250°C+375°C+500°C under static air. Samples an-
nealed at 700°C (for 2 minutes or for 4 hours) were
placed in a pre-heated tube furnace in dry air after
completing all consecutive heating steps.

Finally, the (weak) bands at 850 to 800 cm™ and 770 to 715 cm™
are both related NOj3", respectively out-of-plane and in-plane bend-
ing vibrations.[21221 At 250°C the broad band from 3500 to 2750
cm™ is strongly reduced, associated with the removal of water and
NH,*. Furthermore, a large reduction of the 1400 cm™ band com-
bined with absence of the weak bands at 850-800 cm™ and 770-
715 cm-1 suggest that NO3™ has been removed from the sample.
At 375°C, the 1600 and 1400 cm™® band have strongly been re-
duced, indicating that most of the organic materials have been
decomposed. At 500°C and above only bands related to substrate
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can clearly be observed. Furthermore, above 375°C no bands are
observed between 1550-1300 cm™, indicating that no
(oxy)carbonates are formed.[*”2%23 In literature no FTIR results
could be found regarding (perovskite) LLT. However, bands of
closely related titanates are only visible at lower wavenumbers
than recorded in this study.?%?# In-situ XRD was therefore em-
ployed to study the crystallization of the films obtained with little

organic residuals prepared at 500°C.

650 700 75 800 850
T(°C)  [¥ LigsslagssTiO;
v TiO, (Rutile)

Figure 5: XRD intensity of a 240 nm thick LLT film
on TiO,/Si prepared with the aqueous precursor,
pre-annealed at 500° for 1 hour in static air, as a
function of temperature during non-isothermal heat-
ing with a heating rate of 6°C-min™ in static air.

The crystallization process of LLT thin films, deposited on TiO,/Si
and pre-annealed at 500°C, was examined by in situ X-ray diffrac-
tometry as a function of temperature during its non-isothermal
heating with constant heating rate (Figure 5) and as function of
time during isothermal heating at 700°C (Figure 6). Before the
heating starts, diffractions are only visible at 26 = 36, 39, 41 and
44°; all these correspond to the rutile phase (JCPDS 021-1276) of
the TiO, anode underneath the amorphous LLT film.
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Figure 6: XRD intensity of a 240 nm thick LLT film
on TiO,/Si, prepared with the aqueous precursor
(0.95 M), pre-annealed at 500° for 1 hour in static
air, heated isothermally at 700°C with in static air
(after a short period of non-isothermal heating to
reach 700°C with 10°C-min’!). The temperature pro-
file is plotted (dashed line) as a function of time.

While heating the amorphous LLT films, the onset of perovskite LLT
(x=0.117, JCPDS 046-0465) crystallization can be observed at
725°C, identified by the 33, 40 and 47° 26 angle diffractions. Iso-
thermal heating at 700°C leads to perovskite LLT phase formation
as well (Figure 6), but prolonged heating at this temperature is
required to fully crystallize the film. Based on these XRD meas-
urements, there is no reason to assume that the LLT reacts with
TiO,, though other techniques are required to study this more
thoroughly (e.g. XPS with Ar* milling). Note that XRD is capable to
detect reactions of LLT with other underlying materials if they form
crystalline phases. This is shown in Chapter 10, where LLT reacts
with WOs.

3.3 Films - Morphology and thickness

The top view SEM micrographs show crystalline perovskite LLT
films on TiO,/Si (Figure 7a and 7b), which were annealed compa-
rable to the isothermal heating during the in-situ XRD study (Fig-
ure 6).
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Figure 7: Top view SE micrographs at different
magnifications (a & b) and cross sections SE micro-
graph (c) and BSE micrograph (d) and of 4 layers of
LLT prepared with the aqueous precursor (0.38 M),
deposited on TiO,/Si annealed at 700°C for 1 hour in
dry air.

The films exhibit a homogeneous morphology with macroporosity
(i.e. pores > 50 nm). It is speculated (based on properties of the
amorphous layers, see further in Figure 9) that this is introduced
during the crystallization of the films. Using the Z-contrast in the
BSE cross section micrograph (Figure 7d) the LLT layer (brighter,
90 nm thick) can clearly be distinguished from the rutile TiO, an-
ode layer (darker, 90 nm thick) underneath. The thickness of the
LLT layer on TiO, increases linearly with the number of deposition
cycles for high and low precursor solution concentrations (Figure
8). This linear increase indicates beneficial conditions are realized
for the spin-coat deposition; the heat treatments prevent dissolu-
tion of the deposited film during a following deposition step. This
feature is of great importance to obtain high quality films with de-
sired thickness and stoichiometry.
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Deposition cycles

Figure 8: LLT film thickness as function of deposi-
tion cycles and precursor concentration deposited on
TiO,/Si, determined by SEM cross sections. After
deposition the LLT films were annealed for 1 hour at
700°C in dry air. High (0.95M; black squares) and
low total metal-ion concentrations (0.38 M; white
squares) were measured with the standard deviation
shown for each sample.

3.4 Films - Li-ion conductivity

Thus far, XRD and GATR-FTIR results have, respectively, confirmed
the formation of perovskite phase LLT on TiO,/Si and the presence
of negligible organic contents in the films. To study functional
properties of these films with impedance spectroscopy, an elec-
tronically conductive substrate is required; for this study Pt and
TiO,/Pt coated substrates are used. Initially the crystalline films
prepared at 700°C (4 hours) and 1000°C (30 minutes) were meas-
ured (Figure 9). However, even with films as thick as 250 nm, with
intermediate anneals at 700°C after each deposited layer to in-
crease the density of the films (Figure 9c¢), the crystalline LLT films
contained pin-holes. Although these pin-holes were not always
visible with SEM analysis, the impedance spectroscopy showed
induction behaviour (not shown), implying an electronically con-
ductive pathway is present. This means a short is made over the
electrolyte layer, implying that the gold top electrode touches the
platinum bottom electrode. This is most clearly visible in Figure 9b.
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Figure 9: Cross section SEM BSE of crystalline LLT
films prepared with 600 °C (2 min.) after each de-
posited layer, followed by final anneal at 700°C (4
hours) or (b) 1000°C (30 min.). (c) Anneal at 700°C
(30 min.) after each deposited layer. All anneal were
done in air.

A second issue encountered was instability of the Pt substrate at or
above 700°C (Figure 10), leading to deformation or local delamina-
tion after an anneal at 700°C. In is unclear if this also contributed
had a negative influence on morphology of the crystalline films.

To ensure stability of the current collector and Ilimit the
macroporosity of the films, the maximum annealing temperature
was set at 500°C, yielding smooth amorphous LLT thin films (Fig-
ure 11).
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Figure 10: SEM SE top view of Pt substrate an-
nealed at 700°C (4 hours in air).

Figure 11: Cross section SEM SE and BSE micro-
graphs of 4 layers (0.38 M) of amorphous LLT (90
nm) deposited on (a) TiO,/Pt and (b) Pt, annealed at
500°C for 4 hours in static air. Afterwards, the Au
electrode was evaporated on top.

The out-of-plane impedance results for amorphous LLT films pre-
pared at 500°C are shown in Figure 12. First of all, it means that
the morphology of the amorphous films is much better than the
crystalline counterparts, since no induction was measured with
impedance spectroscopy. Instead, one semicircle is observed for
LLT on Pt, and two semicircles in case of the half-cell configuration
(LLT on TiO,/Pt). Based on this comparison, it is assumed that the
high frequency range semi-circle is related to the amorphous LLT
layer, whereas the small low-frequency range semi-circle is related
to TiO, layer. The latter can either arise from (i) Li* ions that have
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diffused from the LLT layer into TiO, during annealing (4 hours at
500°C) (ii) it can be related to the charge transfer resistance at the
LLT-TiO, interface or (iii) a dielectric response of the TiO,.

u LLT/TiO,/ Pt [R(RC)(RC)]
10,0 — o LLT/ Pt[R(RC)]

0,0 2,0 4.0 6,0 8,0 10,0
Z'(10° Q.cm’)

Figure 12: Nyquist plot of 90 nm thick LLT films
annealed for 4 hours at 500°C, with 300 nm Au
electrodes evaporated on top (6 mm?). Two semi-
circles are observed for LLT on TiO, (Pt) (squares)
as shown in Figure 9, whereas one semi-circle was
observed for LLT on Pt (circles) as shown in Figure
10. Results of the fitted equivalent circuit models are
also shown (lines) with resistor (R) and capacitor (C)
elements.

Notably, no spike is observed at lower frequencies. This spike was
expected for ideal systems due to polarization of Li* ions at a
(metal) interface that is inaccessible for Li*.(c.f. Chapter 2). How-
ever, the platinum or gold electrodes used do not seem to fulfil this
criterion, due to possible porosity or poor Li* blocking properties.
Based on fitting with an equivalent circuit, the Li-ion conductivities
of amorphous LLT thin films, with thicknesses under 100 nm, on Pt
and TiO,/Pt were found to be in the order of 10 S-cm™. The con-
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ductivities obtained with the current approach are considerably
lower compared to the conductivity of bulk amorphous LLT pre-
pared at 600°C (10 S-cm™, measured at room temperature).l®
Although a previous study on LLT thin films (with a thickness under
100 nm) prepared at higher temperatures nearly accomplished this
value, the reported Li-ion conductivity was measured in in-plane
direction,® whereas the current study regards the out-of-plane Li-
ion conductivity of the thin film, which is of higher relevance for
the final battery.

Finally, the electrochemical stability of the LLT films is studied by
cycling the sample versus metallic lithium in a non-aqueous elec-
trolyte (Figure 13 and 14). Although the morphology did not allow
out-of-plane measurements after annealing at 700°C, the electro-
chemical stability could be determined (Figure 13) by using a liquid
electrolyte. For high potentials up to 4.5 V (vs. Li*/Li), the solid
electrolyte shows no Li-reactivity. Higher voltages were not inves-
tigated because of the strong solvent oxidation of the liquid elec-
trolyte used (PC) above 4.5 V.[?%!
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Figure 13: Cyclic voltammetry of crystalline LLT
deposited on Pt, annealed at 700°C for 4 hours in
dry air.
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However, while approaching 1.7 V (vs. Li*/Li), a strong reduction
appears in the solid electrolyte film, leading to a sharp reduction
peak at 1.5 V, related to Ti*" reduction.[®!?] The large negative
current observed just little above 1 V can be the onset of a second
intercalation reaction of LLT at 0.66 V.[?27] The oxidation peak is
assigned to Ti3* oxidation. Hence, crystalline LLT films exhibit little
stability in the low voltage range (below 1.7 V). The combination of
LLT with LTO and TiO, negative electrodes seems unlikely for films,
in contrast to the conclusions of Kanamura for LLT and LTO pow-
ders et al.l3

The electrochemical stability of the amorphous LLT (500°C anneal)
was also probed (Figure 14). Some similarity is observed with its
crystalline counterpart (700°C anneal) although reduction peak(s)
are shifted to slightly higher potentials. The shape of this peak is
not as sharp as the Ti reduction observed for the crystalline coun-
terpart. In addition, the oxidation peak can hardly be observed. In
addition, the current range is significantly lower, which reflects the
lower Li-ion conductivity of the amorphous structure. The absence
of an oxidation peak is ascribe to a lack of electronic conductivity
by Chen et al., since addition of conductive binder materials to LLT
powders does lead to oxidation (delithiation).[?”]

Current (uA-cm?)
IS

210 1mVis
1IMLICIO, in PC

-12

10 15 20 25 30 35 40 45
Voltage (vs Li"/Li)

Figure 14: CV of amorphous LLT deposited on Pt,
annealed at 500°C for 4 hours in static air.
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In colaboration with Sven Gielis (UHasselt), the combination of LTO
(28] and amorphous LLT did not yield (de)lithiation with 1.5 V (vs.
Li*/Li) as the lowest potential (not shown). Either the LTO became
inactive during the LLT synthesis (directly on top) or the overpotial
as a result of the electrolyte resistivity shifted LTO lithiation to
much lower values than expected (1.55 V vs. Li*/Li).[?83% As will
be shown in Chapter 10, other (non-Ti based) electrode materials
such as WOs3 appear to be a better choice because of the higher
(de)lithiation potential.

4. Conclusion

The results of the current study have shown that amorphous and
crystalline perovskite LLT (thin) films could be established using an
aqueous precursor system, at respectively 500 and 700°C. The
thickness of the films can easily be tuned by varying the number of
deposition cycles and the concentration of the aqueous precursor,
which is of importance to tailor the ideal electrolyte thickness in a
battery device. In addition, the uniform depositions on the rutile
TiO, anode and Pt current collector indicate that the current ap-
proach has potential to be applied to other electrode materials as
well. However, the limited electrochemical below 1.7 V seems to
hinder combination with functional TiO, or LTO negative electrodes.
Other materials combination are therefore required (Chapter 10).
Various approached to obtain dense crystalline films (prepared at
700°C or higher) could not prevent the occurrence of pin-holes.
This is an unfortunate result, since the Li-ion conductivity is re-
ported to be significantly higher (2 orders of magnitude) than
amorphous LLT.[**! The morphology of amorphous LLT was shown
to be significantly better; an electronic short circuit could be pre-
vented across the films. The final value obtained for the Li-ion con-
ductivity of the amorphous thin films in this study (10® S-cm™) still
has to be improved in view the application of LLT as a solid electro-
lyte. Nevertheless, it is a promising result compared to other stud-
ies on LLT thin films, considering the more realistic, out-of-plane
measurement method used. Combination with other electrode ma-
terials
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3D structured lithium lanthanum
titanate as solid electrolyte for 3D
all-solid-state Li-ion batteries

T
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A large part of this chapter has been published:

E.J. van den Ham*, S. Gielis*, M.K. Van Bael and A. Hardy -
“Ultrasonic spray deposition of metal oxide films on high aspect
ratio microstructures for 3D all-solid-state Li-ion batteries” — ACS
Energy Letters 1 (2016), 1148-1188

*equal contribution
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Abstract

In this chapter the 3D deposition of LLT is studied
via two different routes. A citrate-nitrate precursor
(Chapter 3) and an all-citrate precursor were depos-
ited on 3D architectures by ultrasonic spray deposi-
tion. Precursor concentration, deposition tempera-
ture and spray height proved to be of importance for
successful 3D deposition with ultrasonic spray depo-
sition. Finally, 3D structures with an aspect ratio of
10 were coated with a wet-chemical approach, yield-
ing a breakthrough for 3D deposition of 3D thin film
solid electrolyte materials.
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1. Introduction

As a follow-up of Chapter 4, where the synthesis and planar depo-
sition of LLT is discussed, the 3D deposition of this material is stud-
ied by means of ultrasonic spray deposition. The flexibility of chem-
ical solution deposition is fully utilized during deposition of inorgan-
ic solid-state electrolytes, since many of these materials are com-
posed of several different metal ions (c.f. Chapter 3). Very few 3D
thin film depositions of inorganic solid electrolyte materials are
reported, and no reports were found about non-vacuum based
methods. Therefore, successful 3D deposition of solid-state electro-
lytes by CSD would lead to major advantages not only for upscal-
ing purposes, but primarily in achieving complex multi-metal-ion
based materials in 3D.

As proposed by Gielis et al., (all-) citrate chemistry is of interest
for deposition of oxide coatings on non-planar surfaces with high
aspect ratio’s.[!! Hence, besides the citrate-nitrate precursor dis-
cussed in Chapter 4, an all-citrate precursor is studied in this chap-
ter for deposition LLT on 3D structures.

2. Experimental

2.1 Precursor synthesis

A citrate-based Li* precursor was prepared by dissolution of lithium
citrate (99%, Sigma Aldrich) in water, while stirring at room tem-
perature.

The citrate-based La®* precursor was prepared similarly to the
Hardy et al.[?! First, La>O5 (99,9%, Sigma Aldrich) and citric acid
mono-hydrate (99,9%, Sigma Adrich) powders were mixed by
grinding with a mortar, after which a minimal amount of water was
added to disperse the powders in a round bottom flask. After stir-
ring for 24 hours at 120°C under reflux conditions, the pH of the
slurry was increased to 12 by addition of ammonia (32%, Merck).
After stirring for an additional 24 hours at 110°C under reflux con-
ditions a light yellow, transparent precursor solution was yielded
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with pH 8. For the Ti-precursor, the same citrate-peroxo-Ti*" pre-
cursor was used as described in Chapter 4.

Before combining the Li-, La- ant Ti-precursors, their exact concen-
tration was determined by ICP-AES (Optima 3000, PerkinElmer).
Finally, an all-citrate Li-La-Ti-precursor was prepared. The ratio of
Li:La:Ti was 0.35:0.55:1; the same as the citrate-nitrate precursor
(c.f. Chapter 4). The synthesis of the all-citrate precursor is sum-
marized in Figure 1.

[ Li(l) citrate ] [ La(lll) oxide ] [ ~Tiv) ]
isopropoxide

=— H,0 = CA . H,0
=— H,0
< NH; | Ti(IV) hydoxide
<— CA
<— H,0,
<— NH;
Li(l) citrate La(lll) citrate Citratoperoxo
solution solution Ti(IV) solution
«— H,0
<— EtOH

Precursor solution l

Figure 1: Synthesis scheme of the all-citrate Li-La-
Ti-precursor.

Besides the all-citrate Li-La-Ti-precursor, the same citrate-nitrate
described in Chapter 4 was used. Wettability of the precursors was
increased by addition of ethanol in a 10:9 H,O:EtOH ratio with a
total metal-ion concentration of 0.01 M, according to Gielis et al.[!]
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2.2 Film deposition

Two different types of substrates were used for this study: (i) Pt
(ii) 3D TiN (2x5) (iii) 3D TiN (2x10), see Chapter 2 Section 3 for
details. All these substrates were cleaned by a UV/O; treatment at
60°C (40 min., Novascan PSD Pro Series) prior to deposition. Heat
treatments were carried out for the as-deposited films at various
temperatures.

Ultrasonic spray deposition (USD, Exacta Coat, Sono-Tek coopera-
tion) was done using the Accumist nozzle (Sono-Tek cooperation).
The deposition temperature was varied to influence the 3D deposi-
tion. The citrate-nitrate Li-La-Ti-precursor was deposited in two
distinct sets of spray deposition parameters:

(i) Large nozzle distance; implying a spray nozzle to sub-
strate distance of 6.9 cm with a flowrate varying be-
tween 0.5 and 1.0 ml-min’t.

(i) Small nozzle distance; implying a nozzle-to-substrate
substrate distance of 2.6 cm with a flowrate varying
between 0.2 ml-min’!; according to Gielis et al.!]

In both cases the N, carrier gas pressure was set at 1.5 psi, the
spray nozzle moved with a speed of 100 mm-s™. For the all-citrate
Li-La-Ti-precursor, only the ‘small nozzle distance’ parameters
were used.

2.3 Powder characterization

The thermal decomposition profile of the dried all-citrate Li-La-Ti-
precursor was obtained similar to the description in Chapter 4. To
investigate the possible influence of ethanol on decomposition, a
fully aqueous gel and 10:9 (volume ratio) water to ethanol based
gel were measured.

2.4 Film characterization

The morphology of annealed LLT films was investigated by means
of SEM (FEI Quanta 200F and Nova 200). The crystallinity of the
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films was investigated by XRD by means of a Bruker D8 apparatus,
equipped with a line-scan detector (Lynx eye), using a step size of
0.040° and a counting time of 3 seconds per step at room temper-
ature.

3. Results and discussion

3.1 All-citrate precursor: decomposition

The decomposition of the all-citrate precursor is shown in Figure 2.
The first small weight loss up to 150°C is assigned to evaporation
of water due to drying of the gel. Next, the profile shows several
weight loss steps due to the presence of several citrate based Li-,
La- and Ti-precursors (Figure 3) and ammonium citrate.l®! Hence,
features of ammonium citrate are visible in the decomposition pro-
file shown in Figure 2. The presence of ammonium citrate can most
clearly be observed by the endothermic features at 200°C, decar-
boxylation reactions of the ammonium citrate.[3! The melting
around 150°C shows no distinct endothermic peak,®! perhaps it is
masked by water evaporation at a relatively high temperature of
180°C. Because of the high CA to metal ratio used for the La- and
Ti-precursor synthesis (3:1 CA:M), significant amounts of ammoni-
um citrate are present in these solutions, explaining the large
weight loss at 200°C. In addition, part of the citrate-peroxo-Ti**
appears to decompose at the same temperature, yielding an addi-
tional weight loss at this temperature. For the Li-precursor, no
substantial weight loss is found within this region because these
precursors contain only minor amounts of ammonium citrate, re-
lated to the initial 3:1 Li:CA ratio.
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Figure 2: TGA-DSC graph of dried (60°C overnight)
all-citrate LLT precursor gel, showing the relative
weight, relative weight derivative and heat flow as a
function of temperature (10°C-min’!, with dry air
flow of 0.1 L-min™t).

At higher temperatures of 360 and 440°C, the Li-La-Ti-precursor
shows events with a strong weight loss, which can both be related
to decomposition of Li- and La-precursor products. The large
weight loss at temperatures close to 450°C is assigned to a de-
composition reaction primarily involving the La- and Ti-precursor,
followed by a minor loss at 545°C caused by the Li-precursor de-
rivative (c.f. Figure 3). Finally, the last decomposition step at
650°C is probably caused by products of the Li-precursor decom-
position since the La- and Ti-precursor decompositions show no
weight loss in this region. Since lithium carbonate only starts de-
composing above 650°C, the weight loss at high temperatures is
explained. Complete decomposition of the Li-La-Ti-precursor is
therefore achieved at 700°C. The TGA analysis indicates that be-
sides the temperature required for crystallization, at least 700°C is
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required to fully decompose the carbonate formed with this precur-
sor.

Figure 2 (red curves) shows that the addition of ethanol has no
influence on the decomposition of the all-citrate precursor. This
also implies that the ethanol does not react with any of the com-
plexes present (e.g. esterification at higher temperatures), and all
the ethanol evaporated during the drying step at 60 °C prior to the
TGA analysis.
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Figure 3: TGA analysis of dried (60°C overnight)
citrate based Li-, La- and Ti-precursor gels, showing
the relative weight, and relative weight derivative as
a function of temperature (10°C-min’!, with dry air
flow of 0.1 L-min™t).

3.2 All-citrate precursor: 3D deposition

Since the main objective of this study is to investigate 3D deposi-
tion of LLT, film formation based on this precursor was not studied
extensively on planar substrates. Instead, depositions were done in
line with the approach of Gielis et al.,!**! including the same spray
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nozzle to substrate distance, yielded interesting results. Figure 4
and 5 show that the all-citrate Li-La-Ti-precursor can indeed be
deposited on 3D TiN (2x5, see Chapter 2 for details).

Figure 4: Morphology as function of deposition
temperature; 3D TiN (2x5) coated with the all-
citrate Li-La-Ti precursor (10 mM) for 50 cycles.
Deposition temperature was set at indicated tem-
peratures with a flowrate of 0.2 ml-min! with a noz-
zle height of 2.6 cm. The samples were annealed 4
hours at 700°C in oxygen. The whole micro-
cylinders (a) as well as the bottom sections (b) are
shown.

The quality of the deposited coatings was strongly influenced by
precursor concentration.!®! Lower precursor concentrations lead to
smaller droplets hitting the heated substrate,[®! since significantly
smaller amounts of non-evaporating material are available per
droplet (c.f. Chapter 2). These smaller droplets are quickly immo-
bilized at the surface and prevent accumulation of the precursor
gel down the micro-cylinders. Hence, a low precursor concentration
of 10 mM was used to achieve the coatings shown in Figure 4 and
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5. The temperature at which the atomized precursor droplets hit
the substrate proved to be the most important parameter to obtain
a complete coating of the micro-cylinder. It is thought that, due to
lack of gel immobilization at low deposition temperature (<180°C),
the precursor gel flows down the vertical structure,!’! yielding
largely uncoated micro-cylinders (Figure 4).

Figure 5: Morphology obtained with a deposition
temperature of 200°C; 3D TiN (2x5) coated with the
all-citrate Li-La-Ti precursor (10 mM) for 50 cycles.
Flowrate was set at 0.2 ml-min! with a nozzle
height of 2.6 cm. The sample was annealed 4 hours
at 700°C in oxygen.

Therefore, the deposition temperature was increased to 210°C. At
this temperature the bottommost 2 pm of the 50 pm micro-
cylinders remained uncoated (Figure 4b). Recalling that both gravi-
ty (small droplets) and Leidenfrost effects (too low temperature)
can be excluded (Chapter 2) in this particular case, the phenomena
acting during the deposition are probably (i) high gel immobiliza-
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tion and (ii) strong thermophoretic forces at the bottom of the
micro-cylinders.[®8] Therefore no droplets are able to reach this
part of the substrate at high deposition temperatures. Finally, the
optimum deposition temperature to coat the high aspect ratio mi-
cro-cylinders for the all-citrate LLT precursor was determined to be
200°C (Figure 5).

The diffractogram (Figure 6) of the LLT coated micro-cylinders
shows that the LLT phase is present on the pillars. However, a lot
of other peaks arise that require clarification.

* Li0.35LaO,55TiO3
& Si
= La0,
% TiN
v TiO, (rutile)
* A TiO, (anatase)

Intensity (a.u.)

LLT coated

Pristine TiN

20 30 40 50 60
2@ angle (°)

Figure 6: X-ray diffractograms of pristine TiN / Si
micro-cylinders as well as a Li-La-Ti-precursor coat-
ed sample (50 passes, 10 mM), submitted to a post-
deposition anneal of 700°C for 4 hours in oxygen.

First of all, La,05 is identified as secondary phase, implying that
not all of the coating is crystallized in the perovskite LLT phase.
The occurrence of TiO, may suggest this is a secondary phase as
well, but the appearance of TiO, (anatase and rutile) can also be
caused by the oxidation of the TiN current collector.!® This clarifies
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why the peaks belonging to the TiN phase disappear upon pro-
longed heating (annealed for 4 hours at 700°C in oxygen). Howev-
er, phase segregation of LLT during the long anneal, forming TiO,
and La,0Os, may also be the cause of the TiO, present. Hence, it is
unclear if phase pure LLT existed before segregation, or that sec-
ondary phases have been present all the time.

For mono-crystalline Si substrates, normally a single peak at 32° is
(often) observed. Here several additional peaks related to Si are
present. This is explained by broken micro-cylinders present on the
sample, leading to additional orientations of Si, rendering a more
polycrystalline pattern.

The oxidation of the TiN current collector is an unfortunate result,
due to the long anneal applied to yield highly crystalline LLT films
(c.f. Chapter 4). Because of the oxidation, the functional properties
of the coating cannot be measured (e.g. cyclic voltammetry or
impedance spectroscopy). More importantly, this high temperature
anneal is expected to be a bottleneck for device integration, since
positive electrodes, negative electrode and current collecting mate-
rials will not be able to withstand these high thermal budgets.!*?
Apart from this issue, there are concerns with respect to the mor-
phology of the crystalline coatings. As was shown in Chapter 4,
crystalline films LLT are difficult to prepare in a pin-hole free man-
ner. Continuous films are however of major importance for the
function of the electrolyte to prevent short-circuits.

3.3 Citrate-nitrate precursor: 3D depositions

Initially the citrate-nitrate precursor (Chapter 4) was used for 3D
depositions. After tuning the deposition temperature and precursor
flowrate, the best results obtained for 3D TiN (2x10) are shown in
Figure 7. At the bottom section of the micro-cylinders, a coating
can clearly be observed, mainly due to the heavy lanthanum which
shows up in the BSE micrograph. Up to the first 20 um the coatings
seems to be present. However, while inspecting figure 7b, there
does not seem to be sufficient deposition below the first 10 um
measured from top of the micro-cylinders. Tuning deposition tem-
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perature, precursor concentration and number of passes did not
seem to alter this issue (not shown).

Figure 7: 3D TiN (2x10) coated with the citrate-
nitrate Li-La-Ti precursor (10 mM) for 30 cycles.
Deposition temperature was set at 200°C with a
flowrate of 0.5 ml-mint with a nozzle height of 6.9
cm. The sample was annealed 4 hours at 700°C in
oxygen.

In a later stage, the same deposition parameters used for success-
ful deposition of the all-citrate precursor, were applied on the cit-
rate-nitrate precursor. This led to successful deposition of LLT films
on 3D TiN (2x10) (Figure 8), coating the middle section of the mi-
cro-cylinders as well. However, it must be noted that slightly dif-
ferent substrates were used with an inter-cylinder distance of 10
pm. Although this does not yield completely comparable results, it
does show that the citrate-nitrate precursor has potential for 3D
depositions on high aspect ratio structures. Therefore, the deposi-
tion of the citrate-nitrate precursor will be studied in more detail in
combination with other materials in Chapter 10. Especially so,
since this precursor decomposed at slightly lower temperatures
(Chapter 4, Figure 2) as compared to the all-citrate precursor (Fig-
ure 2). This allows preparation of amorphous LLT films (Chapter 4),
which lead to serious advantages in terms of morphology and
thermal budget requirements.
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Figure 8: 3D TiN (2x10) coated with the citrate-nitrate
Li-La-Ti precursor (10 mM) for 50 cycles. Deposition
temperature was set at 200°C with a flowrate of 0.2
ml-min’! with a nozzle height of 2.6 cm. The sample was
annealed 4 hours at 700°C in oxygen.

4. Conclusion

An optimized all-citrate precursor and fine-tuned ultrasonic spray
deposition yielded a complete metal-oxide coating on micro-
cylinders with an aspect ratio of 10 and an inter-distance of 5 pm
(3D TiN (2x5)). Although deposition of mono-metal oxide negative
electrode materials was shown before using a citrate-based precur-
sor in combination with ethanol,[*! the results of this multi-metal
oxide electrolyte material prove how versatile this approach can
be. Although future improvements are required with respect to
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temperature requirements and morphology of the solid electrolyte,
the 3D deposition of LLT on such high aspect ratio’s is a unique
achievement. Since the aqueous metal-citrate precursor solutions
have been developed for a very broad range of metal-ions, this
multi-metal ion all-citrate precursor approach can have a large
impact in different fields of application as well (c.f. Chapters 9 and
11).

However, this chapter also showed that the citrate-nitrate route
has potential with respect to 3D deposition as well. These results
underline the intertwined set of parameters used during ultrasonic
spray deposition, since the nozzle-to-substrate-distance and/or
flowrate seem to have a large influence as well. A further study on
the deposition of this particular precursor would be interesting,
because of lower temperature requirements and morphology of the
resulting (amorphous) material. This could lead to significant ad-
vantages in view of device integration (c.f. Chapter 10).
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Wet-chemical synthesis of garnet
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Abstract

An aqueous all-citrate precursor for the synthesis of
garnet LiyLasZr,0;, (LLZO) has been developed in
view of application in an all-solid-state Li-ion bat-
tery. Whereas garnet phase formation was estab-
lished for powders, films deposited on SizN; sub-
strates via chemical solution deposition only yielded
the undesired La,Zr,0, phase. It appeared that the
latter phase was formed before complete decompo-
sition of the precursor, probably in the form of lithi-
um carbonate. Epitaxial stabilization was required to
overcome the crystallization issues, yielding epitaxial
LLZO on monocrystalline GGG substrates for the
(100) and (111) orientation. Finally, the versatility
of the USD approach was shown with preliminary re-
sults for 3D structured coatings achieved by the all-
citrate Li-La-Zr-precursor.
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1. Introduction

In Chapter 3 an overview of the solid electrolytes was given. Based
on the comparison of all inorganic solid electrolyte candidates’
properties, a successful deposition of garnet electrolytes on film
would lead to large benefits (Chapter 3). For instance, garnet films
would be able to replace LiPON, providing the same electrochemi-
cal stability with higher Li-ion conductivity. Hence, the rate perfor-
mance of the battery would be improved.

Initially garnet LisLasTa,01, (LLTO) was studied in view of its lower
crystallization temperature (650°C) as compared to Li;LazZr,0;>
(700°C).*2! Though phase formation for powders was shown, sev-
eral experiments with aqueous and non-aqueous precursor sys-
tems did not yield crystalline LLTO films. Especially the deposition
with an alkoxide (tantalum ethoxide) / nitrate (lanthanum nitrate)
/ acetate (lithium acetate) with ethanol as solvent seemed promis-
ing, but despite the good morphologies obtained via spin-coating,
only separate tantalate and lanthanate phases were obtained. Var-
ious heating programs and substrates (SisN4, Pt, Si) did not alter
this fact and the desired LLTO garnet phase was not obtained (not
shown). After these unfortunate findings the focus shifted towards
to the synthesis of Li;LasZr,0;, (LLZO). Similar to LLTO, the large
electrochemically stability of LLZO allows direct combination with
metallic lithium. However, the high total Li-ion conductivity
achieved for powders makes LLZO (10™* S-cm™) even more appeal-
ing than LLTO (10° S-cm™).3*! The negative results on LLTO film
depositions and indications from literature review (Chapter 3) lead
to the conclusion that synthesis of garnet films is rather complicat-
ed. Nevertheless, this study investigates the feasibility of aqueous
chemical solution deposition for LLZO. Based on recent findings by
Gielis et al."! and 3D deposition of LLT shown Chapter 5, the use of
citrate chemistry yields large opportunities with respect to 3D dep-
ositions. Therefore, synthesis of LLZO films (via all-citrate-
precursor) is the main objective of this study.
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2. Experimental
2.1 Synthesis of the all-citrate Li-La-Zn-precursor

Mono-metal aqueous citrate solutions were prepared for Li*, La3*,
and Zr**. The Li- and La-precursor were prepared as described in
Chapter 5. The Zr** citrate precursor was prepared according to
Van Werde et al.l®! Zr-propoxide was precipitated in water, forming
Zr-hydroxide. After filtration, citric acid (CA, Sigma Aldrich, 299%)
and hydrogen peroxide (H,0,, 35% Acros Organics) were added to
the residue in a round bottom flask with a 5:6:100 Zr:CA:H,0,
ratio. After stirring under reflux conditions at 120°C for 2 hours,
the pH was adjusted to 7.5 with ammonia (NHs, Merck, 32%).

[ Li{l) citrate ] [ La(Ill) oxide ] [ ooy ]
isopropoxide

l— H,0 k— CA H.0
2
— H,0
&— NH; | Zr(IV) hydoxide
«<— CA
<— H,0,
<— NH;
Li(l) citrate La(lll) citrate Zr(IV)-peroxo-
solution solution citrato solution
«— H,0
<— EtOH

Precursor solution

Figure 1: Synthesis scheme of the Li-La-Zr-
precursor.

All the mono-metal ion precursor solutions were filtered using a
membrane filter (Nalgene, 0.2 pm) to remove particles, such as
dust, impurities and undissolved fractions. Subsequently, their
exact concentration was determined by ICP-AES (Optima 3000,
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PerkinElmer). Mixing of the mono-metal aqueous citrate solutions
was based on the desired stoichiometry of LLZO with 10% Li ex-
cess to compensate for Li-loss (i.e. a 7.7:3:2 ratio for Li-citrate,
La-citrate and Zr-citrate). A summary of the synthesis is shown in
Figure 1. For 3D depositions, ethanol (absolute, VWR) was added
to yield a 9:10 ethanol to water volume ratio, with a total metal ion
concentration of 10 mM.

2.2 Synthesis of the citrate-nitrate Li-La-Zn-
precursor

For comparison, a citrate-nitrate precursor was prepared for the
synthesis of powder LLZO from a gel.

The Li- and La-nitrate solution synthesis is described in Chapter 4.
In addition, Zirconium oxynitrate (ZrO(NOs),:xH,O, 99%, Sigma
Aldrich) was dissolved in water at room temperature, yielding a Zr-
nitrate solution. Next, a CA solution was prepared (3 M). The sepa-
rate Li-, La- and Zr-nitrate solutions in a 7.7:3:2 ratio, were com-
bined together with CA in a 3:2 CA to metal ratio. Finally, the pH
was raised to 8 by addition of NHs.

Ethanol addition, to enhance wettability for spray-deposition simi-
lar to the all-citrate precursor (9:10 ethanol to water ratio) led to
precipitation. Based on a series of ethanol and aqueous nitrate
based Li-La-Zr-precursor from 0 to 50 vol.% in ethanol contents
steps of 10%, the highest ethanol fraction preventing precipitation
was found to be 40 vol.%. Hence, 40 vol.% ethanol was used for
spray deposition of this precursor, with a total metal ion concentra-
tion of 10 mM.

2.3 Precursor depositions

Three substrates were used for this study: (i) SisN4, (ii) GGG in
100 and 111 orientations and (iii) 3D Si (2x5), c.f. Chapter 2 sec-
tion 3. SisN4 substrates were used to prevent silicate formation,
which is common for rare-earth metals /8. In addition, the SisN,4
structure prevents lithium diffusion [ into the Si wafer under-
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neath. All substrates were cleaned with UV/O3; (30 minutes, 60°C)
prior to deposition.

For planar depositions of the all-citrate Li-La-Zr-precursor, spin-
coating and ultrasonic spray depositions were used. Spin-coating
was done at 6000 rpm for 30 seconds with 1000 rpm-s™ accelera-
tion, with a total metal ion concentration of 0.254 M. After deposi-
tion, the substrate was heated heating of 200, 300 and 600°C for 2
minutes consecutively. Metal tweezers tips were heated at the
same temperature as the hot plate before removing the treated
substrate from the hot plate, since the GGG substrates appeared to
be very sensitive to sudden temperature changes. This process was
repeated 5 to 10 times. USD was used for deposition as well (simi-
lar to Chapter 5). The deposition temperature was set to 200°C.
The precursor with a total metal concentration of 10 mM was dis-
pensed at 0.2 ml-min! and the N, carrier gas pressure was set at
1.5 psi. The spray nozzle was located 2.6 cm above the substrate
and moved with a speed of 100 mm-s™*. The spray cycle was re-
peated 5 times with a waiting time of 5 seconds. After deposition,
the consecutive heating similar to the one used for spin-coating
was applied. This process was repeated 2 times (10 spray cycles in
total).

After deposition, the films were annealed in two different ways; for
low heating rates the samples were heated in a tube furnace for 4
hours at 800°C in oxygen (0.5 ml-min’!) with a heating rate of
10°C-min’t. For high heating rates a rapid thermal processing unit
was used (Annealsys, AS-one). The SisN4 were heated to 800°C in
oxygen (1 ml-min’!) for 30 minutes with heating rates of 50 and
100°C-s™?,

2.3 Characterization

The thermal decomposition profile of the dried Li-La-Zr-precursors
and separate Li-, La- and Zr-precursor gels, obtained by drying the
precursor solution at 60°C, were investigated by TGA (TA instru-
ments Q500). 2 mg of the gel was heated at 10°C-min™* using dry
air (0.1 L-min™) in a platinum crucible.
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As-deposited and sequentially heated (200, 300, 600 and 800°C)
films were characterized by GATR-FTIR similar to the description in
Chapter 4. In addition, FTIR measurements with the same appa-
ratus and settings as the GATR-FTIR measurements were done on
the combined and separate dried precursor gels dispersed (1
wt.%) in KBr pellets.

Phase formation of annealed LLZO powders was investigated by
XRD, using a Siemens D-5000 diffractometer with a step size of
0.040° and a counting time of 3 seconds per step at room temper-
ature. Crystallization of the LLZO films deposited on SisN, and GGG
substrates was investigated by XRD (similar to Chapter 4). Crystal-
lization of non-annealed LLZO films on Si3;N4, coated substrates,
was studied by isXRDM9! (similar to Chapter 4). The morphology of
annealed LLZO films was investigated with SEM (FEI Quanta 200F).

3. Results and discussion

3.1 Gel and powder analysis

With FTIR, ligand coordination was analysed in view of the decom-
position behaviour discussed in a later stage (Figure 2). In view of
the decomposition analysis of the gel deposition on substrates, a
deeper understanding of the citrate complexes present is vital.

The citrate Li-, La-, and Zr-precursors and the combined all-citrate
Li-La-Zr-precursor were studied. The difference between the
asymmetric and symmetric stretching frequency of carboxyl groups
of the complexed metal ions indicates the nature of the citrate
chelation.[*!]

In addition to the asymmetric stretch at 1415 cm’™, the Li-
precursor shows a broad symmetric stretch (1580 cm™) with a
shoulder at 1685 cm™. Combined with the fact that the Li to citrate
molar ratio amounts to 3:1, it seems that the precursor consists of
a mixture of bidentate (A <160 cm™) and unidentate (A >200 cm’
1y Li-carboxyl interactions. For the Zr-precursor, a more pro-
nounced unidentate character is found, since A >200 cm™. The La-
precursor exhibits a bridging La-carboxyl interaction, as difference
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between symmetric and asymmetric stretching exhibits approxi-
mately 180 cm™. However, this precursor shows a shoulder around
1720 cm?, implying that non-complexed citrate is also present in
the precursor in the form of ammonium citrate or citric acid,
caused by the excess of CA used to dissolve the La,0s. Finally, the
all-citrate Li-La-Zr-precursor primarily shows blended interactions.
As was the case with the La-precursor, non-complexed citrate is
present here as well (i.e. ammonium citrate).

] Li-La-zr \f\ r/\ i-/----\_
“\\ —~—]
L \f\f_/\f/
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Figure 2: FTIR spectra of aqueous Li-, La-, and Zr-
precursor, as well as the combined Li-La-Zr precur-
sor and CA. The gels were prepared by overnight
drying the liquid precursor at 60°C and dispersing
the dried precursor in a KBr pellet.

3.2 Precursor decomposition and phase formation

The thermal decomposition of the dried precursor powder is shown
in Figure 3. During this discussion, it is assumed decomposition
reactions of the separate metals occur separately because the pre-
cursor is fully citrate-based. By contrast, the decomposition of the
citrate-nitrate Li-La-Ti-precursor presented in Chapter 4 clearly
indicates the coupled effect for the mixed citrate-nitrate precursor.
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Hence, the analysis of the Li, La and Zr-precursors yields insights
in the decomposition behaviour of the aqueous Li-La-Zr-precursor.
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Figure 3: TGA-analysis of the Li-La-Zr-precursor
dried at 60°C, recorded at 10°C-min’t in dry air (0.1
ml-min).

The first small weight loss up to 150°C is assigned to loss of water
upon further drying of the gel. Hereafter, the profile shows several
separate weight loss steps due to the presence of several different
ammonium citrate and metal citrates (Li-, La- and Zr, Figure 4).[*2!
The FTIR analysis of dried gels (Figure 2) indicated that an excess
of CA is present in the Li-La-Zr-precursor, which is converted to
ammonium citrate. Events related to ammonium citrate decompo-
sition can therefore be distinguished in profile shown in Figure 3.
The derivative maxima at 150 and 200°C are ascribed to melting
and decarboxylation reactions of the ammonium citrate, respec-
tively.[*?! Since the Li- and Zr-precursors hardly contain ammonium
citrate, related to the initial 3:1 Li:CA and 5:6 Zr:CA ratios, no
strong decomposition is found at low temperatures. The decompo-
sition of the Li-La-Zr-precursor starts at higher temperatures,
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showing strong weight losses at 360 and 430°C, both related to
decomposition of Li- and Zr-precursor products.
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Figure 4: TGA-analysis of the separate citrate-
based Li-, La- and Zr-precursors dried at 60°C, rec-
orded at 10°C-min’! in dry air (0.1 ml-min™).

The La-precursor mainly contributes to the weight loss
around 500°C, whereas the minor loss at 545°C is related to
the decomposition of products related to the Li-precursor.
Similar to the decomposition to the all-citrate LLT precursor
in Chapter 5, the last decomposition step (680°C) is clearly
caused by decomposition of Li-precursor products as well
since the La- and Zr-precursor show no weight loss in this
temperature range. This probably involves the decomposi-
tion of lithium carbonate (Li,CO3), known to decompose only
above 650°C.[*3) Therefore, the TGA analysis indicates that
at least 700°C is required to fully decompose the Li-La-Zr-
precursor, besides the fact that the same temperature range
is required for crystallization of the desired LLZO phase.[?!
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Figure 5: X-ray diffractograms of the all-citrate and
citrate-nitrate aqueous Li-La-Zr-precursor gels, an-
nealed at indicated temperatures for 4 hours in oxy-
gen. Pyrochlore La,Zr,0, (JCPDS 01-073-0444) and
cubic LisLasZr,0,,! phases are indicated.

An important question is how the decomposition and crystallization
are related, since lithium may be available for oxide formation at
higher temperatures than lanthanum and zirconium, and M-O-M
bonds can only be formed upon complete removal of M-O-C bonds
present in the Li,CO3. To analyse if the crystallization occurs only
after decomposition of the Li,COs; phase, XRD was done on the
dried precursor gels (Figure 5). This shows that an anneal at 700°C
for 4 hours in oxygen yields the desired garnet phase. However, a
secondary phase was identified; the pyrochlore La,Zr,0;. As com-
pletion of the decomposition of Li,CO5 or solid-state reactions with
the La- and Zr-oxide phases may require a higher thermal budget,
the annealing temperature was increased. However, a treatment at
900°C - well above the decomposition temperature of Li,CO;3 - still
yields the same secondary phases. In comparison with synthesis of
LLZO powders shown in Figure 5, as well as reports in literature,[?!
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phase formation should be possible approximatly 200°C lower. This
suggests that further increasing the temperature would not yield
the LLZO garnet phase.

Similar to the all-citrate precursor, the citrate-nitrate precursor
yields the desired LLZO phase for powders. A close analysis of the
XRD pattern (Figure 5, bottom) reveals that hardly any La,Zr,0,, if
any, is present in this sample. Based on the occurrence of stable
high temperature carbonate formation observed for the all-citrate
precursor, it is thought that the citrate-nitrate interaction may
suppress the formation of these phases. However, initial TGA anal-
ysis (not shown) does not exclude Li,COs formation in the citrate-
nitrate precursor, indicating a more fundamental study of this pre-
cursor systems is required. However, this goes beyond the scope of
this chapter.

3.3 Decomposition and crystallization of films

Based on the XRD on powders, the citrate-nitrate precursor may
seem to be the better choice because the formation of the La,Zr,0,
phase seems to be suppressed. However, spin-coated films on
SisN, yielded very rough morphologies, possibly due to a violent
citrate-nitrate decomposition reactions and / or poor wettability of
the substrates. In addition, no phase formation was achieved on
SisN4 films (not shown). Due to these issues, the latter precursor
was studied more thoroughly in the following.

Since the TGA analysis (Figure 3) indicated that stable high tem-
perature phases are formed, GATR-FTIR measurements as function
of heating temperature were done to track all-citrate Li-La-Zr-
precursor film decomposition. This should yield information wheth-
er (bonded) organic residuals are still present on the film (Figure
6). The decomposition of the metal citrate complexes is followed by
tracking the decrease of the symmetric and asymmetric vibration
signals of the carboxyl-groups, as seen before in Figure 2. Alt-
hough the signal is weak due to poor contact (rough surface of
partly decomposed, spray-deposited films), a clear trend can be
seen. The chelating citrates are clearly removed between 300 and
600°C. A small absorption can still be observed at 600°C, which
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corresponds to the Li,COs; formation as discussed during the TGA
analysis. Recall that the complexation of this complex was partly
defined as bidentate, yielding a smaller difference (A) between the
symmetric and asymmetric stretch of the carboxyl groups. The
shift of the asymmetric vibration at 600°C (i.e. A decreases com-
pared to the 300°C case) further supports the hypothesis that only
one of the metals is chelated by carbonate groups: Li,COs.
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Figure 6: GATR-FTIR spectra of uncoated and Li-La-
Zr-coated substrates with various indicated anneal-
ing temperatures. The fit was made based on the
noisy data as a guide to the eye. The precursor was
deposited on SisN, coated Si substrates with ultra-
sonic spray deposition of 10 cycles at 200°C.

At 800°C complete decomposition of the precursor is established
since this spectrum equals the background levels between the

wavenumbers measured.
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Figure 7: isXRD results showing Li-La-Zr-precursor
films deposited with ultrasonic spray deposition at
200°C, heated at different heating rates (indicated).
The measurements were done in static air.

Figure 7 shows the results regarding isXRD with a relatively low
heating rate of 0.1°C-s™’. As can been seen, no garnet phase was
obtained. Instead, only the pyrochlore phase of La,Zr,0; was ob-
tained as indicated by the 28° peak. As Figure 5 and several litera-
ture references indicate,?314-1°1 this phase is often encountered as
an undesirable secondary phase during LLZO synthesis.

While comparing the XRD data with the GATR-FTIR as discussed
previously, it seems no coincidence that a lithium-free phase
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(LayZr,05) occurs before complete decomposition of Li,CO3. As-
suming that the carbonate needs to decompose before lithium can
crystallize in a (garnet) oxide crystal, it is thought that the garnet
phase cannot be formed on films at 600°C because of the presence
of Li,CO3. Since decomposition of Li,CO3 at 500°C is highly unlikely
based on the TGA analysis of gels (Figure 3), it seems that La and
Zr - which appear to be decomposed at lower temperatures - start
oxide formation (La,Zr,05) before Li,CO3 starts to become reactive.
For LLZO powders, this was confirmed before by Kokal et al.l?!
Therefore, if Li,CO53 is involved, the garnet phase can only be
formed upon a solid state reaction between (decomposing) Li,CO;
and LayZr,05.

v LazZr0o,

Intensity (a.u.)
<4

26(°)

Figure 8: XRD pattern the all-citrate Li-La-Zr-
precursor deposited on SizN4 coated Si by ultrasonic
spray deposition, annealed at 800°C for 4 hours in
oxygen. The pyrochlore La,Zr,0, (JCPDS 01-073-
0444) phase is indicated.

For powders this seems to occur after prolonged heating at 700°C,
but on films this does not occur (Figure 7 and 8).

To investigate kinetic effects on crystallization of the films deposit-
ed, annealing was done at higher heating rates as well. At high
heating rates, where kinetic factors may reduce the temperature

130



Part II - Chapter 6

difference at which the La,Zr,05 crystallization and Li,CO3; decom-
position occur; the garnet LLZO phase may be obtained. Note that
this is based on the assumption that decomposition of Li,COs is
kinetically favoured over La,Zr,0, crystallization. While shifting
from 0.1 to 5°C/s, the temperature at which the La,Zr,0, phase
formation starts indeed shifts to higher values (Figure 7). However,
even very high heating rates (up to 100°C-s* with RTP) yielded the
undesired La,Zr,0; phase (nhot shown). Thus, higher heating rates
increase the temperature at which onset of La,Zr,0; crystallization
is observed, but it does not prevent this phase to be formed. Even
for extreme high heating rates, no garnet phase is obtained. This
means Li,CO3; decomposition shifts as well, or that the temperature
shift of La,Zr,05 crystallization is not large enough at 100°C-s™.

In literature, a number of other suggestions are found for the oc-
currence of the La,Zr,0, phase; (i) lithium deficiency caused by
lithium loss during annealing >**! and (ii) the presence of air dur-
ing annealing.[*”]

() Lithium deficiency can be caused by several factors,
such as Li,O evaporation starting from 750°C.[2%) It
must be noted that the annealing temperatures chosen
in this study (below 1000°C) yield very low evaporation
rates.[?] In addition, similar to several studies report-
ing Li-stuffed garnets, [1521-28] 3 small excess of lithium
was used (10%) to compensate for this effect. Howev-
er, lithium can also be lost due to reactions with the
substrate. To prevent this from occurring, SisN4 coated
substrates were used due to the lithium barrier proper-
ties of this material.[29731

(i) Unfortunately, the presence of air could not be circum-
vented because of the need for an oxidative environ-
ment to decompose the organic residues. Since garnet
powders could be formed at 700°C (Figure 5), the air
anneal does not seem to be the only cause of the
La,Zr,0; formation.

Although no literature references were found explicitly discussing
the influence of substrates on garnet phase crystallization, it ap-

131



Wet chemical synthesis of LLZO solid electrolyte

pears that all successful thin film depositions of crystalline lithium-
stuffed garnets are based on lattice matching (c.f. Chapter
3).[14:28,32.33] This suggests that this may be an important factor of
influence specifically for thin-film garnets.

The concept of epitaxial stabilization is based on thermodynamic
factors leading to growth of (meta)stable phases. Due to lattice
matching of the desired phase with the substrate underneath, the
free energy difference between the materials involved is
reduced.l®* Therefore, a similar approach was used during this
study (Figure 9). In contrast to the results shown on SisN,4, the use
of GGG substrates yields the desired garnet phase of LLZO. Besides
the huge substrate peaks, sharp peaks of the (004) and (008)
LLZO phase could be observed on the (100) GGG substrate orien-
tation, as well as the (444) LLZO peak on the (111) GGG substrate
orientation. This indicates that the LLZO phase is present in epitax-
ial form, since only a few orientations can be observed, depending
on substrate lattice orientation. Because alignment issues, isXRD
was not possible for these substrates, but it is assumed that initial-
ly the same processes occur with respect phase formation on SisN,.
On GGG, probably the La,Zr,0; phase is formed initially as well. As
soon as the Li,CO3 is decomposed it starts reacting with La»Zr,05.
Because of epitaxial stabilization, the garnet Li;LasZr,0,, phase is
favoured over the La,Zr,0; phase (at least in comparison with the
SisN, substrate case). Therefore, the garnet phase is formed on
GGG substrates, but not on the SisN,4 films that lack epitaxial stabi-
lization.

Notably, epitaxial LLZO on GGG was initially achieved by spin-
coating (not shown). Since the layer thickness of these films was
unmeasurable and achieving high thicknesses was not feasible
because of the low precursor concentration, ultrasonic spray depo-
sitions were applied as well. The films obtained were rough with
thickness variations, but LLZO shows good coverage on the GGG
substrate. Because of charging effects, no larger magnification
could be achieved during SEM measurements of these samples,
leading to rough estimations of the film thickness between 30 and
70 nm.
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Figure 9: X-ray diffractograms of the all-citrate Li-
La-Zr-precursor deposited on single crystalline GGG
substrates with 100 and 111 orientation, annealed
at 800°C for 4 hours in oxygen. Garnet GGG (JCPDS
1-71-701) and garnet LLZO!"?! phases are indicated.

3.4 Functional properties

Now that the right crystal phase was achieved for deposited films,
attempts were made to measure the Li-ion conductivity. In con-
trast to the measurements done on LLT films (Chapter 4), these
measurements needed to be done in-plane because of the lack of a
bottom current collector (c.f. Chapter 2). Unfortunately, only ca-
pacitive effects were measured. This indicates that either the ma-
terial does not show (sufficient) conductivity, the surface was too
rough or that the wrong length scale (1 mm) for the distance be-
tween Au electrodes were used. Follow-up measurements are re-
quired to further clarify this, possibly using a top current collector
with interdigitated structures exhibiting much smaller length scales
(instead 1 mm? squares used for this study) to exclude the latter
effect.
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LLZO film

Figure 10: SEM (BSE) micrograph of LLZO film (30
to 60 nm thick) on a monocrystalline GGG substrate
in the 111 orientation, as a results of 10 spray dep-
osition cycles with the all-citrate Li-La-Zr-precursor
(10 mM), with a deposition temperature of 200°C.
The sample was submitted to a post-deposition an-
neal at 800°C for 4 hour in oxygen.

3.5 Li-La-Zr-precursor 3D deposition

Despite lack of a demonstration of the functional properties, and
the fact that monocrystalline 3D GGG substrates were not availa-
ble, 3D depositions were attempted for the all-citrate Li-La-Zr-
precursor (Figure 11). The Si micro-cylinders were used only to
study the morphology of the deposited films. Needless to say, Li-
loss, (La) silicate formation and lack of epitaxial stabilisation imply
that the LLZO phase was not expected to be formed on these sub-
strates. Therefore, no attempts were made to optimize this pro-
cess. However, preliminary results show a coating on the Si micro-
cylinders, but the bottom part is not coated sufficiently.

Based on other results presented in this thesis (c.f. Chapters 5, 9
and 11), one could carefully suggest that further optimization of
this process would enable 3D coatings on these structures with the
all-citrate Li-La-Zr-precursor. From a practical point of view this
would be of little significance if the boundary conditions of epitaxial
stabilization are not met.
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Figure 11: SEM micrograph of LLZO film on 3D Si
(2x5), as a results of 50 spray deposition cycles with the
all-citrate Li-La-Zr-precursor mixed with ethanol (10:9
ratio, 10 mM), with a deposition temperature of 200°C.
The sample was submitted to a post-deposition anneal
at 600°C for 1 hour in static air. Artefacts on top of the
micro-cylinders are a result of the fabrication process.

4. Conclusion

The current study indicates that crystalline Li;LasZr,0;, has a long
way to go if it ever will be implemented as a solid electrolyte for
thin-film 3D Li-ion batteries. First of all the required annealing
temperature to decompose the all-citrate-precursor is rather high
due to the formation of lithium carbonate. This seriously hinders
integration. LLZO phase formation was not established on films
without epitaxial stabilization. It is stressed though, that the effect
is not related to the deposition approach of this study. Various
vacuum deposited LLZO films also required epitaxial stabilization to
form the garnet phase.['#28:3233] In the end, epitaxial stabilization
did enable the synthesis of garnet Li;LaszZr,04, films, but the prac-
tical significance is questioned. At best, an easily crystallisable
buffer layer with the right lattice parameters has to be formed on
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top of a positive or negative electrode material to enable successful
crystallization of LLZO on top of an electrode, e.g magnesium ox-
ide.[33 Hence, the current approach is not suitable for synthesis of
3D thin film all-solid-state Li-ion batteries. Deposition of pre-
crystallized LLZO powders,[3*! or simply ignoring crystallization
issues and form a hybrid amorphous-crystalline (La,Zr,0,) solid
electrolyte,®®! seem to be more promising solutions. The latter
approach may be of interest in combination with the aqueous pre-
cursor discussed in this chapter.
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WOs films as a possible negative
electrode for all-solid-state Li-ion
batteries

EtOH + H,0

L
Pt / TiN

A large part of this chapter has been published:

E.J. van den Ham, K. Elen, 1. Kokal, B. Yadci, N. Peys, G. Bonneux,
F. Ulu, W. Marchal, M.K. Van Bael and A. Hardy - “"From liquid to
thin film: colloidal suspensions for tungsten oxide as an electrode
material for Li-ion batteries” — RSC Advances 6 (2016) 51474-
51756
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Abstract

Using a colloidal suspension, tungsten oxide thin
films (150 nm) have been prepared via USD using
two different current collectors, namely TiN and Pt.
First, the precursor chemistry was studied, revealing
that the tungsten present is reduced due to the for-
mation of chlorine gas. Due to a dehydrogenation
1,1-diethoxyethane and hydrogen chloride evolve
from the precursor, reducing the amount of chloride
in the precursor. The thin films were annealed at
400 and 500°C, yielding tetragonal tungsten oxide
without the presence of chlorides. Electrochemical
analysis indicated that the TiN current collector has
a pronounced positive effect on cycling behaviour of
the WOs thin film. A higher annealing temperature
yields an improved performance, but annealing at
temperatures as low as 400°C also yielded electro-
chemical active WOs3. The current study presents a
versatile method to produce electrochemically active
tungsten oxide thin films with a high volumetric ca-
pacity (640 mAh-cm™) at relatively low temperature
to be applied in thin film all-solid-state Li-ion batter-
ies.
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1. Introduction

As discussed in Chapter 1, the current generation of Li-ion batter-
ies with liquid electrolytes suffers from several issues, including
safety hazards and capacity fading.!'™>! One of the known ap-
proaches is the concept of thin film all-solid-state Li-ion batteries,
limiting the thickness of both the electrolyte and electrodes to pre-
vent high resistances.?*! In this way, the big advantages of solid
electrolytes can be utilized, namely increased lifetime, improved
safety and a broader operating temperature window. (25!

Various thin film electrode materials, such as LTO!®7! LMO!®! and
WO5,®! have been investigated. Traditionally, WO5 is a material
known for its catalytic capabilities.[®*%] Besides lithium,®*1-*3] oth-
er alkali ions can be inserted into its crystal structure.!'3! This
property makes WQOs; the basis of smart windows, based on its elec-
trochromic properties.!*3-°! Although various reports indicate the
superiority of LTO as an oxide based negative electrode according
to its higher energy density, the WO5 outclasses the LTO according
to its volumetric capacity (604 vs. 228 mAh-cm™).12°-22] The volu-
metric capacity is more applicable for thin film all-solid-state Li-ion
batteries since the total battery consists of scaffolding material,
current collectors and electrolyte. In other words, the weight of
active materials is a relatively small contribution to the total weight
all-solid-state battery.

In addition, the relatively high (de)intercalation voltage between
1.5 - 3 V (vs. Li*/Li)!%13] proves to be very useful when combin-
ing WO3 with a solid electrolyte. However, one of the main chal-
lenges of the thin film all-solid-state Li-ion batteries is the incorpo-
ration of a solid electrolyte.l?>?3! Besides LiPON,!?*2?%! Li-ion con-
ducting silicates and a few garnets;[2673% thin film solid electrolytes
have a limited electrochemical stability at low voltages (c.f. Chap-
ter 3).[%3!1 Thus the high voltage WO; negative electrode opens up
a broader range of applicable solid electrolyte materials such as
perovskite LLT3273%] (c.f. Chapter 4) and LTP.[337! These consider-
ations are summarized in Figure 1.
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Perovskites (LLT, 10 S/cm)
NASICONSs (LATP, 10 S/cm)

Garnets (LLZO, 10° S/cm)

Potential window

oV 1V 2V 3v 4V 5V

Figure 1: Schematic representation of the electrochem-
ical window and (de)lithiation voltages of various elec-
trode and solid electrolyte materials. The figure indi-
cates that WO; is compatible with various solid electro-
lyte materials.

Finally, TiN is opted as an alternative for the rare and expensive Pt
current collector since it combines good electronic conductivity with
Li-ion blocking properties.[?>38) Unfortunately, TiN tends to oxidize
under oxidative high temperature annealing conditions (Chapter
5).13%1 Here, the potentially low annealing temperature needed for
the realization of crystalline WO5; (at 300°C)[*>* prevents TiN
oxidation and enables its use as a current collector.

In summary, WOs is a promising negative electrode worth studying
in detail. The study presented in this Chapter employs wet-
chemical synthesis routes [*>171941] for reasons explained in Chap-
ters 1 and 2, to study WO3s as a potential negative electrode mate-
rial for all-solid-state Li-ion batteries.

2. Experimental

2.1 Synthesis of the chlorine-based tungsten
precursor

Tungsten Chloride (WClg, Sigma Aldrich, 99.9%) was dissolved in
ethanol (ethanol absolute, VWR) by stirring for 20 minutes, yield-
ing a transparent yellow liquid. Next, water was added until a 1:1
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water to ethanol volumetric ratio was obtained similar to Regragui
et al.,[*> resulting in a transparent dark blue liquid. The final tung-
sten concentration in the water/ethanol solution amounted 10 mM.
The precursor synthesis is summarized in Figure 2.

{ W(VI) chloride ]T[Worganicsolution}T[ W precursor ]
H,0

EtOH

Figure 2: Synthesis scheme of the Cl-based W-
precursor.

2.2 Deposition on substrates

TiN and Pt substrates were used in this study. Both substrate types
were treated by UV/O3; (60°C, 30 min., Novascan PSD Pro Series)
prior to the deposition. The precursor solution was deposited onto
the substrates via USD (Exacta Coat, Sono-Tek cooperation) using
the Accumist nozzle (Sono-Tek cooperation). The deposition tem-
peratures were set at 150, 200 and 250°C. The precursor was dis-
pensed at 0.5 ml-mint and the N, carrier gas pressure was set at
1.5 psi. The spray nozzle was located 6.9 cm above the substrate
and moved with a speed of 100 mm-s. The spray cycle was re-
peated 10 times with a waiting time of 5 seconds between each
deposition. Next, a sequential heat treatment, in static air, was
carried out at 300°C (2 min.) and at 400 or 500°C (1 hour). Both
WO3/TiN and WOs3/Pt samples received the same thermal treat-
ments and were all stored in an Ar-filled glovebox after the post-
deposition anneal.

2.3 Characterization - Liquid phase

Ultraviolet-visible spectroscopy was performed on precursor solu-
tions with 1 mm of tungsten by a Amersham Biosciences Ultrospec
100 pro tool. A Tyndall experiment was done with the tungsten
precursor (1 mm) using a 35 mW diode laser (NanoBrook 90Plus).
GCMS was performed on the headspace of the preheated (10 min,
70°C) precursor solution via a Thermo Scientific Trace 1310 GC
using a DB5-MS capillary (length 30 m, diameter 0.25 mm and
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filter size 0.25 pym); coupled with a Thermo Scientific ISQ LT MS,
scanning between 33 and 350 u every 0.2 seconds.

2.4 Characterization - Powders

The thermal decomposition profile of the precursor powder, ob-
tained by drying of the precursor solution at 60°C, was investigat-
ed by TGA-MS (TA instruments Q5000 with Pfeiffer quadrupool
MS). 6 mg of the powder was heated in a Pt sample pan, ramped
at 10°C:min-1 from room temperature to 500°C in dry air (25
mL-min’!) and a N, balance gas (10 mL-min).

The crystallization process of the precursor powder was similar to
the HT-XRD experiment mentioned in chapter 4. TEM was done on
a FEI Technai G2 Spirit Twin, operated at 120 kV. For this purpose,
the precursor solution was sonicated for 2 minutes, small drops
were casted onto a carbon coated copper grid (EMS, FCF-200-Cu)
and dried under an infrared lamp for 20 minutes.

2.5 Characterizations - Films

The morphology of annealed tungsten oxide films was investigated
via SEM (FEI Quanta 200F). The thickness of the films was deter-
mined via SEM cross sections, coupled with the density of WO;3
(7.15 g-cm™) the total amount of deposited WO could be deter-
mined. The composition of the film was probed by XPS via a Ther-
mo Scientific K-Alpha spectrometer using an Aluminum anode (Al
Ka = 1468.3 eV) at an electron take-off angle of 90° (between the
sample surface and the axis of the analyser lens). The depth-
profiling experiment was effected by bombarding 1.000 eV Ar* ions
for 6 levels of 60 s etching rate. The spectra were recorded using
an Avantage 5.9 data system. The binding energy scale was cali-
brated by assigning the Cls signal at 284.5 eV. CV and galvanos-
tatic measurements were performed with an Autolab PGSTAT128N,
using a three electrode setup with a custom made Teflon cell., c.f.
Chapter 2.2 The WO5/TiN and WOs/Pt samples were used as the
working electrode via a copper disc connected to the back of the
substrate. Silver paint (Benelux scientific) was used to ensure good
conductivity between the copper disc and the substrate. The top of
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the substrate was accessible to the liquid electrolyte (1.0 M LiClO4
dissolved in polycarbonate, Soulbrain MA) and a Kapton® O-ring
was used for sealing. Metallic lithium (99,9% Sigma Aldrich)
served as the counter and reference electrodes. After 3 cycles of
CV at 1 mV/s between 1.5 and 4.0 V, galvanostatic measurements
were done between the same cut-off voltages with a constant cur-
rent of 10 pA (1C). The test cell was operated at 20.0°C via a cus-
tom made temperature control chamber, inside an Ar-filled glove-
box with water an oxygen concentrations < 1 ppm. The crystallini-
ty of the films was investigated by XRD, similar to the XRD setup
mentioned in Chapter 4. Ex-situ, post-cycling XRD analysis were
performed after 100 cycles for both WO3/TiN and WOs/Pt samples.
After removal from the electrochemical cell, the samples were
rinsed with ethanol to remove the organic electrolyte and immedi-
ately measured by XRD under ambient conditions.

3. Results and discussion
3.1 Precursor analysis - the liquid phase

Dissolution of tungsten chloride (WClg) in ethanol leads to a trans-
parent, yellow solution, although the yellow colour decays over
time. After a few days a greenish precipitation was observed. Fig-
ure 3 (red curve) shows that a significant absorption band is pre-
sent in the UV-A region. The onset of this band is situated on the
edge of the visible spectrum, hence the solution exhibits a yellow
colour. Based on the sample composition and location of the band,
it is assigned to dissolved chlorine gas (Cl,).[*%*3746] Figure 1 shows
that the absorption of this band decreases as a function of time;
after 90 minutes a colourless liquid is observed. This indicates that
the majority of the Cl, has left the precursor during the first 90
minutes after synthesis. By adding water, a dark blue, transparent
liquid is observed and the UV-Vis spectrum shows a significant
absorption band between 600 and 780 nm (Figure 3). This sug-
gests the reduction of W®* and / or forming WO, agglomerates.[*”]

Besides light absorption, light scattering of the precursor was ob-
served with a simple Tyndall experiment. This implies that particles
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are present in the liquid. Figure 4 shows a TEM micrograph of
these particles and indicated the presence of two types of particles:
large rod-like particles with 100 — 150 nm length (Figure 4a) and
small circular particles of 20 nm (Figure 4b).

100
90

=== \W/C| in Ethanol (t=0)
=== \WClI_ in Ethanol (t=90 min.)
80 == \W/Cl, in Ethanol / H,0 (1:1)
70
60
50
40
30
20
10
0

Absorption (%)

400 500 600 700 800

Wavelength (nm)

Figure 3: UV/VIS spectrum of 1 mM WClg precur-
sors in Ethanol and Ethanol / Water (1:1) solutions.

Figure 4: TEM micrograph of the tungsten precursor
with deposited on a copper grid and dried before
measuring. Rod-like, crystalline particles are ob-
served (a) in an amorphous matrix with smaller par-
ticles (b). The inset shows electron diffraction (ED)
of both types of particles.
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Therefore, it is assumed that the blue coloration is caused by tung-
sten oxide agglomerates. This blue colour can directly be related to
polaron transitions between W®*/W>* or W t/W*+ 148-501 or by a
bipolaronic transaction based on W®*/W**.151] This supports the
statement that W®* is reduced in the solution. Note that the rod-
like particles are crystalline, as indicated by the ED results (Figure
3a, inset).

Headspace GCMS measurements (Table 1) indicate that hydrochlo-
ric acid (HCI) evolves during the dissolution of the tungsten chlo-
ride by the presence of a large intensity peak at a retention time of
1 min. 18 s. The GC-MS results do not indicate the evolution of Cl,
directly. However, 1,1-diethoxyethane (DEE) was observed at a
retention time of 3 min. 40 s (Table 1). Assuming that (i) the Cl,
instantaneously reacts with the ethanol matrix, forming acetalde-
hyde, and (ii) the acetaldehyde instantaneously reacts with the
ethanol matrix forming DEE;®?°3! the occurrence of DEE is clari-
fied. The hydrochloric acid, originating from the WClIg dissolution,
fulfils the acidic condition known to catalyse the latter reaction at
room temperature.[>3>4

Table 1: Summary of the Headspace GCMS results
for WClg dissolved in ethanol only, as well as the
ethanol / water mixture.

Product Retention time Retention time
EtOH (trace H,O) EtOH:H,0 1:1

HCI 1 min. 17 s 1 min. 18 s

DEE 3min40s 3 min. 40 s

In summary, the following reaction mechanism is proposed:
(i) Chloro - alkoxide substitution shown in Equation 1:4°

WS*Clg + x CH;CH,0H = W6*Cly_,(CHsCH,0), + x HCL (1)
with (1 < x <6)
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(ii) Cl, formation shown in Equation 2:[*%

2We*Cly_(CH3CH,0), = 2 W5*Cls_,(CH;CH,0), + Cl, (2)
with (1<x<5)

(iii) Dehydrogenation of ethanol shown in Equation 3:14
Cly + CH;CH,0H = CH3;CHO + 2 HCl (3)

(iv) Reaction between acetaldehyde and ethanol to DEE shown
in Equation 4:[53:54]

CH3CHO + 2 CH;CH,0H = CH3;CH(OCH,CH3), + H,0 (4)
3.2 Precursor analysis — towards oxide formation

The XRD of the dried precursor, without any further thermal treat-
ment (Figure 5), already indicates the presence of the hydrogen
tungsten oxide hydrate (Hg.1,WO05:2H,0, JCPDS 40-0693). The
presence of this crystal phase supports the (partial) W®* reduction
hypothesis, explaining the blue colour of the colloid suspension and
of the prepared precursor powder.

Since TEM-ED (Figure 4 and inset) indicates that only the rod-like
particles are crystalline, this crystal phase is assigned to the rod-
like particles. This crystalline phase can only be formed by (i) hy-
drolysis of ethoxy groups into hydroxy groups and (ii) by conden-
sation of the formed hydroxy group with another hydroxy or eth-
oxy group into an oxygen bridge between two tungsten ions.!>>:>%!

Heating the dried precursor powder reveals a transition to mono-
clinic WOs (JCPDS 24-0747) already at 300°C in Figure 5. Though
a shift of XRD peaks to lower 26 values is expected based on ther-
mal expansion (e.g. the (112) peak of the orthorhombic phase at
28.0°), a more pronounced shift is observed for the (222) and
(400) peaks of the monoclinic phase, at 41.9 and 50.0° respective-
ly. This indicates a phase transition from the monoclinic to ortho-
rhombic WO3; (JCPDS 1-71-0131). Although both phases are diffi-
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cult to differentiate, this temperature-dependent phase transition
was reported previously in detail.[57->8!

v H,,WO,2H,0 (PDF# 40-0693)

012

pAS WO, (m) (PDF# 24-0747)
v WO, (0) (PDF# 1-71-0131)
7] V' A Kapton foil
- A A v v v w w
1 Y YYYY wY b

Intensity (a.u.)

Figure 5: HT-XRD of dried precursor powder, at
various temperatures (indicated) in static air.

To further study the changes occurring during heating, TGA-MS
was carried out on the dried precursor (Figure 6). The MS only
indicates the evolution of water: OH* (m/z = 17) and H,O% (m/z =
18). This evolution is separated in two steps: around 65 and
225°C. Combined with the results gained from the HT-XRD (Figure
5), the first weight loss at 65°C is attributed to evaporation of re-
sidual (free) water. The second weight loss at 225°C is assigned to
the release of crystal water. The last step only accounts for 6 wt.
% of the total weight loss, revealing that the majority of the sam-
ple contains amorphous phases. A fully crystallized sample (i.e.
Ho.1oWO3:2H,0) would lead to the removal of crystal water with a
weight loss of approximately 13 wt.%.
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Figure 6: TGA-MS of dried tungsten precursor, dur-
ing heating to 500°C at 10°C-min’L. in dry air.

Since no evolution of chlorides or chlorine is found during the
thermal treatment, the hypothesis that the chlorides leave the
system during precursor synthesis is further confirmed. The total
weight loss of 8 wt.% during the thermal treatment up to 500°C is
a beneficial precursor property regarding film formation since less
shrinkage and densification is to be expected leading to less cracks
in the final film.!>°

In summary the following insights regarding the tungsten precur-
sor chemistry are obtained:

(i) A part of the W®" originating from the WClg source is re-
duced to W>* or W** via the evolution of HCl and DEE from
the liquid phase;

(ii) Water causes hydrolysis and condensation reactions lead-
ing to a colloidal suspension containing crystalline parti-
cles;

(iii) The precursor powder only releases a very small amount of
water (8 wt. %) during thermal treatment which will be
beneficial for the film formation.

151



WOs films as a possible negative electrode for Li-ion batteries

3.3 WO; films - Morphology

(Cross-sectional) SEM was used to visualize the films’ morphology
and thickness (Figure 7). Whereas the surface of the thin film de-
posited at 150°C is relatively smooth (Figure 7a and c), the surface
looks rather rough while increasing the deposition temperature to
200°C (Figure 6b). After the deposition at 250°C, no material is
present on the substrate (not shown). These observations are in
agreement with the film formation mechanism proposed by Pered-
nis et al.,[%%! which was discussed in Chapter 2. As the deposition
temperature increases, the size of precursor droplets decreases
due to an increased solvent evaporation. In an extreme case (here
250°C), the droplets are converted to powders before hitting the
substrate, resulting in the deposition of particles with a poor sub-
strate adhesion.

Figure 7: SEM micrographs of WO3 coated TiN sub-
strate. Top view micrographs are shown for (a) TiN
at 150°C, (b) TiN at 200°C. A cross section using
back-scattered imaging is shown in (c) for TiN at
150°C. All samples were annealed at 500°C in static
air after deposition.

However, this film formation mechanism does not explain the dif-
ference in morphology as observed between the deposition tem-
peratures of 150 and 200°C, respectively resulting in a smooth or
rough surface. It is proposed that a lower deposition temperature
(i.e. 150°C) leads to a lower solvent evaporation rate allowing for
coalescence to occur for the particles present in the sprayed sus-
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pension after hitting the substrate surface,[®!! hence leading to a
smooth surface. Here, 10 deposition cycles result in a film thick-
ness of about 150 nm (Figure 7c). A higher deposition temperature
(200°C) causes a fast solvent evaporating inhibiting particle coa-
lescence and leading the root-like surface morphology.

3.4 WO; films - composition and phase formation

As discussed previously, the precursor study indicated that most of
the chlorides are leaving the precursor in the liquid phase. This is
confirmed by XPS measurements performed on thin films, which do
not show any signs of chlorine (not shown). Regarding the oxida-
tion state of tungsten, the XPS spectrum of W4f resulted in dou-
blets of 4f;,, at 37.6 eV and 4fs,; at 35.2 eV (Figure 8). These en-
ergy positions correspond to the valence state of W6*[1562:63] Thjg
implies that the oxidative anneal applied after deposition oxidizes
the W°* present in the precursor. No difference in film composition
was found while changing the substrate from TiN to Pt (not
shown). To probe more than just the top, surface etching was
done. As was the case for the top surface, no chlorides were de-
tected deeper inside of the layer.

Intensity (a.u.)

IIIIIIIIIIIIIIIIIII
41 40 39 38 37 36 35 34 33 32 31
Binding energy (eV)

Figure 8: W4f XPS spectrum of WO5 films annealed
at 500°C for 1 hour (static air) on TiN.
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However, due to the fact that Ar* was used for etching, no conclu-
sions could be drawn regarding the oxidation state of the tungsten
present. It is known that a high energy etching tool, Ar* etching
reduces metal ions, especially in case of tungsten.[*3:64]

Although the XPS measurements regarding tungsten were restrict-
ed to surface analysis, cyclic voltammetry (CV), probing a larger
volume of the WOs films, also confirmed the presence of W®* (Fig-
ure 9), as W8* and W>* can be discriminated based on their reduc-
tion potentials.l®*®>) A first reduction peak at 2.67 V can be related
to the reduction of W®* to W°* (indicated by 1 in Figure 9), the
second reduction at 2.38 V corresponds to the consecutive W>* to
W** reduction (indicated by 2 in Figure 9).1°!! In accordance with
XPS, cyclic voltammetry confirms that W®* is present in the films.
The fact that the W>* to W** reduction occurs does not mean W>*
is present in the pristine film as this reaction takes place after the
W8* to W* reduction, yielding an overall W®* to W** reduction.

XRD measurements on the films deposited on the two different
substrates both indicate the presence of tetragonal WO; phase
(Figure 10, bottom), for which W®* is required. The tetragonal
phase was identified, especially because of the double peak in the
22-24° region. Three peaks would be observed in case of mono-
clinic or orthorhombic phases and only a single peak for the cubic
phase of WOs;. In both cases the substrates peaks of TiN and Pt
were identified. For Pt, this is expected since this metal is inert in
the used annealing conditions. The presence of TiN is less obvious
as TiN tends to oxidize to form TiO, while annealing in oxidative
conditions.[*®! Since at least part of the tungsten is reduced as-
deposited, it may act as a protection to prevent (partial) oxidation
of the TiN. However, CV of WO; on TiN (Figure 9, black) shows
small reduction and oxidation peaks at 1.6 and 2.0 V, respectively.
This suggest that a fraction of TiN is oxidized during annealing at
500°C, yielding TiO,.[%®] This leads to a possibly lower conductivity
of the TiN current collector. Notably, both films have a different
crystal structure than the powders annealed at the same tempera-
ture. The tetragonal phase normally exists at temperatures above
700°C or by insertion of alkali ions.[>7:58:67:68] Since both are not the
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case here, it is thought that the substrate favours the formation of
the tetragonal phase at a lower annealing temperature (500°C)
and remains stable at room temperature.
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Figure 9: Cyclic voltammogram of 10 layers of WO;
deposited on TiN (black) and Pt (red), measured at
1 mV-stin 1 M LiClO, in PC. The films were submit-
ted to a post deposition anneal of 1 hour at 500°C in
static air. The numbers indicate the reduction and
oxidation reactions occurring: (1) W8 — W°*, (2)
W5+ W4+, (3) W4 = W5t and (4) W5+ 5 W+,

3.5 WO; films - electrochemical analysis

The presence of W8 was investigated with XPS and cyclic voltam-
metry as was discussed above. While inserting lithium into the
crystal structure, the tungsten is reduced. This is shown in equa-

tion 5.

WO;+x-Li+x-e” = Li,WO0; (5)
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Table 2: Peak potentials measured by cyclic volt-
ammetry of 10 layers of WOs deposited on TiN and
Pt, measured at 1 mV-s! in 1 M LiClO, in PC. The
films were submitted to a post deposition anneal of
1 hour at 500°C in static air.

Substrate Reaction Reduction Oxidation
potential (V) potential (V)
TiN Wo + e Wt 2,67 2.97
Pt W + e« W>* 2.67 2.96
TiN W>* + e o W 2.38 2.68
Pt W>* 4+ e o W 2.40 2.68
* WO, (tetr.) v Pt
% WO, (cub) v Si
] big
Cycled WO /Pt A\ Pid X Pkd Pid
T pAd
8
>
E cycled woTin ﬁ ¥ ¥
8 N\ .
= ] vi
Pristine W03/Pt * L_J * * *
|Pristine wo,rrin * gk * *x K
10 1I5 ' ZIO ' 2I5 ' 3IO ' 3IS 4I0 4I5 5IO 5I5 60
20(°)

Figure 10: XRD of 10 layers of WO5 deposited, de-
posited at 150°C. The films were submitted to a post
deposition anneal of 1 hour at 500°C in static air.
WOs; pristine / after 100 cycles (at 1 C) on TiN and
Pt. References indicated as followed: TiN (JCPDS 01-
87-0632), Pt (JCPDS 01-87-0647), Si (JCPDS 01-72-
1088), tetragonal WO (JCPDS 01-85-807) and cubic
WO;5 (JCPDS 20-1323).
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The CV (Figure 9) shows that this reaction is not limited to W°*,
but W** is also present as was previously shown. In Figure 9, two
oxidation peaks can be observed which are associated to the W**
to W>* and W to W®* (indicated by 3 and 4, respectively). The
results are summarized in Table 2.

In case of TiN a slightly larger overpotential is measured compared
to Pt. This is probably due to larger resistance of the substrate, as
part of the TiN is oxidized during the annealing. Significant differ-
ences are found between the type of substrates while comparing
the peaks of the W°* oxidation peak, as indicated by 4 in Figure 9.
Especially in the case of Pt the oxidation peaks have a relatively
low intensity, indicating that part of the tungsten present is irre-
versibly reduced with Pt as a substrate.

Overall the (de)lithiation curves obtained by galvanostatic cycling
of WOs on TiN and Pt look comparable (Figure 11), although some
differences will be discussed in the next section. In general, for
both substrates a first small voltage plateau is found at 2.7 V,
which is assigned to the intercalation of Li* into the tetragonal
phase.[®”¢8] A second, large plateau is found between 2.6 and 2.4
V, which is related to Li* insertion in the cubic phase. This phase is
formed upon sufficient lithiation (x>0.13 for Li,WO3) of the tetrag-
onal phase.[®”:%8 Finally, a considerable amount of charge is meas-
ured while maintaining a slight slope (i.e. without clearly defined
voltage plateau); kinetic factors and / or amorphous phases appear
to be present and responsible for intercalation at lower voltages,
expressed in long slopes instead of charge plateaus.['®!

The capacity fading observed during 100 (de)lithiation cycles for
both WO3/TiN and WOs/Pt seems to be related to the destruction or
irreversible lithiation of the cubic phase, as the voltage plateau
between 2.6 and 2.4V (lithiation) shortens significantly. This
means that less crystalline phases are available for Li* insertion. In
addition, the voltage slope before cut-off, previously assigned to
kinetic factors or amorphous WOs3, is significantly longer in case of
Pt. All these arguments suggest small differences for (crystalline)
WOj3 lithiation exist between Pt compared to TiN substrates.
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Figure 11: Galvanostatic measurements for 10 lay-
ers of WO3 deposited on TiN and annealed at 500°C
for 1 hour in static air, measured at 1C in 1.0 M
LiClO4 at 20°C. a) shows capacity / potential curves
and b) shows capacity and coulombic efficiency ver-
sus cycle number.

(ex-situ) XRD done on cycled films (Figure 10, top) yields another
clue what the main differences between the two substrates are. For
WOs on TiN, a clear transition from tetragonal to cubic WO3 can be
observed upon cycling. However, in case of Pt a difference is not-
ed. In the first place the crystallinity is significantly lower, as the
peaks at 24 and 33.5° are much broader. In addition, the (100)
peak at 24° is significantly shifted to the right as to compared to
TiN as substrate; combined with a small peak at 34° this may im-
ply that a mixture of cubic and predominantly tetragonal phase is
present.

158



Part III - Chapter 7

The poor performance of Pt as substrate is expressed as well in the
galvanostatic measurements as a function of cycle number (Figure
11). Although the overall capacity of WOs on TiN and Pt seems
comparable at first, in case of Pt the delithiation capacity drops to
a significant lower level from the 5th cycle and onward. WOs on TiN
leads to a steady coulombic efficiency of 99.2%, whereas Pt leads
to much more variation with a maximum efficiency of 96.6%, alt-
hough both samples were submitted to the same synthesis condi-
tions and anneals. The capacity of the WO3/TiN films surpasses the
theoretical value of 0.75 Li* per WO; unit for the cubic phase,®®
although Figure 11 shows that after 100 cycles a more stable ca-
pacity value close to the theoretical maximum is reached. Very low
coulombic efficiencies are registered the first cycles (starting from
82.8 and 73.1% for TiN and Pt, respectively), the capacity values
surpassing theoretical values are therefore attributed to irreversi-
ble intercalation into amorphous phases as observed in the slope
before cut-off noted previously. The capacity values reached are
however equal to WOs3 in bulk (powder) form using a comparable
voltage range,[?%) indicating that at least in case of TiN as substrate
sufficient crystallinity and phase stability is reached.

In view of device integration and oxidation of TiN into TiO,, films
annealed at temperatures were investigated by galvanostatic
measurements. 300°C appeared to be too low to yield electro-
chemically active material (not shown). After 1 hour at 300°C not
all the (crystal) water has left the system yet (Figure 6), which
may be an indicator for inactivity. Another explanation may be that
bleaching, i.e. oxidation to tungsten from either W** or W>*, occurs
so slowly that tungsten oxide phases are insufficiently formed. It
was reported previously that bleaching by thermal annealing of
tungsten oxide films occurs at much lower rates at 400°C as com-
pared to 500°C in oxygen rich conditions.[*8! Nevertheless, at
400°C electrochemically active films were obtained, although activ-
ity was significantly lower as compared to the 500°C case for both
WO5/TiN and WOs/Pt samples (Figure 11 and 12). This matches
with the bleaching behaviour at these temperatures.!*8! However,
after 100 cycles part of the Pt is visible macroscopically (Figure
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13). This implies that due to cycling WO3 on Pt, structural changes
appear as was the case for the 500°C anneal (Figure 11).
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Figure 12: Galvanostatic measurements for 10 lay-
ers of WO3 deposited on TiN and annealed at 400°C
for 1 hour in static air, measured at 1C in 1.0 M
LiClO,4 at 20°C.

However, in case of the 400°C anneal the effect seems to be more
severe. On Pt as the substrate, the film adhesion appeared to be
more stable after an anneal at 500°C as compared 400°C. Delami-
nation of the 400°C films is shown in Figure 13, which was not
observed for films treated at 500°C. In both 400 and 500°C cases
(Figures 11 and 12) there is a drop in efficiency and capacity fol-
lowed by a slight improvement between 20 and 40 cycles, it is
therefore thought that the same physical process acts on the
WO3/Pt combination which is intensified at lower annealing tem-
peratures. Adhesion of the WOs film to TiN is therefore regarded
significantly better as compared to Pt. Nevertheless, the overall
performance of WO;3/TiN at 400°C (coulombic efficiency 99.0%,
capacity of 75 mAh-g’!, c.f. Figure 12) is lower than the same
WO3/TiN combination annealed at 500°C (Figure 11). These differ-
ences are ascribed to better crystallization induced by improved
bleaching and / or increase of oxygen vacancies at higher anneal-
ing temperatures.[2048]
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Figure 13: WO;s on Pt after galvanostatic measure-
ments shown in Figure 12.

3.6 WO; films — 3D deposition

In Chapter 5 and 6 examples were given with the 3D deposition of
solid electrolyte materials. Although the colloidal suspension used
here to obtain WOs3 films strongly differs from an all-citrate and
citrate-nitrate precursors used previously, 3D deposition of WO;
was attempted. For this purpose, the tungsten precursor was de-
posited on 3D TiN (2x10). The results are shown in Figure 14. Alt-
hough a thin coating of 100 nm is present at the bottom of the
pillars (possibly including oxidized TiN), the deposition is rather as
inhomogeneous. This result differs largely from the deposition of
the molecular precursors reported in Chapter 5 and 6. Although the
use of these molecular precursor requires optimization of the depo-
sition temperature, a much higher homogeneity is obtained. Given
the difference in precursor chemistry, it seems plausible that a
particle based precursor system is less suitable for 3D depositions.
Especially so since Chapter 9 shows that 3D deposition of WO is
much more successful with a (molecular) citrate precursor.
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Figure 14: SEM micrographs of the tungsten precursor
deposited (10 cycles, 150°C) on 3D TiN (2x10). The
sample was annealed 1 hour at 500°C in static air after
deposition.

4. Conclusion

The chemistry of tungsten chloride in an ethanol / water mixture
was explored for the synthesis of tungsten oxide films starting
from a tungsten chloride-based solution. Part of the tungsten pre-
sent in the precursor was reduced while forming chlorine gas and
DEE. The chlorine leaves the precursor as hydrogen chloride gas
leading to a chlorine depleted precursor. In addition, via hydrolysis
and condensation, particles were formed resulting in a colloidal
suspension.

Via USD of the colloidal suspension, planar and 3D structured sub-
strates were coated. Unfortunately, the 3D deposition yielded in-
homogeneous coatings. For planar films, electrochemically active
thin films were obtained with a capacity value of 90 mAh-g™! or 640
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mAh-cm™3, using a 500°C anneal. A clear difference in the perfor-
mance was noted between the TiN and Pt substrate. The TiN allows
a higher coulombic efficiency and a much more stable capacity
evolution, especially in the case of an annealing temperature as
low as 400°C. The relative low annealing temperature required for
the formation of active tungsten oxide thin films is an important
breakthrough allowing the use of TiN as low-cost alternative for the
Pt current collector. In addition, this approach opens up new possi-
bilities for the fabrication of all-solid-state Li-ion batteries as these
WOs films, exhibiting a high volumetric capacity, can be combined
with electrochemically instable solid electrolytes such as LLT (c.f.
Chapter 10). Arguably, the significant loss of power density ex-
pected for an all-solid-state Li-ion battery - caused by the relative-
ly high intercalation voltage the of the proposed WOs; films - is
compensated by the (i) compatibility with several (oxide-based)
solid-state electrolytes, (ii) ease of processing and (iii) relative low
temperature requirements. Since the proposed route is a low cost
method in combination with inexpensive materials, USD of WO;
colloidal suspensions is a promising method for upscaling purposes.
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teries

=7

Dr. Ken Elen, Gilles Bonneux and Fulya Ulu are acknowledged for
their contribution to this chapter.



Part III - Chapter 8

Abstract

The possibility of lithium insertion into the crystalline
tungsten oxide rods (shown in Chapter 7) is investi-
gated in this chapter. Although XRD and especially
TGA suggest that lithium doping of the rods did not
occur at low temperatures, the resulting films yield
large differences with lithium-free tungsten oxide
films. The USD of Li,W,0; (LWO) films is shown here
for 1:1 Li:W ratio in the precursor, including the
electrochemical properties. Although the results of
the nearly phase pure LWO films show a clear in-
crease in capacity with well-defined voltage plateaus
in comparison to the lithium-free case, the phase in-
stability and contraction makes this material unsuit-
able for thin film Li-ion batteries. However, films
with a lower lithium doping (Li:W = 1:2) did enable
more cycling stability, as well as increased capacity
in comparison with the lithium-free case.
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1. Introduction

Based on the interesting properties of the WO3 thin film electrode
for Li-ion batteries (Chapter 7), namely a low crystallization tem-
perature in combination with high volumetric capacity, further re-
search can be done to tune and optimize this material. If the WO;
can be doped with lithium before electrochemical (de)lithiation,
irreversible lithium loss may be prevented, leading to higher over-
all capacity. Little research is done on the Li — W intercalation
chemistry,!*! therefore new approaches are discussed in this study.

The results of the colloidal suspensions achieved previously (Chap-
ter 7), suggest protons are present in crystalline WO; colloids,
forming Hg 1,WO3-2H,0 at room temperature. The presence of pro-
tons as well as the dark blue coloration indicated that the tungsten
is present in reduced form; possibly creating opportunities for lithi-
um doping in the liquid phase. Here the question is raised if lithium
can be inserted in the colloidal crystallites, to replace protons in
the presence of reduced tungsten. Alternatively, it may results in
lithiated tungsten oxide phase(s) at relatively low temperature
(e.g. cubic LigsWOs3). Since colloid formation occurs in the liquid
phase of the ethanol-water precursor system, an adjusted synthe-
sis route is investigated based on the addition of lithium hydroxide.
This salt is able to dissolve in both water and ethanol phase, in-
creasing the possibility of low temperature Li-doping.

2. Experimental

The synthesis approach closely resembles the route chosen in
Chapter 7, but prior to tungsten chloride (WClg) dissolution in eth-
anol (10 mM), lithium hydroxide (LiOH, 98%, Merck) was dissolved
in ethanol in amounts matching a 1:1 and 1:2 Li:W molar ratio (10
and 5 mM, respectively) upon stirring for 24 hours. Next, tungsten
chloride and water where added as described in Chapter 7. The
synthesis is summarized in Figure 1.

170



Part III - Chapter 8

Li(1) _
[ hydroxide ] [ W(VI) chloride ]
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Figure 1: Synthesis scheme of the Li-W precursor.

Deposition was done as described in Chapter 7, with a deposition
temperature of 150°C. Characterization by TEM, TGA, cyclic volt-
ammetry (CV) and galvanostatic cycling were done as described in
Chapter 7, although different cut-off voltages were chose (0.75 to
3.25 V vs. Li*/Li) based on initial CV results.

3. Results and discussion
3.1 Low-temperature Li-doping of WO3 rods

Figure 2 shows TEM analysis of the dried 1:1 Li-W precursor drop-
lets. As can be observed, rod-like particles are observed here as
well, similar to the lithium-free case (Chapter 7). The ED confirms
the rods are crystalline, although the quality of these patterns is
too low to extract a particular crystal system. To analyse the struc-
ture of these rods, XRD analysis of the dried precursor was done
(Figure 3). Although the low intensity of the signals indicates poor
crystallinity, a mixture of Hq 1,WO3-2H,0 and WOs-H,O can be dis-
tinguished. Note that this slightly differs from the lithium-free case
discussed in Chapter 7, where the latter phase was not encoun-
tered.
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Figure 2: TEM micrograph of the Li-W precursor
deposited on a copper grid and dried before measur-
ing. Rod-like, crystalline particles are observed in a
matrix of smaller amorphous particles (c.f. Chapter
7). The inset shows ED of the rod-like particles.

v H, ,WO,2H0

v WO_H.O
Si (wafer)

Intensity (a.u.)

26(°)

Figure 3: XRD pattern of dried Li-W precursor (1:1
ratio), without annealing.
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Both phases suggest that no Li-doping occurred at all, since no Li-
ions are present in the identified crystal structure. However, due to
the large interstitial space of the WOj5 structure, both H* and Li*
are readily inserted into the structure yielding small structural dif-
ferences.[? Therefore, it is difficult to discriminate if Lit and / or H
is present in the crystalline rods based on the XRD shown in Figure
3.

In search for clues whether lithium enters the crystalline WO5 rods,
TGA analysis was done (Figure 4). For all Li:W ratios (i.e. 1:0, 1:1,
1:2 and 0:1) a significant loss of solvents is observed up to ap-
proximately 120°C. The lithium-free case (Chapter 7) shows one
weight loss event after this, attributed to the loss of crystal water.
Upon addition of LiOH to the precursor system, in both the 1:2 and
1:1 Li:W ratio, the process of (crystal) water evolution does not
occur, or at least not at the same temperature. It is noted that a
higher weight loss is observed at lower temperatures (‘normal’
water evolution); therefore LiOH possibly inhibits formation of crys-
tal water seen in the lithium-free case (Chapter 7). At higher tem-
peratures, both LiOH containing samples show a small weight loss
starting at 350°C, where the weight loss difference (1.6 and 3.4%)
approximately doubles together with twice the amount of LiOH
present in the precursor. To gain understanding of the underlying
reaction mechanism in the Li-W precursor system, first the decom-
position of (solely) LiOH is considered (Figure 4, cyan line). LiOH
decomposition seems to occur in two distinct regimes; from 300 till
500°C with a gradual slope of the weight loss curve, followed by a
steeper slope above 500°C. The first slope is assigned to LiOH de-
composition, to form Li,O and H,O as shown in Equation 1.5* The
second, steeper slope, may be the combined decomposition and
evaporation of LiOH; the latter reaction is shown in Equation 2.4
The evaporation of Li,O is reported to take place at higher temper-
atures (>750°C) and is therefore not considered here.!*

2 LiOH(s) - Li,0(s) + H,0(g) (1)

LiOH(s) —» LiOH(g) (2)

173



Li doping of WOs5 films as negative electrode for Li-ion batteries

Returning to the Li-W precursor system; Equation 1 may apply for
the Li-W precursor as well, based on the small weight loss ob-
served slightly above 300°C. Moreover, Equation 2 does not apply
because no weight loss is recorded above 500°C. This may suggest
a solid-state reaction occurring; LiOH is decomposed to form Li,0,
which readily reacts with (deprotonated / bleached) tungsten oxide
phases present. This reaction is shown in Equation 3, where x indi-
cates the Li/W ratio.

xLiOH(s) + WO05(s) - LixW0(3+%x)(s) +2xH,0 (g) (3)

Based on a mass calculation of Equation 3, a weight loss of 1.75%
for x=0.5 and 3.50% for x=1.0 is expected. These values resemble
the experimental values in Figure 4 closely (1.6 and 3.4%, respec-
tively).

100 -
90 4 W-precurso
’\c? v
< 1.6% Li-W precursor (1:2)
=
=
o
= 80+
3.40%
70

100 200 300 400 500 600
Temperature (°C)

Figure 4: TGA of dried Li-,W-, Li-W-precursors, with

the latter in a 1:1 and 1:2 ratio. The samples were

heated at 10°C:min™! in dry air. The dashed lines
serve as a guide to the eye.
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Thus, (i) the decomposition temperatures as well as (ii) the weight
loss quantification point in the direction of the solid-state reaction
(Equation 3) involving LiOH, Li,O and WOs. However, it is stressed
that this is a hypothesis that requires more analysis before definite
conclusions can be drawn.

Besides this hypothesis for the underlying reactions, the TGA anal-
ysis leads to the conclusion that, unfortunately, low temperature
doping into the WO; lattice probably does not occur. In other
words, it is highly unlikely that the rods shown Figure 2 contain
lithium.

3.2 Morphology and phase formation of Li-W
precursor films

Since the LiOH only starts reacting at temperatures above 300°C,
other phases than lithiated WO (e.g. Lip.sWO3) may start appear-
ing at higher temperatures, such as Li,W,0,.[*! For films, the pres-
ence of this phase was confirmed for 1:1 and 1:2 Li:W ratios
(x=1.0 and x=0.5, Eq. 3) after an anneal at 500°C for 1 hour in
static air (Figure 5). Note that W®* is present in Li,W,0; (LWO) to
maintain charge neutrality, matching with the hypothesis formulat-
ed in Equation 3.

With a 1:1 Li:W ratio, primarily LWO (JCPDS 70-869) was ob-
tained, though traces of Li,WO, (JCPDS 72-86) seems to be pre-
sent as well. To the best of our knowledge, LWO films have not
been reported before. For 1:2 Li:W ratio several additional peaks
are observed. Next to LWO, a phase containing lower Li:W ratios is
present: Li,WsO;s (JCPDS 28-0600). These results are in good
agreement with a (subsolidus) Li,O-WO; phase diagram reported
before, based on materials annealed at 700°C.[>) A small lithium
excess with respect to the 1:1 ratio used, yields a mixture of LWO
and Li,WOQ,; this may be the case because ICP-AES analysis was
not applied before mixing the separate Li- and (organic) W-
precursors. Another reason for stoichiometric deviations is the fact
that molecular mixing does not apply for this precursor based on a
colloidal suspension. According to the same diagram, a 1:2 Li:W
ratio (as well as a small deviation from this value) leads to a mix-
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ture of LWO and Li,Ws04¢.[°! The oxidative conditions used to an-
neal the deposited films probably suppress LigsWOs; phase for-
mation, because Li* insertion into the cubic WO; lattice requires
slightly reduced tungsten.!®”! Hence, simply adding LiOH to the
reduced W-precursor, consisting of a colloidal suspension (Chapter
7), is no suitable method to obtain Lig sWOs.

1 0% * LiW.,O,
] .
| % LIiW,0,
v Li,WO,
= i v LIZWSO16
8 = Pt (substrate)
>
2
g - % %* -
[
S R S .
i vy v % o % 1:2 Li:W ratio, pristine
o e T

1:1 Li:W ratio, pristine
— .

10 15 20 25 30 35 40 45 50 55 60
20(°)

Figure 5: X-ray diffractogram of Li-W-precursor

(1:1 and 1:2 ratio) deposited on Pt substrates by

ultrasonic spray deposition, after annealing for 1

hour in static air.

The 1:1 Li:W precursor deposition with the mixed colloidal / mo-
lecular precursor yields smooth films by ultrasonic spray deposi-
tion. The morphology strongly resembles the lithium-free case
discussed before (Chapter 7). The thickness obtained after 10 dep-
osition cycles shows fluctuations (+20 nm), with an average thick-
ness of 150 nm (Figure 6).
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Figure 6: SEM micrograph of Li-W-precursor (1:1)
deposited on Pt substrates by ultrasonic spray depo-
sition (10 cycles, 150°C), after annealing for 1 hour
in static air.

3.3 Electrochemical properties of Li-W precursor
films

The LiOH doped samples, forming the LWO phase on films, behave
significantly different than lithium-free WO;, as was studied previ-
ously by Pralong et al on powders.[*! Electrochemically, three main
differences are observed compared to lithium-free WOs: (i) a shift
to lower (de)intercalation voltages (ii) higher capacities and (iii)
higher Li-ion conductivity.!*!. Figures 7 and 9 illustrate that the 1:1
Li:W ratio films, forming LWO (in presence of a secondary phase)
indeed yield a completely different behaviour compared to the lith-
ium-free WO3 discussed in Chapter 7.

The CV for the 1:1 Li:W ratio film, shown in Figure 7, exhibits a
sharp reduction peak during the first cycle at 1.4 V (vs. Li*/Li).
Comparing with the study on powders of Pralong et al., this reduc-
tion is assigned to the reduction of tungsten while lithiating the
LWO phase to LisW,0,.[Y This matches with the XRD pattern after
a single cycle of galvanostatic lithiation (Figure 5), which shows a
strong decline of the 14° peak and rise of a 16° peak due to lithia-
tion of the LWO phase.[*] Regarding delithiation reactions, de CV
shows an oxidation peak at 1.7 V (Figure 7), which is assigned to
delithiation of the LisW,0, phase. However, for the third cycle a
peak shift is observed, and the main reduction and oxidation peaks
shift towards higher voltages along with the occurrence of an addi-
tional oxidation reaction at around 2.1 V. It is not completely clear
why this occurs, but a comparison with the voltammogram of the
1:2 Li:W ratio film gives some indications (Figure 8).
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Figure 7: CV of 10 layers of Li:W 1:1 ratio precur-
sor deposited on Pt substrates and anneaed at
500°C for 1 hour in static air. The figure shows the
first and third cycle.

At first two small reduction peaks are observed for the 1:2 Li:W
ratio film, but for the third cycle a clear difference is observed as
well. Apart from intensity loss related to initial irreversible Li-loss,
the 1.4 V peak nearly disappears and the reduction peak at 1.6 V
only shows a small shift. In addition, two oxidation peaks are ob-
served, at 1.8 and 2.1 V. Since the 1:2 Li:W ratio film shows a
mixture of phases (including Li,Ws046), the 1.6 V and 2.1 V peaks
are assigned to other phases than LWO. Hence, it is assumed that
the peak shift of the 1:1 Li:W ratio sample in Figure 7 is caused by
phase instability during prolonged cycling, possibly leading to other
(amorphous) phases.

Besides phase instability upon (de)lithiation, another issue encoun-
tered for LWO is related to contraction and expansion events dur-
ing cycling. During lithiation to LisWs0O,, a shrinkage of 6.5% is
encountered.[!]
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Figure 8: CV of 10 layers of Li:W 1:2 ratio precur-
sor deposited on Pt substrates and annealed at
500°C for 1 hour in static air. The figure shows the
first and third cycle.

The galvanostatic cycling reflects both phase instability and loss of
active material due to contraction and expansion, since very poor
capacity retention is observed for the 1:1 Li:W ratio samples (Fig-
ure 9). Comparison of these curves with the 1:2 Li:W ratio sample
(Figure 10), reveals several differences. First of all, a slightly slop-
ing plateau at 0.9 - 0.75 V can be observed for the low rate inter-
calation of the 1:1 ratio sample. Based on contraction and expan-
sion during cycling, cracks are formed which expose the Pt sub-
strate (Figure 11). Hence, the Pt substrate becomes directly acces-
sible for the electrolyte, which leads to additional reactions in this
voltage region. Underpotential deposition (UPD) of lithium as well
as reduction of the polycarbonate (PC, present in the electrolyte)
can occur on the Pt substrate.®!

However, since no plateaus are observed in this voltage region for
the delithiation curve, the highly irreversible character points in the
direction of PC reduction only. In fact, without this irreversible re-
action occurring, the lithiation capacity achieved (approximately
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130 mAh-g'!) approaches the theoretical capacity of 156 mAh-g™*
accompanied with the LWO to LisW,0; transition.
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Figure 9: (de)Lithiation curves of 10 layers of Li:W
1:1 ratio precursor deposited on Pt substrates and
annealed at 500°C for 1 hour in static air.
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Figure 10: (de)lithiation curves of 10 layers of Li:W
1:2 ratio precursor deposited on Pt substrates and
annealed at 500°C for 1 hour in static air.
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Besides this, the 1:2 Li:W ratio films shows more of a sloping be-
haviour for its voltage plateau, possibly related to the presence of
amorphous phases. This is underlined by the fact that little crystal-
line material is present for this sample after lithiation and the
Lisw,07 phase can hardly be detected anymore (Figure 5).

Figure 11: SEM micrograph (BSE) of (a) pristine
and (b) cycled samples similar to Figure 9. Both
samples were washed with ethanol prior to analysis.

Interestingly, at high current density the well-defined plateau of
the 1:1 ratio sample diminishes, whereas the slightly sloped plat-
eau of the 1:2 ratio is sustained to much greater order, especially
during delithiation. Hence, the 1:2 ratio is more stable as com-
pared to the 1:1 Li:W ratio films. Although a previous study claims
that the stability of Li,W,0, is no major issue,*! the results of the
current study indicate that for thin film electrodes the lattice
contraction of LWO upon lithiation is a large problem for practical
applications. For films therefore, it seems more interesting to study
mixed Li/W oxide phases in steads of the nearly phase pure LWO
material.

4. Conclusion

While studying the Li/W precursor system, in an effort to further
improve the results obtained by the WO; colloidal suspension, it
can be concluded that the route chosen probably did not lead to
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low temperature Li-doping of the WOs rods. The addition of LiOH
still enables the formation of WO3 rods, and a hypothesis was pro-
posed for a solid reaction occurring between LiOH and WO5 at tem-
peratures from 300°C and up. This (primarily) results in Li,W,0,
films, where the electrochemical properties can be steered by
changing the Li:W ratio. With ratio of 1, nearly phase pure Li,W,0;
films were obtained, which appeared to show strong electrochemi-
cal activity. However, the lattice contraction leads to cracking and
a very low capacity retention, making the material unusable for
thin film Li-ion batteries. On the bright side, the adjusted doping
level (1:2 Li:W) forms stable secondary phases that partly stabilize
the resulting hybrid material with improved (de)lithiation stability.
However, from a practical point of view the performance of this
hybrid material will probably fall behind undoped WOs upon pro-
longed cycling. Hence, other routes for improvement of WO3 relat-
ed materials should be considered.
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Abstract

In this chapter a thorough study on the deposition of
tungsten oxide on high aspect ratio microstructures
is presented. Using ultrasonic spray deposition in
combination with metal citrate chemistry, high quali-
ty WOs films were deposited on various high aspect
ratio Si structures. These results were achieved by
controlling the precursor chemistry, wetting proper-
ties, gel mobility and precursor decomposition. Fi-
nally, a proof of the potential of chemical solution
deposition within the field of 3D thin-film all-solid-
state batteries was achieved by coating of TiN / Si
micro-cylinders with WO3 using a minimized thermal
budget to preserve the (oxidative) TiN current col-
lector. This led to an near threefold electrode capaci-
ty enhancement per footprint area, due to the high
surface to bulk ratio of the 3D WOs film.
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1. Introduction

Tungsten oxide is an interesting negative electrode material for all-
solid-state Li-ion batteries, as was pointed out in Chapter 7. Alt-
hough it has a high (de)intercalation voltage just above 2 V (vs.
Li*/Li), it does enable combination with the less electrochemically
stable solid electrolytes such as LLT. In addition, it has a high vol-
umetric capacity that is vital for 3D Li-ion batteries. Finally, Chap-
ter 7 showed stable cycling behaviour of WOs films, up to 100 cy-
cles.

To further increase the capacity per footprint area, high quality 3D
coatings are pursued. In Chapter 7, some progress was booked
with the tungsten chloride based precursor, consisting of a colloidal
suspension crystalline, rod-like tungsten oxide particles. For planar
films good morphologies were obtained. However, initial results for
3D deposition of this colloidal precursor, using USD, yielded inho-
mogeneous coatings. As was shown in Chapter 5, using a citrate
based precursor in combination with USD has a lot of potential for
3D deposition.!*! In this chapter, a citrate based tungsten precursor
is developed, deposited and resulting films are studied; all in view
of 3D thin film all-solid-state batteries.

2. Experimental

2.1 Synthesis of the citrate-based tungsten precursor

An aqueous tungsten citrate solution was prepared by adding tung-
stic acid (H,WOQO,4, Sigma Aldrich, =99%) and citric acid hydrate
(Sigma Aldrich, =299%) to a round bottom flask, dispersed with a
small amount of water. This yellow suspension was stirred and
heated at 120°C for two hours under reflux conditions. Subse-
quently, the pH was raised to pH > 12 with ammonia (NH;3, Merck,
32% in water), after which the solution was left to stir for 24
hours. After cooling, a transparent, slightly grey coloured, solution
was obtained. Final pH = 8 with a concentration of 0.35 M, as was
determined by ICP-AES (similar to Chapter 4). Before USD, the
precursor was diluted and mixed with ethanol (10:9 water/ethanol
volume ratio) to yield a 25 mM concentration.!*! Two different
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tungstic acid to citric acid ratio were used, namely 1:4 and 2:3
(W:CA).

2.2 Deposition on substrates

Three different types of substrates were used for this study: (i) Pt
(ii) Si trenches and (iii) 3D TiN (2x5); see Chapter 2 for details. All
these substrates were cleaned by a UV/O; treatment at 60°C (40
min., Novascan PSD Pro Series) prior to deposition.

The precursors were deposited via USD (Exacta Coat, Sono-Tek
cooperation) with a deposition temperature set at various tempera-
tures. The liquid was dispensed at 0.2 ml-min and the carrier gas
pressure was set at 1.5 psi. The distance of the spray nozzle to the
substrate was approx. 2.6 cm and moved with a speed of 100
mm-s’t. The number of deposition cycles was varied. The deposited
W-precursor was annealed at 600°C for 1 hour on the Pt planar
substrate, 10 minutes at 500°C for 10 minutes on the other sub-
strates.

2.3 Characterizations

TGA-DSC on powders was done as described in Chapter 5. The
thermal decomposition profile of the W-precursor films was investi-
gated by TGA-MS (TA instruments Q5000 with Pfeiffer quadrupool
MS). The film was obtained by deposition of W-precursor deposi-
tion on thin borosilicate glass (VWR Micro Cover Glasses, thickness
0.08 mm) according to deposition conditions described in the para-
graph. The coated glass was heated in a Pt sample crucible,
ramped at 10°C-s™! from room temperature to 500°C in static air.

Crystallization of the WO5 films deposited on Pt was investigated by
XRD, similar to the experiments in Chapter 4, including isXRD.[?
The morphology of annealed WO3 films was investigated via SEM
(FEI Quanta 200F). The thickness of the films was determined via
SEM cross sections. In addition, the average film thickness of WO;
films was determined by ICP-AES, after dissolving the deposited
films in 32% ammonia in water solutions (overnight). Cyclic volt-
ammetry and galvanostatic measurements were done in accord-
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ance to the details mentioned in Chapter 7.03! After 3 cycles of CV
at 1 mV-s! between 1.75 and 3.5 V, galvanostatic measurements
were done between the same cut-off voltages with various indi-
cates (dis)charge currents. The test cell was operated at 20.0°C
via a custom made temperature control chamber, inside an Ar-
filled glovebox with water and oxygen concentrations < 1 ppm.

3. Results and discussion

3.1 Decomposition of the precursor gel

The decomposition of the W-precursor (1:4 W:CA molar ratio) is
shown in Figure 1. After evaporation of residual water from the
precursor gel due to incomplete drying, a first weight loss is ob-
served at 140 and 180°C with endothermal features. This is fol-
lowed by two minor exothermal decomposition steps at 365 and
485°C.

15

100
- 10
80
-5
| . Heatflow =
~ 60 Fo =
g :
=
N ;
k= L5 2
Qo 40 =
= 8
T
- -10
20
- -15
.........
0 T T T T T T T T T T T T T T T -20

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 1: TGA-DSC analysis of the W-precursor gel
(1:4 W:CA ratio) dried at 60°C, recorded at
10°C-min’t in dry air (0.1 ml-min’t).
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Finally, a major weight loss is observed at 560°C during a
strongly exothermic reaction. No significant weight loss is
observed at higher temperatures, implying that the precur-
sor is fully decomposed at 595°C. Since the tungsten pre-
cursor was prepared at pH 8, the solution consists of tung-
sten complexes with three oxo groups, one aqua group and
a single citrate ligand coordinated to the tungsten, where
the citrate co-exists in protonated and deprotonated form.*!

The excess of citric acid required to completely dissolve the
tungstic acid (4:1 citric acid to tungsten ratio) converted to
ammonium citrate upon the addition of ammonia. Hence,
features of ammonium citrate are visible in the decomposi-
tion profile shown in Figure 1.
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Figure 2: TGA-DTG analysis of the W-precursor
powder (2:3 W:CA ratio) dried at 60°C, recorded at
10°C-mintin dry air (0.1 ml-min™).

The presence of ammonium citrate can most clearly be observed
during the endothermic peaks at 140 and 185°C, ascribed to melt-
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ing and decarboxylation reactions of the ammonium citrate, re-
spectively.l®) The other features of the decomposition profile re-
semble decomposition of metal(per)oxo-citrato complexes studied
before,[®°! although the temperature at which these reactions oc-
cur are shifted for this tungsten based complex, due to specific
tungsten-oxygen interactions.

For the 2:3 W:CA ratio precursor, the main features are the same,
but differences can be noted (Figure 2). The first main loss shows
one broad peak in the derivative curve, whereas the 1:4 ratio
shows 3 more distinct peaks. In addition, the 480°C peak in the
derivative curve present in the 1:4 ratio is almost absent in the 2:3
ratio case. Both differences are ascribed to a reduction of the rela-
tive amount of ammonium citrate present in the 2:3 precursor.
Finally, less total weight loss occurs for 2:3 precursor, indicating at
least 20% of the weight loss occurring in case of the 1:4 ratio pre-
cursor is due to decomposition of ammonium citrate.

3.2 Planar films: morphology and thickness

USD of the 4:1 precursor yielded smooth films (Figure 3), although
strong deviation of film thickness was observed on different parts
of the sample. To estimate the amount of material present on a
certain area, ICP-AES analysis was done on films dissolved (1 to 2
cm?) in ammonia. For 10 cycles of 25 mM deposition, an average
film thickness of 280 nm was obtained (assuming 0% porosity and
a density of 7.16 g-cm™3).

In contrast to the 1:4 W:CA ratio, the planar deposition of the 2:3
ratio precursor yielded films of very poor quality (not shown). Pos-
sibly, precipitation reactions occur during evaporation of the sol-
vents (water and ethanol), which leads to poor film formation. This
is suggested by the fact that no stable gelation behaviour was ob-
served for this precursor, whereas the 4:1 CA:W ratio did yield
typical citrate based homogeneous precursor gels (not shown).

190



Part III - Chapter 9

Figure 3: SEM micrograph showing secondary elec-
tron (SE) micrographs of a) cross sectional and b)
tilted view of 10 cycles of W-precursor (25 mM, 1:4
ratio) deposition on a planar Pt substrate, annealed
at 600°C for 1 hour in static air.

3.3 Planar films: electrochemical activity

Electrochemical activity of the WOs5 films as function of annealing
temperature was checked by means of CV (Figure 5; 10 mV/s). At
high annealing temperatures (500 and 600°C), the films appeared
to be significantly more active compared to a 400°C anneal.
Though crystalline WO3 was found for all annealing temperatures
measured (Figure 4), electrochemical activity seems to be less at
lower temperatures, especially at 400°C. Clearly indicating why
this occurs is a complicated matter, but the chlorine based precur-
sor system shown in Chapter 7 may provide a few clues. With
400°C synthesis temperature, the citrate precursor is not fully de-
composed. Hence, crystallinity at the same synthesis temperature
may very well be lower compared to the Cl-based precursor shown
in Chapter 7, which already consists of crystalline WOs at room
temperature. This may the reason that the electrochemical activity
of the WOs; films prepared at 400°C is limited.

The CVs of the active WO; films show two main features while
scanning at 10 mV-s™!; namely a broad reduction peak at 2.3 V and
a less pronounced oxidation peak at 2.7 V.
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Figure 4: XRD pattern of 10 passes of W-precursor
(25 mM, 1:4 ratio) deposition on a planar Pt sub-
strate, annealed at various temperatures (indicated)
for 1 hour in static air. Tetragonal WOs (JCPDS 01-
85-807), Pt (JCPDS 01-87-0647) and Si (JCPDS 01-
72-1088) phases are all indicated according to the
stated reference.

The broad reduction peak of WO, annealed at 500 and 600°C
(Figure 5), can be deconvoluted upon lowering the scan rate to 1
mV-st (Figure 6). The reduction peak at 2.3 V in Figure 5 can be
separated into two distinct reductions;*%) namely W®* to W°* at
2.708 V, which continues with a W°* to W** reduction at 2.40 V.
Although less intense, the oxidations reactions occur at 2.67 V for
the W** to W>* oxidation and 2.95 V for the W°* to W®* oxidation.
This closely resembles values obtained for the Cl-based tungsten
precursor in Chapter 7. In addition, a relatively large current can
be observed below the main reduction voltage, i.e. below 2.0 V.
The large currents at low voltages (i.e. during intercalation at 1.5
V, Figure 5) indicate either that degenerate energy levels of amor-
phous WO5 phases are available for Li-intercalation,!*!! or it may be
due to kinetic factors.
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Figure 5: CVs of 10 passes of W-precursor (25 mM,
1:4 ratio) deposition on a planar Pt substrate, an-
nealed at various temperatures (indicated) for 1
hour in static air. The samples were measured at 10
mV-s! in 1M LiClO, in PC.
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Figure 6: Cyclic voltammogram of 10 passes W-

precursor (25 mM, 1:4 ratio) deposition on a planar
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LiClO4 in PC.
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Both can be explained as function of annealing temperature; the
lower reduction potential at 1.5 V for the 400°C probably contains
more amorphous phases and due to possible presence of organic
precursor, the kinetics of this sample are poorer as well.

Galvanostatic (de)lithiation curves of the deposited WO3, shown in
Figure 7, exhibit typical behaviour observed for WO3 (Chapter 7).
At first, a short plateau at 2.7 V is observed, followed by a more
extended plateau between 2.6 and 2.4 V. Both plateaus are associ-
ated with the intercalation of Li* in the tetragonal and cubic phase,
respectively.!''*2] The cubic phase was not detected by XRD (Fig-
ure 4) on the pristine WO;3 films since the cubic phase is only
formed upon sufficient lithiation of monoclinic and/or tetragonal
WO0;.11112] As was expected based on the CV results (Figures 5 and
6), kinetic factors and / or amorphous phases appear to be present
and responsible for intercalation at lower voltages, expressed in
long slopes instead of charge plateaus.[*3] However, since the ca-
pacity drops considerably at higher currents (Figure 7b), kinetic
effects are more likely to be the cause of voltage slopes.

At a first glance, the lithiation capacity of 1405 mAh-cm™ (197
mAh-g!) for the films measured at low current densities of 1.2
pA-cm™ / 0.07C (Figure 7a) appeared to be very high (232% of
WOs theoretical capacity), especially compared to films measured
with the 10 fold current density of 12 pA-cm™ / 0.7C (Figure 7b)
yielding 540 mAh-cm™ (76 mAh-g™!, 89% of WO; theoretical capac-
ity). However, a closer inspection of samples cycled at high and
low current densities showed a striking macroscopic difference. As
an electrochromic material, the lithiation of WO3 is macroscopically
visible on the film due to dark blue coloration of reduced
tungsten.!'® After a single lithiation down to 2.0 V, with a high
current density of 12 pyA-cm™ / 0.7C, a dark blue coloration of the
sample measured was confined within the O-ring of the electro-
chemical cell (Figure 8a), as was expected. However, at a low cur-
rent density of 1.2 pA-cm™@ / 0.07 C, the dark blue coloration was
visible over all the substrate, including the area outside of the O-
ring. XRD of selected areas (Figure 8b) indicated the same, since
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the cubic WO3 (implying lithiation occurred) was observed outside
the O-ring area for low current densities.

Measured capacity (mAh»cm'3)
0 200 400 600 800 1000 1200 1400
3.6 L L L L L L L
3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0

0 20 40 60 80 100 120 140 160 180 200
Capacity (mAh-g™)

&

0.07C

Voltage (V vs Li"/Li)

Capacity (mAh-cm™®)

36 0 100 200 300 400 500

3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0

0 20 40 60 80
Capacity (mAh-g™)

O
-

RS L4 0.7¢c

Potential (V vs. Li"/Li)

Figure 7: (de)lithiation curves of 10 cycles W-
precursor deposition (25 mM, 1:4 ratio) on a planar
Pt substrate, annealed at 600°C for 1 hour in static
air. The samples were measured at various currents
(indicated) in 1M LiCIO,4 in PC.

Since electron transfer of the Pt to the WOs; is possible all over the
substrate, it is speculated that the relatively high Li-ion diffusion
through the WO; film is responsible for this. With diffusion con-
stants of lithium in (cubic) WO5 in the order of 108 to 107 cm?.s
1 14151 3 simple calculation (stochastic diffusion without convec-
tion) indicates that an average diffusion length in the mm range is
feasible within the timescale of the experiment. However, unknown
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effects caused by (long) exposure to the liquid electrolyte are not
excluded, but more detailed analysis of this topic goes beyond the
scope of this study. Besides coloration differences, XRD on isolated
parts of the cycled films indicated that the area outside of the O-
ring for high current densities consisted of tetragonal WO5, where-
as measurement of the same location on the film measured at low
current density yielded a mixture of tetragonal and cubic WO (Fig-
ure 8b). Note that the latter phase is associated with lithiated WOs3,
this was shown before in Chapter 7.['%!2] Hence, the total capacity
of the planar films measured at low current appear to yield unreli-
able capacity values due to this effect, and cycling at higher cur-
rent density is required to yield more accurate capacity values.
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Figure 8: Comparison between WO; coated (10 cy-
cles, 25 mM, 1:4 ratio) Pt samples after a single
lithiation down to 2.0 V vs. Li*/Li, at high and low
current density. a) Photograph of the lithiated sam-
ples and O-ring used in the electrochemical cell,
showing dark blue coloration of lithiated areas. The
colored squares relate to b), XRD on isolated parts
after cutting the samples.
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3.4 Deposition of 3D films

3D depositions were studied in more detail as compared to previ-
ously shown in this thesis (Chapter 5 and 6). For this purpose, Si
trenches were used which were approximately 30 pm deep and 30
pm wide, i.e. aspect ratio 1.['®!71 Upon deposition of the W-
precursor at the optimized deposition temperature of 180°C, the
heavy tungsten is clearly visible all over the trench using backscat-
tered imaging (Figure 9), i.e. a fully covering WOs3 film is formed.
The thickness is undoubtedly higher in the corners, which can be
explained by a capillary pressure gradient, leading to enhanced
flow towards the corners of the trench geometry.[*8 However, the
exact layer thickness quantification for the bottom corner is rela-
tively difficult because of a possible reaction between the Si sub-
strate and the tungsten oxide coating (forming e.g. tungsten sili-
cates)*® at the thickest part of the deposited layer. This is ob-
served in a local difference in tungsten concentration as expressed
in intensity difference of the backscattered micrograph.

Figure 9: SEM micrograph of 10 cycles of 1:4 W-
precursor deposition on Si trenches of 30 by 30 um,
annealed at 500°C for 10 minutes in static air. The
numbers indicate enlarged micrograph locations.
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Similar results were found for the deposition of W-precursor on a
planar Si substrate (Figure 10), whereas this phenomenon did not
occur in presence of a buffer layer such as Pt (Figure 3).

3 um

Figure 10: SEM micrograph showing backscattered
(BSE) micrograph of 10 cycles of W-precursor (25
mM, 1:4 ratio) deposition on a planar Pt substrate,
annealed at 500°C for 10 minutes in static air. The
micrograph shows density differences, indicating re-
activity of the deposited W-precursor with Si sub-
strate during annealing.

Within the uncertainty explained above, the conformality is quanti-
fied to be at least 2%, i.e. the minimum layer thickness (top edge
of the trench) divided by the maximum layer thickness (bottom
corner). However, with increasing the aspect ratio of the trenches,
i.e. decreasing the width of the trench, no conformal deposition
was achieved (Figure 11). It is speculated that three main phe-
nomena are causing the difference in conformality with respect to
the high aspect ratio trenches: (i) available surface, (ii) thermo-
phoretic forces and (iii) capillary forces and surface tension.

(i) The probability of a droplet reaching the bottom of the
trenches scales with the area of the trench opening
(top). As the width of the trench reduces, less material
is able to reach and spread at the bottom of the trench.
(i) Thermophoretic forces, i.e. a repelling force due to a
large pressure gradient caused by a hot surface (Chap-
ter 2),1%%7 is larger in case of small trenches. Carrier
gas diffusion into a small trench is more difficult than in
to a broad trench, leading to an increased thermo-
phoretic force for smaller trench. Therefore, layer dep-
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osition into deeper parts of the trenches is becoming
more difficult.

(iii) A necking mechanism is observed, especially for the
smallest trench. The surface tension of the gel leads to
necking (contacting similar material) instead of wetting
the dissimilar (Si) material down the trench.

Figure 11: SEM micrograph of 10 cycles of W-
precursor (25 mM, 1:4 ratio) deposition on a trench
of a) 10 by 27 um and b) 3.5 by 22.5 ym, annealed
at 500°C for 10 minutes in static air.

3.5 Towards electrochemically active 3D films

The activity of the materials was demonstrated for planar sub-
strates, in addition to full coverage of the non-planar trench struc-
tures with WOs. However, the capacity gain due to the use of 3D
architectures is yet to be shown using this approach.?) In order to
do so, a substrate with a high aspect ratio and a suitable current
collector was required. For this study 3D TiN (2x5) was used, ena-
bling a potential 8-fold capacity increase. Figure 12 shows that
good coatings could be obtained by submitting these micro-
cylinders to the W-precursor spray, with an aspect ratio of 10. Alt-
hough only limited aspect ratios were achieved for the trenches -
with a ‘closed’ structure - apparently higher aspect ratio ‘open’
micro-cylinder can indeed be coated with this approach (Figure
12).

It is speculated that the large openings (at the top) and beneficial
capillary forces of these micro-cylinder structures attribute to this
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difference. In addition, no material accumulates at the top of the
cylinders, preventing the ‘necking’ that occurs in case of the
trenches (Figure 11).

Figure 12: SEM micrograph of 10 cycles of W-
precursor deposition (25 mM, 1:4 ratio) at 180°C on
3D TiN (2x5). The sample was annealed at 500°C
for 10 minutes in static air.

Besides SEM micrographs (Figure 12), the charge discharge meas-
urements also indicates the micro-cylinders are coated (c.f. Figure
15 and discussion). Although TiN (present on the micro-cylinders)
is a good electronic conductor and is very interesting for this spe-
cific application because of its excellent (Li) barrier properties,??!
the TiN current collector is highly susceptible to oxidation at ele-
vated temperatures in air, which leads to the formation of TiO,
with a low electronic conductivity.!?®! This therefore initially result-
ed in unmeasurable samples (not shown). Optimized annealing
conditions were therefore sought, in order to achieve precursor
decomposition, crystallization and electrochemical activity of the
material (WO3) on the one hand, and preserve the current collector
(TiN) on the other. Isothermal heating at 500°C was applied to
decompose the W-citrate, preserving the TiN current collector for a
limited time. The non-isothermal TGA profile of the W-precursor
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suggests that part the citrate complex is not fully decomposed at
500°C, even while applying an isotherm at this temperature (not
shown). To make sure that heat transfer, volume and geometry
differences concerning the decomposition analysis with isXRD and
TGA were minimized, the TGA was measured on films instead of
gels.l?!! The result is a profile (Figure 13) showing continuous
weight loss, but to a smaller extend than in case of gels (not
shown), which is mostly attributed to higher heat transfer rates for
film-based TGA. Using coupled MS, the weight loss could be as-
signed to CO, and OH*; meaning that a continuous decomposition
of organic groups occurs during the isothermal period at 500°C.
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Figure 13: TGA-MS, showing isothermal analysis of
a non-annealed 1:4 W-precursor film. The analysis
was performed after USD of 20 cycles on a glass
substrate at 180°C, using a heating rate of
10°C-min’! in static air. OH™ and CO, gas evolution is
assigned based on m/z values.

The slow combustion occurs together with a gradual increase of
crystallinity, which was monitored in real-time using in-situ XRD
(isXRD, Figure 14). Since W-O-W bonds are required for crystalli-
zation of WO3, W-O-C bonds of the citrate complex should be di-
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sattached or decomposed to form a crystalline W-O-W structure.
The gradual but immediate crystallization was to be expected,
since amorphous WOs is reported to crystalize at temperatures as
low as 300°C.[?52¢] This does however not fully exclude occurrence
of residual organic groups after crystallization, because ammonium
citrate (partly decomposed) residues or disattached citrate ligand
groups can decompose after crystallization. The crystallization in-
creases over time to form the tetragonal phase of WOs.
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Figure 14: isXRD results showing (a) peak intensity
as function of peak position and time, as well as (b)
integrated peak intensities of specified diffraction
peaks as function of temperature, and the applied
temperature profile. Both graphs are based on the
same sample; 1:4 W-citrate deposited using 10 cy-
cles on 3D TiN (2x5) at a deposition temperature of
180°C. Integrated intensities of between 22.7°-
24.5° (1) and 33.0°-34.3° (2) are shown.

A relatively large gain in intensity is found during the first 10
minutes of the isothermal anneal as approximately 75% of the
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maximum intensity is reached within this time for the 23.5 and
33.5 peaks (Figure 14b). This matches with the H,O and CO, evo-
lution, which show a decreasing intensity over this period of time.
Therefore, 10 minutes of isothermal heating was chosen as an
optimum between film crystallization and preservation of the cur-
rent collector (TiN) present on the micro-cylinders. Despite the
presence of residual organic fragments and incomplete crystalliza-
tion after only 10 minutes of isothermal heating at 500°C, active
WO; present on the micro-cylinders could be cycled as shown in
Figure 15a.

To study the effect of 3D deposition, the micro-cylinder sample was
compared with a planar substrate exhibiting the same amount of
material per footprint area (i.e. 2 deposition cycles for 2D, com-
pared to 16 deposition cycles for 3D with an area enhancement
factor of 8). In addition, the current applied to the 3D samples is 8
fold the current passed through the 2D samples (Figure 15a). The
(de)lithiation curves look similar for 2D and 3D, although the ca-
pacity is significantly larger for the 3D sample. All curves in Figure
15a lack plateaus as observed on planar samples which were an-
nealed longer at higher temperature. Instead, slopes are observed,
especially during delithiation.

This is an indicator that primarily amorphous WOs is present in the
samples, [*3! despite indications of isXRD that part of the material
is crystalline (Figure 14). Since these peaks are broad compared to
a non-isothermal anneal at higher temperature (not shown), it can
be concluded that the crystallites are rather small. It is speculated
that these nanocrystals might lead to comparable, (quasi) amor-
phous (de)lithiation behaviour.

At 0.5C, the 2D sample is able to store a charge of 3.35 pAh-cm™
whereas the 3D sample stores 8.90 pAh-cm™ with a comparable
current per equivalent coating area. This is a 2.6-fold capacity im-
provement which can be attributed to the benefit 3D geometries
exhibit over 2D electrodes. This equals the capacity enhancement
obtained for LTO deposited using CVD, on similar high aspect ratio
substrates (TiN coated micro-cylinders).!*”!
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Figure 15: Galvanostatic cycling showing a)
(de)lithiation curves and b) capacity / C-rate double
log plot of (2D) TiN and 3D TiN (2x5) coated sub-
strates, subjected to 1:4 W-precursor for 2 and 16
deposition cycles, respectively. The samples were
annealed at 500°C for 10 minutes in static air and
measured in 1.0 M LiClO,4 in PC at C-rates currents.

The de-lithiation kinetics of the 2D and 3D film are comparable
between 0.5C to 10C (Figure 15b). The same slope of the lines in
the double log plot indicates the same kinetic regime acts on both
films,[?”! where the 2.6 fold capacity enhancement is maintained at
higher current densities. However, considering the total capacity
enhancement, the 8-fold improvement which theoretically should
be achievable, is not met at any measured current density. There
are several reasons for not achieving the theoretical capacity in-
crease:

(i) The deposition of W-citrate on the trench structures
(Figure 9) illustrate that layer thickness cannot be con-
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trolled perfectly, which leads to local differences in ca-
pacity of the layer and therefore lowering the capacity
enhancement.

(i) Although the coating is present on the micro-cylinders,
certain defects can be observed. These defects could
be prevented by lowering the amount of ammonium
citrate in the W-precursor (3:2 citric acid to tungsten
ratio), this came at the cost of incomplete coverage of
the micro-cylinders (not shown).

(iii) The current collector remains an issue; upon cycling,
the voltage drop at the start of the measurement is
significantly larger for the 3D samples than for the 2D
samples. This illustrates that higher resistance is pres-
ence in these 3D samples, which is primarily attributed
to the partial oxidation of the TiN current collector (20
nm). Since the TiN current collector is much thicker for
the 2D samples (80 nm), and the applied currents are
much lower, this leads to lower IR-drop for planar
films, compared to the 3D counterparts.

4. Conclusion

Planar and 3D deposition of WOs has been shown in this chapter.
Although functionality of the planar films are comparable to other
studies (Chapter 7), especially the fact that 3D measurements
could be established by optimizing the annealing conditions is re-
garded as a major step forward. The combination of low crystalliza-
tion temperature and high volumetric capacity are strong benefits
of this electrode material that is often overlooked. The near three-
fold capacity enhancement of the 3D-structured WO;5 negative elec-
trodes is an important indicator of the versatility of wet-chemical
method in combination with ultrasonic spray deposition, but it also
indicates that further improvement is possible and necessary. Ob-
taining a suitable current collector with a larger thermal budget is
of high importance, as this is the limiting factor while probing the
performance of 3D-structured electrode materials (c.f. Chapter
11). Nevertheless, these results open up new routes for low cost,
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3D all-solid-state Li-ion batteries, including flexibility of (instable)
solid electrolyte choice such as LLT.
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3D all-solid-state Li-ion half-cells
of LLT and WO; by ultrasonic
spray deposition
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Abstract

By USD of solution precursors, conformal deposition
on non-planar surfaces of amorphous LLT solid elec-
trolyte on top of tungsten WOs negative electrode
has been studied, the results are presented in this
chapter. First, the combination of both materials was
studied in a planar configuration. Via ferrocenium
reduction studies, the electron blocking properties of
the LLT solid electrolyte were shown - vital for an
all-solid-state device. In addition, cyclic voltammetry
indicated activity of the LLT electrolyte as a Li-ion
conductor in a half-cell configuration. Galvanostatic
measurements indicate that up to 70% of the max-
imum pristine capacity could be reached for the half
stacks. Finally, 3D depositions were done on various
micro-sized Si template structures, showing fully
covering LLT films on top of 3D WOs5 films. The re-
sults of this study mark the start of 3D material in-
tegration for 3D thin film all-solid-state Li-ion batter-
ies via CSD.

209



3D half-cells of LLT and WO3 by ultrasonic spray deposition

1. Introduction

In a short summary, several building blocks of 3D thin film an all-
solid-state Li-ion battery are shown to be in place. For the solid
electrolyte, Chapter 4 and 5 showed LLT syntheses and characteri-
zation. Although 3D deposition was achieved (Chapter 5), the sig-
nificance of these findings remains to be proven. Especially the
morphology of the crystalline films remains a concern. Amorphous
LLT was proposed in Chapter 4, improving the morphology at the
cost of Li-ion conductivity. Unfortunately, synthesis of more stable,
garnet based LLZO solid electrolyte left little room for device inte-
gration due to the need of epitaxial stabilization and high thermal
budgets (Chapter 6). Therefore, the focus shifted towards alterna-
tive strategies.

In Chapter 7 a different approach was proposed, instead of choos-
ing the solid electrolyte material to match the negative electrode,
the approach was inversed. This led to the formation of active WO3;
films with good cyclability. Further improvement of this material
was attempted in the form of lithium doping (Chapter 8), but due
to the contraction during lithiation, this appeared to be a dead end
for a thin film all-solid-state battery. In addition, the
(de)intercalation voltage shifted to values outside the stability win-
dow of the LLT. Hence, planar and 3D deposition of tungsten oxide
(WO3) was shown (Chapter 9) as the start of a possible all-solid-
state half-cell. In this chapter, the combination of LLT and WOs is
studied in view of device integration.

2. Experimental

2.1 Synthesis of the tungsten oxide films

For 3D deposition purposes, the citrate precursor was selected for
this study. The precursor synthesis for the W-precursor (25 mM,
1:4 M:CA ratio) was reported in Chapter 9, as well as the deposi-
tion conditions for USD.
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2.2 Synthesis of the LLT / WO; stacks

In view of limiting the thermal budget, the citrate-nitrate precursor
was used for this study. The Li-La-Ti-precursor synthesis was re-
ported in chapter 4. Deposition was done as reported in Chapter 5,
although WOs-coated Pt substrates were used, annealed at 600°C
(Chapter 9). Planar Pt and Si trench structures were used for this
study, as described in chapter 9.

2.3 Characterization

SEM, XRD and electrochemical analyses were done in accordance
to the description found in Chapter 9. To check the electronic con-
ductivity of the films, a ferrocenium reduction experiment was
done. Cyclic voltammetry of the annealed samples were measured
at 10 mV-s'! for 5 cycles in 0.1 M of ferrocene (Sigma Aldrich,
>98%) in anhydrous acetonitrile (ATN; VWR, =99,9%), using
Ag/AgNOs (0.01 M) in 0.1 M Bu4NPFg as reference electrode. De-
posited films were used as working electrode. The ferrocene solu-
tion was bubbled in N, for 2 to 3 mins before the start of the ex-
periment.

3. Results and discussion

3.1 Decomposition of the precursor gel

Figure 1a shows WOs similar to the ones showed in Chapter 9. The
backscattering micrograph shows a clear difference between the Pt
and WOs;. Upon deposition of the LLT electrolyte on top, a slightly
darker layer of 120 nm can be found on top of the sandwiched WO
(Figure 1b). To ensure a dense morphology of the layer, a lower
precursor concentration (10 mM) was chosen to lower the growth
rate (6 nm-cycle!). The LLT has a very smooth morphology, due to
the fact that the material remained amorphous at 500°C. Further
heating towards the crystalline perovskite phase was not attempt-
ed, since previous attempts regarding a spin-coated film led to
crack formation (Chapter 4).
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Figure 1: Cross-section SEM micrograph showing
BSE and SE micrographs. a) 10 cycles of W-
precursor (25 mM) deposition on a planar Pt sub-
strate, annealed at 600°C and b) 20 cycles of Li-La-
Ti-precursor (10 mM) deposition on WO3/Pt sub-
strate, annealed at 500°C. All anneals were carried
out for 1 hour in static air.

3.2 Phase formation of LLT-coated WO; films

The XRD analysis (Figure 2) indicates that predominantly tetrago-
nal WOs (prepared with 600°C annealing) remains present after
the LLT coating (prepared with 500°C annealing). Since the LLT is
amorphous after the 500°C anneal (Chapter 4), no additional
peaks were expected for this material. However, a close analysis of
the lower scattering angles revealed that minor amounts of LWO
are present due to a solid-state reaction as a result of lithium diffu-
sion from the LLT layer to the WO3; underneath. LWO is known as a
negative electrode material with high Li-ion mobility (Chapter 8).
Although it has a larger storage capacity than crystalline WO3, the
intercalation voltage (1.55 V vs. Li*/Li) is too low to be compatible
with the LLT electrolyte, which suffers from a Ti** reduction at low-
er voltages.!*?! Hence, for this study the LWO is regarded as an
undesirable but unavoidable secondary phase for the LLT-WO3 half-
cell.
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Figure 2: X-ray diffractogram of 10 deposition cy-
cles of W-precursor deposition on a planar Pt sub-
strate, annealed at 600°C for 1 hour in static air
(red) and LLT-coated WO3; (prepared under the
same conditions) annealed at 500°C for 1 hour in
static air (blue). Tetragonal WO3 (JCPDS 1-85-807),
Pt (JCPDS 1-87-647), Si (JCPDS 1-72-1088) and
LWO (JCPDS 28-598) phases are all indicated ac-
cording to the stated reference.

3.3 Electrochemical analysis of LLT-coated WOs; films

First of all, electrochemical experiments were carried out to study
the electron-blocking properties of the spray deposited
electrolyte.®) Figure 3 shows a cyclic voltammogram of pristine
and LLT-coated samples in presence of ferrocene in a non-aqueous
liquid electrolyte. Upon increasing the working electrode potential,
ferrocene is oxidized to ferrocenium because of electron-transfer at
the surface of the sample (Equation 1),

Fe(CsHs), — [Fe(CsHs),]" +e” (1)
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For pristine WO3, this clearly occurs, as expressed in the oxidation
and reduction peaks. The semi-conducting WOs film clearly leads to
electron-transfer, facilitating a ferrocene oxidation and ferrocenium
reduction. Comparing this with the LLT-coated WO, no reactivity
of ferrocene can be observed for this sample. This implies that no
surface is available for electron transfer although the ferrocene is
fully exposed to the LLT surface. Hence, the lack of electron trans-
fer indicates that the LLT electrolyte film is strongly electron insu-
lating, which is crucial for application in an all-solid-state Li-ion
battery.
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Figure 3: Cyclic voltammogram showing ferrocenium
reduction for of 10 cycles W-precursor deposition on
a planar Pt substrate, annealed at 600°C for 1 hour
in static air (red) and LLT-coated WO; (prepared un-
der the same conditions) annealed at 500°C for 1
hour in static air (blue). The samples were measured
at 10 mV-st in 0.1 M of ferrocene in anhydrous ace-
tonitrile.

214



Part III - Chapter 10

Besides the Li-ion conductivity of the materials is of crucial im-
portance for the function of the electrolyte. From Chapter 4, a Li-
ion conductivity of amorphous LLT could be derived in the order of
108 S-cm™k. In the current study USD was used instead of spin-
coating for 3D deposition purposes, but the same nitrate-citrate
precursor was used in both cases. Therefore, pristine and LLT coat-
ed WOs3 were (de)lithiated in order to confirm the Li-ion conductivi-
ty of the electrolyte. First of all, it must be noted that the electro-
chemical window is limited to values suitable for the LLT electro-
lyte, since Chapter 4 showed that strong reduction reactions occur
below 1.7 V. To make sure no reduction of Ti*" occurs, the lower
limit is therefore fixed to 2.0 V vs. Li*/Li. Comparing the cyclic
voltammogram of the LLT-WO; stack to pristine WO5 reveals that a
current drop occurs (Figure 4). In addition, a larger overpotential
(approximately 50 mV) is observed in case of the LLT-coated WO;
sample. Although passivating effects of the electrolyte deposition
and anneal are not excluded, possibly related to the formation of
the LWO phase (Figure 2), both the drop in current and the in-
crease in over-potential can be related to the resistance induced by
the amorphous solid electrolyte layer on top of the WO;. By calcu-
lating the ohmic drop from Figure 4, combined with the 120 nm
thickness of the amorphous LLT (Figure 1), the Li-ion conductivity
of the solid electrolyte amounted 10° S-cm™ for the LLT/WO;
stack. In comparison to Chapter 4, where amorphous LLT was de-
posited on Pt or TiO,, the conductivity appears to be an order of
magnitude lower for the deposition on WOs. The reactivity with
WO3 (LWO formation, c.f. Figure 2) and different morphology of
the USD deposited films are thought to be the cause of the lower
Li-ion conductivity.
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Figure 4: Cyclic voltammogram of a WOs-coated
planar Pt substrate, annealed at 600°C for 1 hour in
static air (red) and LLT-coated WOs on a planar Pt
substrate (prepared under the same conditions) an-
nealed at 500°C for 1 hour in static air (blue). The
samples were measured at 1 mV-s* in 1M LiClO, in
PC.

Now the electronic insulation and Li-ion conductivity of the amor-
phous LLT film has been confirmed, the storage capacity of the
LLT-WOs5 stacks is studied. At first, relatively high current densities
were used (Figure 5) to make sure the confined volume approxi-
mation is valid (c.f. Chapter 9). However, this yields rather low
capacities as compared to pristine WO; films. With the LLT coating,
a current density of 12 pA-cm™ / 0.7 C yields a capacity of approx-
imately 150 mAh-cm™3, compared to 540 mAh-cm™ for pristine WO;
with the same current density.
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Figure 5: Galvanostatic measurements of 10 cycles
W-precursor deposition on a planar Pt substrate, an-
nealed at 600°C for 1 hour in static air (red) and
LLT-coated WO3 (prepared under the same condi-
tions) annealed at 500°C for 1 hour in static air
(blue). The samples were measured at various cur-
rents in 1.0 M LiCIO4 in PC.

At lower current densities a much higher capacity is reached by the
LLT-coated WO;5 (Figure 6). However, since the confined volume
approximation is not valid, normalized capacities are shown (i.e.
pristine WOs lithiation = 1.0). The (de)lithiation curves of the LLT-
coated WOs; (Figure 6) exhibit similar features as the pristine WO;
- including the charge plateaus of the WO3; phases. The capacity
reduction can partly be ascribed to the presence of the inactive
LWO phase, as was shown by XRD (Figure 2). However, the other
main factor limiting the capacity is related to a decreased rate per-
formance induced by the LLT layer; over 65% of the pristine ca-
pacity is reached at 0.07C, but this drops to 31% at 0.7C. Thus,
the smooth morphology and electronic blocking ensure crucial
functions of the LLT electrolyte, but the amorphous character
comes at a cost: reduced rate performance of the half-cell.
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Figure 6: Galvanostatic measurements of 10 cycles
W-precursor deposition on a planar Pt substrate, an-
nealed at 600°C for 1 hour in static air (blue) and
LLT-coated WO3 (prepared under the same condi-
tions) annealed at 500°C for 1 hour in static air
(red). The samples were measured at 1.2 pA-cm?/
0.07C in 1.0 M LiClO4 in PC, capacities are normal-
ized for pristine WOs.

3.4 LLT/WO; half cells on non-planar substrates

In accordance to the approach shown in Chapter 9, Si trench struc-
tures were coated with WOs. Next, LLT was deposited on top. For
comparison, the same results shown in Chapter 9 are shown again
(Figure 7a). To allow successful stacking, only the trench with as-
pect ratio 1, coated with a fully covering WO3 coating, was used for
the LLT-precursor deposition. The result in Figure 7b shows that a
conformal LLT solid electrolyte layer is deposited on top of the WO;
layer. In addition, the quantified conformality (33%) of the LLT
layer is much better than for the WO; deposition (at least 2%),
since the difference in thickness at the edge and bottom are con-
siderably smaller. Besides possible differences in the surface chem-
istry, the large difference is probably generated by the fact that the
sharp edge present in the uncoated trench, is no longer present
after coating with WOs. Hence, the LLT layer covers a curved sur-
face instead of a sharp corner, which is beneficial for the deposition
homogeneity. Although there is room for optimization of layer
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thicknesses, these results indicate that stacked fully covering coat-
ings are possible using a wet-chemical approach.

Figure 7: a) SEM BSE micrograph of 10 cycles of
W-precursor deposition on a trench of 30 by 30 um,
annealed at 500°C for 10 minutes in static air and b)
additional deposition of 10 layers of Li-La-Ti-
precursor deposition at 200°C with an anneal at
500°C for 10 minutes. Numbers indicate enlarged
micrograph locations.

3.5 Functional 3D half-cells

Based on the results shown for the trenches and micro-cylinders
shown previously (Chapter 5), the next step would be to measure
3D all-solid-state half cells consisting of LLT / WO / TiN / Si micro-
cylinders. Although thicker films were observed on the bottom of
the micro-cylinders (not shown), it was impossible to tell with cer-
tainty if the stack was present on the pillars due to a lack of con-
trast between the (thin) layers. The trench structure analysis
proved to be a much more valuable approach (Figure 7). Besides
the ambiguity about the presence of a LLT coating on the WOs;
coated micro-cylinders, the thermal budget used (10 + 10 minutes
at 500°C for both WOs + LLT) appeared to be too large for the TiN
current collector, or too short to yield active LLT, since no capacity
could be measured (not shown).
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4. Conclusion

With smooth morphologies and relatively mild thermal budgets, the
combination of citrate and citrate-nitrate chemistry yields function-
al planar half-cells of LLT on top of WOs. The traces of secondary
LWO phase identified in the LLT/WO3 half-cell is a mere indicator of
the reactivity of combined oxide materials during stacking process-
es, and clarifies the slightly reduced half-cell capacity at low
(dis)charge currents. Nevertheless, these results form the start to
tackle problems related to the Achilles’ heel of the all-solid-state
3D Li-ion battery research: 3D deposition of suitable solid electro-
lyte materials. In addition, the achievement of stacked oxide mate-
rials using USD - in 3D - is a major step forward in terms of possi-
ble new material architectures. Especially so, because both layers
were deposited with an easy-to-upscale process which can possibly
be applied to many other materials and devices as well.
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Abstract

In this chapter, 3D structured ITO thin films are syn-
thesized and characterized as a 3D current collector
applications. Using metal citrate chemistry in combi-
nation with USD, a low cost wet-chemical method
has been developed to achieve conformal ITO coat-
ings on non-planar scaffolds. Although there is room
for improvement with respect to the resistivity
(9.9:10°3 Q:cm, 220 nm thickness), high quality 3D
structured coatings were shown to exhibit conduc-
tive properties based on ferrocene reactivity. In view
of applications in Li-ion batteries, the electrochemi-
cal stability of the current collector was investigated,
indicating that stability is guaranteed for voltages of
1.5 V and up (vs. Li*/Li). In addition, subsequent 3D
coating of the ITO with WO3 as a negative electrode
(battery) material confirmed the 3D ITO layer func-
tions as a proper current collector. Using this ap-
proach, an over 4-fold capacity increase was booked
for 3D structured WO5 in comparison to planar sam-
ples, confirming the current collecting capabilities of
the ITO layer. Therefore, the 3D ITO presented is
considered as a highly interesting material, for 3D
battery applications and beyond.
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1. Introduction

In a world seeking a sustainable future, smart materials and struc-
tures are opted for energy harvesting, storage and consuming ap-
plications. 3D structure enhancements are often applied to en-
hance active material performance, mostly based on a kinetic ad-
vantage due to a better current distribution per (active) material
volume. Examples of this technology can be found within the field
of hydrogen technology,!*! 3D supercapacitors,!?! PV applications,*
3D lighting (LEDs)!*®! and battery technology.!®”! For 3D LED ap-
plications, which are based on the enlargement of active surface
area for light generation, 3D structured transparent conductive
oxides (TCO’s) can contribute to highly efficient 3D LEDs.[*! Upon
successful implementation of such a 3D electrode, further im-
provement of these devices would be possible as these systems
currently lack a transparent, 3D structured current collector as top
contact for the GaN pillar structures.!® For 3D Li-ion batteries, 3D
structured current collectors are essential for transportation of
electrons to the active battery materials (c.f. Part III). Since all
these applications involve the exchange of electrons; suitable cur-
rent collector materials are required for 3D structured (energy)
materials. Although several examples of 3D structured metals and
doped semi-conductors are available,® % conductive coatings re-
sistant to high temperatures are rare.

Although the choice is limited, some suitable current collector ma-
terials are known for these energy applications, including but not
limited to various metals, metal nitrides and transparent conduc-
tive oxides (TCOs). However, to date, few of these materials have
been deposited on 3D structures or patterned substrates. Current-
ly, the choice of these specific 3D structured electrodes is primarily
limited to ALD grown TiN[*%*2] and Pt.[*314] More specifically, TiN is
an excellent choice as a current collecting electrode for 3D Li-ion
battery applications, since the material acts as a current collector
and buffer layer to prevent lithium diffusion into the 3D structures
support.[*?! Although both TiN and Pt exhibit superior conductivity,
the vacuum conditions of the costly deposition method may limit
upscaling possibilities. Moreover, TiN tends to oxidize and form
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badly conducting TiO, under oxidative annealing conditions.[**]
Hence, emerging 3D structured technologies requiring elevated
annealing temperatures are limited by the lack of choice of suitable
3D structured current collector materials (c.f. Chapter 10).[1%!

For TCO's, attempts have been made for 3D depositions as well.
Using ALD, conformal coatings of AZO'”! and ITO!'® have been
reported. However, as stated previously, ALD is a costly route. Via
chemical bath deposition, ZnO was deposited in trenches, though
the aspect ratio’s achieved were below unity.[*®! Within this study,
the deposition and function of ITO as a current collector is investi-
gated by using a wet-chemical route with a large upscaling poten-
tial. Being an oxide, concessions have to be made with respect to
the resistivity, especially in comparison with metallic conductors.
Needless to say, the crystallinity and occurrence of vacancies is
influenced by annealing, hence the conductivity of ITO is suscepti-
ble to (high temperature) annealing conditions dictated by a sec-
ond material in case stacking is attempted (in view of device inte-
gration, c.f. Chapter 10). However, oxidation issues (a major issue
for the TiN previously mentioned in Chapter 9 and 10) cannot oc-
cur for ITO, since the ions involved are in the highest oxidation
state (In3** and Sn**). Similar to the approach shown in Chapter 5,
6, 9 and 10, here attempts have been made to coat 3D structured
substrates with ITO based on an all-citrate precursor. In this study,
the current collecting capabilities of ITO were studied in view of
application in 3D Li-ion batteries.

2. Experimental

2.1 Synthesis of the Sn-In-precursor

An aqueous citrato peroxo Sn** solution was prepared according to
the synthesis route developed by Stanulis et al.[?®! Hydrogen per-
oxide (H,0,, Acros Organics, 35%) was added to tin oxalate (Sig-
ma Aldrich, 98%) in a 12:1 molar ratio and heated to 80°C. Next,
citric acid (Sigma Aldrich, =99%) was added in a 6:1 molar ratio
with respect to Sn and heated to 80°C. Finally, the pH was raised
to 7.0 with ammonia (NHs3, Merck, 32%) to obtain the aqueous
Sn** precursor, with a colorless, transparent appearance. In3* cit-
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rate was prepared by mixing indium hydroxide (In(OH)s, U.M. Elec-
tro-optic materials) and CA in a 1:4 molar ratio, followed by the
addition of water. This mixture was heated under reflux conditions
for 90 minutes at 120°C. After cooling, the pH was adjusted to 7.0
with ammonia, yielding a transparent colourless solution. For both
Sn** and In®* solutions, the excess of CA was required to prevent
precipitations. The concentrations of both precursors were deter-
mined by ICP-AES (Chapter 4). Next, the aqueous Sn** and In3*-
solutions were mixed in a 1:9 molar ratio. Finally, ethanol was
added to the aqueous precursor in a 9:10 volumetric ratio, as pro-
posed by Gielis et al.l?!! The total metal-ion concentration of the
final mixed In-Sn-precursor amounted to 10 mM.

2.2 Film deposition

Four different types of substrates were used for this study: (i) Si,
(ii) SiOy, (iii) 3D Si (2x5), (iv) Si trenches (c.f. Chapter 2, Section
3). All the substrates were submitted to a modified piranha clean-
ing procedure: a consecutive sulphuric acid-peroxide and ammo-
nia-peroxide (SPM/APM) treatment.!??! In case of consecutive dep-
osition on top of the ITO coated substrates, cleaning with an UV/O3
treatment was applied at 60°C (30 min., Novascan PSD Pro Series)
prior to deposition.

The mixed In-Sn-precursor was deposited on various substrates via
USD (Exacta Coat, Sono-Tek cooperation) with deposition tempera-
tures ranging from 170°C to 230°C. The liquid was dispensed at
0.2 ml-min’! and the N, carrier gas pressure was set at 1.5 psi. The
distance of the spray nozzle to the substrate was approx. 2.6 cm
and it moved with a speed of 100 mm-s™. The number of deposi-
tion cycles (i.e. the number of times the spray head passes a point
on the substrate) was varied from 10 to 50 times with waiting
times of 5 seconds between the deposition cycles. For planar sam-
ples, intermediate heat treatments were applied every 5 cycles. On
3D micro-cylinders and trench structures no intermediate anneal-
ing was applied. Heat treatments were done on hot plates (300°C
and 600°C) for 2 minutes. The post deposition anneal was per-
formed using a rapid thermal processing unit (Annealsys, AS-one)
at 800°C in dry air (1 ml-min?) for 10 minutes, followed by 3
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hours at 400°C in nitrogen (1 ml-min’t). In both cases, the heating
rate was 10°C-s™'. This annealing procedure was adopted from
Sugahara et al.[?3! WO; was deposited consecutively on top of the
ITO coated substrates, as reported earlier in Chapter 9.

2.3 Characterization

The thermal decomposition profile of the dried In-Sn-precursor gel,
obtained by drying the precursor solution at 60°C, was investigat-
ed by TGA (TA instruments Q500). 2 mg of the gel was heated at
10°C-min’! using dry air (0.1 L-min™!) in a platinum crucible. The
morphology of the annealed ITO films was investigated via SEM
(FEI Quanta 200F). Profilometry was done with Bruker Dektak 150
Surface Profiler, with a 2 ym tip with a measurement length of 10
mm. The crystallization of the films was investigated by XRD, simi-
lar to Chapter 4. Van der Pauw measurements (Keithley 2400
SourceMeter) were done to determine the resistivity of the layers,
in combination with a thickness estimation based on SEM cross
sections. To check the electronic conductivity of the films, electron
exchange by ferrocenium reduction was studied, similair to Chapter
10.12%] A reference measurement was made on a commercial ITO
sample (coated boro-aluminosilicate glass, Sigma Aldrich). Cyclic
voltammetry and galvanostatic measurements were done with an
Autolab PGSTAT128N, using a three electrode setup (c.f. Chapter
2),1?%! filled with 1.0 M LiClO, dissolved in polycarbonate (Soulbrain
MA). During the galvanostatic measurements, the test cells were
operated with various currents ranging from 1.5 to 237 pA be-
tween 1.75 and 3.5 V, at 20.0°C via a custom made temperature
control chamber inside an Ar-filled glovebox.

3. Results and discussion
3.1 Decomposition of the Sn-In-precursor gel

The weight loss curve (Figure 1) of the mixed In-Si precursor gel
decomposition shows similar features known from other citrato-
metal decompositions.!?%26-28] First of all, loss of residual solvent,
water and ethanol, occurs up to 100°C, followed by the onset of
the first main decomposition peak (120-250°C). This results in a
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gradual slope from 250°C till 475°C, where the onset of the final
decomposition reaction starts. Finally, the reaction is completed at
510°C. The total weight loss after the final decomposition is 88%,
due to decomposition of the citrato complexes. Besides the In3*
citrate complex, which is a polynuclear complex with a 1:1 In:CA
ratio at pH 7,1%°! and the citrato-peroxo-Sn** complex (1:2 Sn:CA
ratio),[?®] an excess of uncomplexed citric acid is present, forming
ammonium citrate with the added ammonia. Van Werde et al.
showed that oxidative decomposition of ammonium citrate results
in strong NH3 and CO, evolution between 150 and 280°C, as well
as decomposition of nitrogen containing compounds between 300
and 650°C.B% Since decomposition of ammonium citrate mostly
coincides with the indium and tin complex decomposition, specific
features related to ammonium citrate decomposition are hard to
discriminate in the mixed metal citrate precursor.3!]
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Figure 1: TGA of the In-Sn-precursor (10% Sn),
with a heating rate of 10°C-min’tin dry air.
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Since 90% of the In-Sn-precursor is composed of the In-precursor,
the decomposition profile of the In-Sn-precursor (Figure 1) shows
great resemblance with the decomposition of the (separate) In-
precursor (Figure 2). Small differences can however be observed
between the In-Sn-precursor and In-precursor; this is clearly seen
in the derivative curves (Figure 1 and 2a). These features are most
clearly visible in the derivative curve shoulders at 130 and 470°C,
as well as a (local) maximum at 220°C, representing decomposi-
tion reactions related to the citrato-peroxo-Sn** complex (Figure
2b). While approaching the final weight at 510°C, (partial) crystal-
lization is expected to start slightly before or immediately at this
temperature. The conversion of M-O-C bonds to M-O-M bonds
(where M = Sn, In) readily leads to crystallization at these temper-
atures, as amorphous ITO is reported to crystallize at temperatures
as low as 125°C.[32) However, to increase the conductivity, suffi-
ciently high temperatures were chosen (up to 800°C), similar to
other ITO films prepared by wet-chemical processing.[?3:33]
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Figure 2: TGA’s of (a) In-precursor and (b) Sn-
precursor, both measured with a heating rate of
10°C-min’t in dry air.

3.2 Film morphology and phase formation

The temperature of the substrate during spray-deposition, greatly
influences the morphology of the films deposited on planar sub-
strates (Figure 3). A lower deposition temperature leads to larger
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droplets because less evaporation occurs before the droplets hit
the substrate.3*! In addition, coalescence is more likely to occur at
low temperatures since the droplets have more time to flow over
the surface. 13> This results in large droplets on the substrate sur-
face, leading to rough surfaces. At higher temperatures, smaller
droplets are deposited due to solvent evaporation. In addition,
droplet immobilization is accelerated and coalescence is less likely
to occur (c.f. Chapter 2).
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Figure 3: Profilometry results of In-Sn-precursor
(10% Sn) showing as-deposited and intermediate
anneal (2 min. at 300°C and 600°C) RMS roughness
values as function of deposition temperature after 5
deposition cycles of In-Sn-precursor (10 mM) with
ultrasonic spray deposition on Si native oxide sub-
strates.

It is thought that the combination of smaller droplets and reduced
coalescence is the reason that higher deposition temperature yields
smoother films. As can be observed for all deposition temperatures
measured (Figure 3), the intermediate annealing leads to a large
roughness reduction. Roughness arising from the deposition is
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reduced since height differences (i.e. roughness) are reduced as
well, due to densification during the anneal. Hence, (rough) low
temperature deposited films smoothen upon annealing, but they do
not surpass (smooth) high temperature deposited films that also
densify during annealing. This is the reason why the so-called ‘in-
termediate annealing’ was applied during the synthesis, i.e. every
5 deposition cycles the layers undergo a short high temperature
anneal to decompose the precursor before the next deposition cy-
cles.

An example of the obtained morphology is shown in Figure 4 (after
high temperature annealing). Deposition of the In-Sn-precursor on
silicon wafers with thermal oxide yielded a slightly rough, but con-
tinuous film after an anneal at 800 (10 minutes, dry air) and 400°C
(3 hours, N,). The growth rate was determined to be approximate-
ly 9 nm per deposition cycle, leading to a layer thickness between
220 and 230 nm for 25 deposition cycles (Figure 4).

Figure 4: SEM micrograph (back-scattered and sec-
ondary) of ITO films (220 nm) on SiO,, as a results
of 25 spray deposition cycles at 220°C with
intermediate annealing up to 600°C every 5 cycles.
The sample was submitted to a post-deposition
anneal at 800°C (5 minutes, dry air) followed by
annealing under inert conditions (3 hours, 400°C in
N,).

Besides reduced roughness on the planar samples, the higher dep-
osition temperatures are also favourable for the 3D deposition as
observed in Figure 5. At low temperatures (<190°C) a poor coating
is found on the silicon micro-cylinders. The material is primarily
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deposited as a thick film on the bottom of the substrate, without
coating the vertical areas. While assuming the deposited material
consists of a slightly flowing gel at low deposition temperatures,
the material flows downwards during the deposition process, yield-
ing a layer that is primarily situated at the bottom of the micro-
cylinders.!*®] At higher deposition temperatures (>210°C), the
deposition can be tuned to yield an ITO film which is covering the
entire surface of the micro-cylinders. More specifically, 220°C was
found to be the optimal deposition temperature (Figure 6).
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Figure 5: SEM micrographs of ITO films on 3D Si
(2x5); as a results of 50 spray deposition cycles with
10 mM In-Sn-precursor, using the indicated deposi-
tion temperatures. The substrates were submitted to
SPM/APM cleaning prior to deposition, and the ITO
films were subjected to a post-deposition anneal at
600 for 1 hour in dry air (static). Artefacts on top of
the micro-cylinders are a result of the fabrication
process (not related to cleaning or ITO deposition).
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Figure 6: SEM micrograph of ITO film on 3D Si
(2x5), as a results of 50 spray deposition cycles with
10 mM In-Sn-precursor, with a deposition tempera-
ture of 220°C. The sample was annealed at 600°C
for 1 hour in static air after deposition. Artefacts on
top of the micro-cylinders are a result of the fabrica-
tion process (not related to cleaning or ITO deposi-
tion).

It is thought that the higher temperature immobilizes the gel, pre-
venting too much flow down the micro-cylinders, therefore leading
to more evenly spread precursor all over the micro-cylinders (c.f.
Chapter 9).

Besides the deposition temperature, which was shown to have a
great influence on the coatings, the wettability of the precursor
proved to be of importance. To achieve good wetting of the precur-
sor, the surface chemistry is considered by optimizing the sub-
strate surface and surface tension of the precursor. It was shown
before that the addition of ethanol to the aqueous citrate solution
is of importance because this lowers the surface tension of the
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precursor, improving the wetting behaviour.[?!! In addition, the
substrate surface was tuned by improving the hydrophilicity using
a modified piranha cleaning procedure: a SPM/APM treatment.!??!

Figure 7: SEM micrograph of ITO films on 3D Si
(2x5), as a results of 50 spray deposition cycles with
10 mM In-Sn-precursor at 200°C. The sample was
cleaned with UV/Os; prior to deposition, and an-
nealed at 600°C for 1 hour in dry air (static) after
deposition.

Without this additional cleaning, no complete coating of the entire
micro-cylinders was achieved, especially with respect to the bottom
part of the cylinders (c.f. Figure 7). Recalling Chapter 6, where 3D
deposition of the Li-La-Zr-precursor was discussed briefly, the
same phenomenon occurred on coating of 3D Si with LLZO. In con-
trast, LLT (Chapter 5) and WO3 (Chapter 9) were successfully de-
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posited with a citrate precursor on 3D TiN. Although a complete
comparison does not apply because the materials differ, these re-
sults indicate that the surface chemistry of Si (as a result of an
UV/0O3 clean) may be the reason why complete coating was not
achieved without additional cleaning of 3D Si. For ITO, optimization
of the surface chemistry with a SPM/APM clean, precursor wettabil-
ity and deposition parameters together yields the desired result:
high quality ITO layers on 3D structured scaffolds, down to the
micron scale.

Figure 8: SEM micrograph of ITO films on Si trench
structure 30 ym wide and 30 pm deep, as a results
of 5+5 spray deposition cycles with 10 mM In-Sn-
precursor, at a deposition temperature of 220°C.
The samples were submitted to a post-deposition
anneal at 600°C for 1 hour in dry air (static).

Whereas the use of micro-cylinders makes it difficult to check the
conformality and layer thickness, deposition on micrometre sized
trench structures enables an accurate determination of the con-
formality (Figure 8). At a deposition temperature of 220°C, thick-
nesses along the trench were found to vary from 160 nm at the top
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of the trench, down to 55 nm in the corner of the trench. There-
fore, the conformality of the deposition was determined to be 35%.
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® S 2D WO,/ITO/SIO, (10 min. 800 °C + 3h 400 °C)
e 7D ITO/SIO, (10 min. 800 °C + 3h 400 °C)

1 % 0,

e 2D ITO/SIO_ (1h 800 °C)

Intensity (a.u.)

20(°)

Figure 9: X-ray diffractograms of (3D) pristine and
WOs coated ITO films (220 nm) on SiO,, as a results
of 25 spray deposition cycles at 220°C with interme-
diate annealing up to 600°C every 5 cycles. The
samples were submitted to a post-deposition anneal
at 800°C (10 minutes, dry air) followed by annealing
under inert conditions (3 hours, 400°C in N;). WO;
coated samples (10 cycles of 25 mM W-precursor)
were annealed at 600°C in static air for 1 hour.
In,O3 cubic JCPDS (006-0416), Tetragonal WOs;3
(JCPDS 01-85-807) and Si (JCPDS 01-72-1088)
phases are all indicated.

Figure 9 shows the XRD results of the ITO films deposited on SiO,.
Except for the Si substrate peak, all peaks can be attributed to
cubic indium oxide. Exact determination of successful Sn substitu-
tion is rather difficult on films by means of XRD, as several factors
(other than Sn substitution) influence the expected increase of
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lattice parameters.l*®] On the other hand, no SnO, or related
phase(s) could be detected, suggesting that doping was indeed
successful.!33:37:38]

3.3 Electrical properties

For the planar samples, the resistivity values strongly depend on
the applied annealing procedure, as can be observed in Table 1.
With an anneal at 600°C in dry air, a very high resistivity is meas-
ured (not shown). A higher annealing temperature of 800°C under
oxidative conditions significantly reduces the resistivity, which
might be due to an increased crystallinity of the samples, as sub-
stitutional Sn ([Sn*®]) does not contribute to conductivity in amor-
phous ITO.[32] Using inert annealing conditions at 800°C, after a
short oxidative anneal to decompose the residual organics, signifi-
cantly improved resistivity values are obtained. A final improve-
ment was made while following findings of Sugahara et al.!?3! While
combining a short, oxidative high temperature anneal (10 minutes,
800°C, dry air) with a much longer, low temperature anneal under
inert conditions (3 hours, 400°C, N,), the best resistivity value
measured amounted 9.9:10° Q-cm. No significant differences in
crystallinity could be observed with XRD between samples an-
nealed at 800°C for 1 hour or 10 minutes at 800°C combined with
3 hours at 400°C under inert conditions (Figure 7). Processing un-
der inert conditions therefore suggests an increase in the oxygen
vacancies (Vo**).[*®] While comparing the conductivity results with
other wet chemical synthesis routes, it must be noted that the
resistivity is an order of magnitude higher than recent results ob-
tained by spin-coating.!?3! The reason that the resistivity of the
films obtained by USD in the current study is still higher, is mainly
sought in a higher surface roughness. For spin-coating, sub-
nanometre values were reached,!?®! whereas the roughness values
obtained in this study are approximately two orders of magnitude
higher (Figure 2).
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Table 1: Resistivity values measured by the ‘van
der Pauw’ method in combination with SEM to de-
termine the layer thickness as function of various
annealing conditions. The ITO films (220 nm) were
deposited on SiO,, as a result of 25 spray deposition
cycles at 220°C with intermediate annealing up to
600°C every 5 cycles. The standard deviations of all
samples were below 1:10™* Q-cm.

Anneal Resistivity
(Q:cm)
800°C 1h DA 3.2:107
800°C 1h Ar 2.8:107
800°C 5 min. DA + 3h N, | 9.9-10°3

150 q === 2D ITO coated Si02 0.1 M FeCp, in ATN
3D ITO coated Si 2
125 4 3D Si
=== Thermal SiO2
100 4
= 754
<
1= 50 +
g
3 25+
04 — /:
_25 - «\/
-50 T

-0.2 -0.1 0.0 0.1 0.2 0.3
Voltage (V vs. Ag/AgNO,)

Figure 10: CV showing electron transfer of ferro-
cene/ferrocenium on planar samples (1 mV/s). The
ITO films measured were deposited in accordance
with samples shown in Figures 3 and 5. Both ITO
coated samples were annealed 10 minutes at 800°C
(dry air) and 3 hours at 400°C (nitrogen).

The current collecting-properties in 3D cannot be probed directly
by the ‘Van der Pauw’ method, but qualitative assessment of the
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ITO layer functionality was done by measuring ferrocenium reduc-
tion (Figure 10). Upon successful electron transfer, ferrocenium is
reduced to ferrocene at the surface (c.f. Chapter 10).?#3°1 For the
planar samples - which did allow direct determination of the resis-
tivity by ‘Van der Pauw’ method - a clear difference is observed in
comparison with the (non-conductive) uncoated sample (SiO,) and
ITO coated sample in the CV (Figure 10). The uncoated sample
hardly shows any response due to the non-conductive SiO, at the
interface, whereas the ITO coated sample shows a reduction of
ferrocenium at the ITO surface at -0.04 V.

2504 0.1 M FeCp, in ATN
200 4
150 4
100 4

50 -

04

Current (uA-cm®)

-50 4

-100 4

-150 T T T T T
-0.2 -0.1 0.0 0.1 0.2 0.3

Potential (V vs. Ag/AgNO,)

Figure 11: CV of a commercial ITO film (1 mV/s).

However, no clear oxidation peak is observed. A comparison of
these results with a commercial ITO film reference measurement
(Figure 11) explains the lack of an oxidation peak. The commercial
ITO, with a lower resistivity, hardly shows an oxidation peak either,
although a broad low intensity oxidation can be observed at 0.23 V
(vs. Ag/AgNOs3). Hence, the higher resistivity of the spray-
deposited ITO coating leads to a less intense oxidation peak, mak-
ing it unmeasurable (Figure 10). The same experiment was done
on ITO coated micro-cylinders, but no clear oxidation and reduction
could be observed here either. The ITO coatings 3D Si micro-
cylinders are significantly thinner (Figure 8). Hence, more resistivi-
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ty leads to a lack of reduction and oxidation peaks for the 3D
measurements in the cyclic voltammogram. However, these meas-
urements do suggest a slight increase in surface activity with re-
spect to electron transfer reactions for the 3D ITO coating com-
pared to non-coated Si micro-cylinders.

3.4 Towards Li-ion battery applications

In general, any possible current collector within the field of (3D) Li-
ion batteries requires low electrochemical reactivity with respect to
Li*. For example, TiN shows hardly any electrochemical activity,
even at low voltages vs. Li*/Li.[*Y! To judge if the ITO coatings are
of interest within the field of Li-ion batteries, the electrochemical
activity of these coatings was investigated. By means of cyclic
voltammetry with metallic lithium as reference and counter elec-
trodes in a non-aqueous electrolyte, the insertion and extraction
into the deposited ITO was studied between 0 and 4 V (Figure 12).
Clearly, the reactivity of the deposited layer strongly depends on
the voltage range applied. Above 1.6 V (vs. Li*/Li), no redox reac-
tions take place, implying that the material is stable within this
voltage range. At lower potentials, two reductions and one large
oxidation can be observed (indicated with 1, 2 and 3 in Figure 12).
The reductions (0.7 and 0 V) may be related to Sn** reduction and
alloying of lithium with reduced Sn, respectively.!*%4!1 Although no
clear indications of overlapping peaks are present, the 0.7 V reduc-
tion peak (1 in Figure 12) can also be associated with indium re-
duction below 1.0 V 2431 a5 well as SEI formation.[*®*!] The latter
seems more plausible since irreversible reactions are clearly occur-
ring (due to the lack of an oxidation peak).
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Figure 12: CV showing reactivity of ITO films with
lithium (ions). The ITO films (220 nm) were deposit-
ed on SiO,, as a results of 25 spray deposition with
intermediate annealing up to 600°C every 5 cycles.

Finally, the reduction peak at 0 V and oxidation at 1.3 V (indicated
by 2 and 3, Figure 12) can also be due to SiO, (de)lithiation,!**
although the negligible electronic conductivity of this material
makes these reactions unlikely.

In view of applications as a current collector for Li-ion batteries,
lithium reactivity with the ITO and / or substrate is undesired. Not
all battery electrode materials are suitable for direct deposition on
top of the ITO. The stability at high potentials makes the ITO suit-
able to be combined with positive electrode materials such as
LiCo0,.1?°1 On the negative electrode side, electrodes with
(de)intercalation voltages below 1.5 V such as metallic lithium and
lithiated graphite should be avoided, as these materials would in-
stantly react with the ITO and lead to loss of charge. This means
that combination with high voltage negative electrodes (‘anodes’)
such as LTO,!>4¢] Ti0, and WO5 should be possible,[40:47:48]

In this study, a proof-of-principle is shown using the latter materi-
al: WOs. To study the influence on present crystalline phases, pris-
tine ITO and WOs-coated substrates were measured by XRD (Fig-
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ure 9). Upon coating with WO3, the peaks assigned to ITO remain
present, indicating that at least part of the crystalline ITO coating
is preserved. Furthermore, no secondary phases were observed;
XRD gives no indications of ITO degradation or side reactions oc-
curring during the annealing required to crystallize WOs3 (1 hour at
600°C). It is however possible that the long, relatively low temper-
ature anneal (3 hours at 400°C in N,), has an effect on the oxygen
vacancies in ITO, and hence its conductivity. WO3 peaks are clearly
observed for the WOs-coated ITO in Figure 9; the sample consists
of tetragonal WOs. The same result was obtained with WO3 deposi-
tion on TiN and Pt, which was discussed in Chapter 7 and 9.
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Figure 13: Delithiation results of planar (2D) and

3D WOs3 coated ITO on 3D Si (2x5). The planar and

3D samples were coated by 2 / 25 and 16 / 50 dep-

osition cycles of W-precursor / In-Sn-precursor, an-

nealed at 800°C (10 minutes) + 400°C (3 hours) in

dry air + N,. Cut-off voltages of 1.75 and 3.5 V (vs

Li/Li*) were chosen, with discharge currents per

cm?.,
Although the 3D ITO coating suffers from resistivity limitations for
the ferrocene electron transfer (Figure 10), Figure 13 is direct evi-
dence for functionality of the 3D ITO coatings. The planar and 3D
samples, yielding an 8-fold surface enhancement, were compared
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via galvanostatic cycling (Figure 13). The same current per amount
of deposited material is applied (i.e. 3D samples consist of 16 dep-
osition cycles, measured with an 8-fold current of the planar sam-
ples consisting of 2 deposition cycles). With an 8-fold increase of
the active material and electrode surface for current collection (due
to the use of ITO coated Si micro-cylinders), an 8-fold capacity
increase would be expected while applying the same current densi-
ty (per cm? coating). In practice an over 4-fold capacity increase
for 3D compared to planar samples (Figure 13) was achieved. Alt-
hough this is not as high as theoretically possible, it does surpass
previous results shown in Chapter 9 with TiN as a current collector.
To make sure that this difference in capacity is not related to the
ITO layer itself, galvanostatic measurements on pristine ITO were
done, yielding a capacity of 53 nAh-cm™ (with 1.5 pA-cm? current
density) within this voltage region. This implies that ITO has a neg-
ligible capacity during these measurements, and that the capacity
probed indeed belongs to the active (WO3) material.

The main reason why the 8-fold capacity improvement is not en-
tirely reached is sought in the imperfect deposition of WO5 leading
to an uneven current distribution (Chapter 9). The over 4-fold ca-
pacity enhancement slowly drops to a 3.2-fold improvement while
increasing the current to 119 pA per cm? footprint (15 pA per cm?
coating, 4.4C), illustrating that the combined 3D stack is not per-
fect, but 3D enhanced capacity is achieved up to high currents
(Figure 14). However, while further increasing to even larger cur-
rents of 237 pA per cm? footprint / 30 pA per cm? coating (i.e.
8.7C), the capacity of both planar and 3D samples drop significant-
ly, implying that a kinetic drop-off is reached in terms of Li* diffu-
sion and / or electronic conductivity of the active material (WOs).
Since the drop for the 3D sample is more severe, compared to the
same experiment done with TiN as current collector (Chapter 9), it
clearly indicates that spray-deposited ITO is more suitable for
slightly lower current densities. This may be solved by depositing
thicker 3D ITO films.
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Figure 14: Capacity/C-rate Double-log plot of pla-
nar (2D) and 3D WOs coated ITO on 3D Si (2x5),
similar to Figure 13.

4. Conclusion

The CSD route, using citrate based precursors in combination with
USD, proves to be a very versatile route for the deposition of a 3D
structured current collector material. Surface chemistry, precursor
chemistry and deposition temperature proved to be of vital im-
portance for successful 3D deposition. The study aiming at imple-
mentation in 3D all-solid-state Li-ion batteries, led to an over 4-
fold capacity increase due to the use of 3D architectures. This illus-
trates the potential of this approach. Although the use of the ITO
current collector already yields remarkable results for the field of
3D Li-ion batteries within the constraints dictated by the electro-
chemical stability of ITO, the main future challenge lies in rough-
ness reduction to decrease the resistivity, thereby limiting the re-
quired film thickness and yielding more space for active (energy)
materials. The outcome of this study is of interest to other applica-
tions as well, such as 3D LED or photovoltaic applications. Howev-
er, for these applications new strategies to reach comparable re-
sults with lower annealing temperatures should be investigated, as
the annealing temperature (800°C) remains a bottleneck for device
integration with ITO as a top current collector. Nevertheless, this
study underlines the potential the wet-chemical approach has in
tackling the (smart materials) challenges of tomorrow.
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1. Conclusions

The topic of this thesis was the deposition and characterization of
functional thin film battery materials by means of wet-chemical
routes, especially related to 3D depositions. At the end of this
study, it can be concluded that versatility of this approach was
shown for a lot of different parts of the all-solid-state battery,
namely (i) the electrolyte, (ii) the electrodes and (iii) the current
collector. Because the electrochemical window is often used for
combining materials in the work presented in this thesis, a graph
summarizing the studied materials with respect to their electro-
chemical stability (or activity) is shown in Figure 1.

AR Lo (2D 500°C) WO, (3D 500°C, 2D 400°C)

-~ »
Solid-electrolytes Amporphous: LLTE :0)
Perovskite LLT 3D

Garnet LLZO 2D

800/ 400°C

Potential window

ov 1v 2V 3V 4av

Figure 1: Schematic view of the electrochemical
stability of the electrolytes and current collector
studied. Furthermore, the studied electrodes are
shown with respect to their main charge plateau.
The Li electrode is shown for reference purposes.
The electrochemical stability of LLZO could not be
determined during this study, but the stability is
based on literature. The proven 3D deposition or
solely planar (2D) and minimal synthesis tempera-
ture are included as well.

For electrolytes, the deposition of garnet based LLZO appeared to
be too big a challenge. First of all, the phase formation for this
material appeared to be too demanding for device integration,
since the phase could only be obtained via epitaxial stabilization.
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Although no conclusive evidence could be presented, the formation
of lithium carbonate does not seem to aid the crystallization pro-
cess. Besides, even if epitaxial stabilization is applied, the anneal-
ing temperature (800°C) could not be lowered sufficiently, yielding
temperatures that are highly challenging for electrodes and current
collectors. Therefore, the future of (crystalline) Li-stuffed garnet
electrolytes within the field of thin film Li-ion batteries is ques-
tioned.

As an alternative, deposition of LLT was investigated. Although the
intrinsic issue of titanium reduction could not be circumvented,
functional materials could be achieved. However, the highly con-
ductive crystalline phase could not be formed within the tough
morphological constraints, implying that pinholes could not be pre-
vented for crystalline LLT. With a citrate-nitrate based precursor,
amorphous LLT could however be established. Here, a major gain
in morphology was established at the cost of conductivity (107 to
10° S-cm™). Although the limited electrochemical stability and
conductivity do not make this a state-of-the-art material, the fact
that it can be deposited in 3D with a large degree of freedom with
respect to synthesis conditions and underlying electrode material,
make it an interesting candidate solid electrolyte. With a 3D depo-
sition conformaility of over 30%, the wet-chemical deposition of
this material is on par with deposition of several chemical vapour
deposition processes.[+?]

To integrate the LLT electrolyte, a suitable electrode material was
selected with beneficial properties with respect to required synthe-
sis conditions and electrochemical characteristics: WO (c.f. Figure
1). The first approach, aimed at achieving WO3 at relative low
temperatures, involved unrevealing complex (redox) reactions
occurring during the precursor synthesis, leading to the conclusion
that crystalline WO3 particles could be formed at very low tempera-
tures. Spray deposition of these films led to electrochemical active
films at relative low temperature (400°C). This is of great im-
portance, since this synthesis temperature in combination with the
slightly reduced tungsten precursor led to a protection of the oxi-
dative TiN current collector. Hence, this approach yielded active

250



Chapter 12

films on TiN (and Pt), which is a major step forward within the field
of wet-chemical processing.

However, the particle based approach was unsuitable for 3D depo-
sitions. Therefore, a second approach was made to obtain 3D WOs;
films. A citrate-based molecular precursor was developed that did
yield 3D deposition of WOs on various 3D architectures, at the cost
of an increased thermal budget (required for the citrate decompo-
sition reactions). The thermal budget dictated by the oxidative TiN
posed a challenge yet again. In this thesis two possible solutions
were explored. At first, a study was done regarding the decomposi-
tion and crystallization of the citrate-based tungsten precursor
deposition. This led to a minimization of the annealing applied (10
minutes at 500°C), yielding active 3D structured WOs films. A sec-
ond approach was done by replacing the oxidative TiN with 3D
spray-coated ITO. For the latter approach, an all-citrate precursor
was prepared and deposited successfully deposited on 3D architec-
tures. By coating the 3D ITO films with WO5, functionality of the
WOs3 coatings was proved. In the best case, a 4.5 fold capacity
increase per footprint area was established due to the use of 3D
architectures, which surpasses all other results established before
within the field of wet-chemical processing, as well as some exam-
ples of vacuum-based deposition.tt:34]

Integrating LLT and WO5 proved to be a versatile combination, as
active half-stacks were shown. Although secondary phases were
found as a result of lithium diffusion from the top solid electrolyte
to the negative electrode underneath, 70% of the pristine capacity
was established with the all-spray-coated solid-state half-cell. In
addition, a 3D half-cell was shown as well, showing the versatility
of the wet-chemical processing in combination with spray-coating
yet again.

In an effort to establish formation of cubic LigsWO3 negative elec-
trodes by lithium doping on forehand (instead of electrochemical
lithiation), LWO films were obtained. Though films of this negative
electrode material with high volumetric capacity (over 1000
mAh-cm™3 was measured at 1.2C) were never reported before, the
significance of the findings was overshadowed by the poor cyclabil-

251



Conclusions and outlook

ity of the films. Strong contraction and expansion effects deterio-
rated the LWO films. Although it was shown that these effects
could be limited by lowering the lithium doping levels, the long
term cyclability remained an issue. Therefore, this approach is
clearly not of interest for thin film Li-ion batteries.

Besides progress established for the application of selected materi-
als as well as deeper insights into hew materials combinations and
precursor chemistry, more general things can be learned from the
work presented in this thesis:

(i)

(i)

(iii)

(iv)

A colloidal suspension seems to be a poor choice to
yield 3D coatings via spray-coating, since inhomogene-
ous depositions were established with this approach.
With the successful 3D deposition of LLT, WO3 and ITO,
the findings by Gielis et al. [>®! appear to be applicable
to a broad variety of materials and precursors. More
importantly, it was shown that highly functional mate-
rials can be obtained with this approach. Although
questions remain, this thesis yielded new insights in
this process with respect to applicability. In addition, a
critical assessment of the deposition on various sub-
strates was made, as well as the functional properties
of the deposited materials.

This work shows that 3D deposition by spray deposition
is not exclusively possible with an all-citrate
precursor.l>®] With a rather common nitrate-citrate ap-
proach, 3D depositions were established as well. In
some cases the citrate-nitrate route may be more suit-
able, since decomposition occurs more easily than for
the all-citrate precursor. These findings open up new
approaches for low-temperature routes such as com-
bustion synthesis.!”!

Finally, this work underlines the significance of a sys-
tem oriented approach. Conductivities and/or capaci-
ties can be optimized for a separate or isolated materi-
al, but most of the gained performance can be made
undone upon integrating the material with other parts
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to yield a full device. Diffusional issues, interfaces, dis-
ruption of the original lattice; numerous effects can
come into play upon device integration. In this thesis
just a few small examples were shown about how com-
plex device integration can be, especially if large ther-
mal budgets are required. Arguably, a combination of
less perfect materials (in terms of crystallinity, stoichi-
ometry, etc.) can be more versatile than high quality
materials that are inflexible in view of integration.

Finally, this work showed that wet-chemical synthesis of thin film
materials for 3D all-solid-state Li-ion batteries is not only possible,
but the activity of the materials deposited was shown as well.
Since all these results were achieved with cost-effective and highly
up-scalable methods, it can be regarded as a major breakthrough
within the field of wet-chemical processing and 3D thin film all-
solid-state Li-ion batteries as well.

2. Outlook

Although the 3D deposition of LLT is great improvement for the
field, the conductivity achieved for this amorphous material re-
mains to be improved. Especially because 3D thin-film all-solid-
state Li-ion batteries are designed to achieve high current densi-
ties, the loss in performance at high currents shown in this study is
simply too large for many applications. Studying additional lithium
doping, or exchanging the electrochemically instable titanium with
other metals may yield interesting results in both conductivity and
electrochemical stability of this amorphous material.

The main issue emerging several times in this work was the ther-
mal budget of the current collector. Though a start was made with
the ITO current collector, further improvements are required. For
instance, a thorough study aimed at improving the electronic con-
ductivity of this (3D) material could be done, yielding better per-
formance at comparable current collector thicknesses.

Although current collectors, negative electrodes and solid electro-
lytes have been discussed, the positive electrode remains to be
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deposited to yield a full 3D thin film all-solid-state battery. Future
work is required here, especially regarding the deposition of high
voltage positive electrodes such as lithium manganese nickel oxide
(LMNO).!®! This material, with a (de)lithiation voltages as high as
4,7 V vs. Li*/Li, would seriously improve the power density of the
LLT/WOs5 stack studied in this work. Since no reactivity of the LLT is
expected at high voltages, this regarded as a very promising route
worth exploring.

Finally, questions remain regarding the deposition process used.
Although new insights were gained here, a more fundamental
study aimed at understanding all the different processes occurring
during USD of 3D surfaces is expected to be very rewarding. This
would not only aid the development of 3D Li-ion batteries, but var-
ious other smart (energy) materials as well.
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Summary

With this thesis, the use of wet-chemical synthesis routes within
the field of 3D thin film all-solid-state batteries was explored. This
battery concept combines both high energy density and power
density in the form of 3D architectures. Although the concept is
simple, deposition of the materials involved is challenging. In this
thesis, this topic is addressed with wet-chemical synthesis routes
combined with spray-deposition, because of i) low cost, ii) scalabil-
ity and iii) ease of multi-metal material deposition. Successful im-
plementation of 3D thin film all-solid-state Li-ion battery concept
would be very rewarding, since lifetime and safety of batteries
would be improved tremendously.

Two materials classes were selected to be used as solid electrolyte
within this study. First lithium lanthanum titanate (Lig.3s5Lag.55TiO3)
was studied. By spin and spray-deposition of a nitrate-citrate pre-
cursor, high quality films were obtained with thicknesses between
90 to 120 nm. Although highly conductive tetragonal phase was
obtained at higher annealing temperatures (700°C), morphological
issues such as pin-holes could not be prevented. While preparing
the material in amorphous form at 500°C, a conductivity of 3.8:10"
8 5.cm™ was measured. However, the electrochemical stability was
limited due to Ti** reduction at 1.5 V (vs. Li/Li*). With spray-
coating, two different synthesis routes yielded 3D coatings on vari-
ous 3D architectures. With a conformality of over 30%, this proved
to be a unique approach to obtain 3D structured thin film solid
electrolytes. In an effort to resolve the issue of electrochemical
stability of the solid electrolyte, the synthesis of Li-stuffed garnet
lithium lanthanum zirconate (LisLasZr,0;;) was studied. However,
due to crystallization issues and demanding thermal budgets, this
proved to be a less suitable material.

Tungsten oxide (WO3) was prepared as a negative electrode to be
combined with the less electrochemically stable lithium lanthanum
titanate, in order to study functional half-cells. Two different routes
were studied for WOs thin film synthesis. First, a colloidal suspen-
sion was prepared an studied, identifying the reaction mechanism
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responsible for chloride removal from the tungsten-chloride based
precursor. Spray-deposition of the crystalline, rod-shaped WOs;
particles yielded smooth WOs3 films of 150 nm thickness. Electro-
chemical activity of the films was achieved at 400°C and higher,
with stable cycling performance shown for 100 cycles on (oxida-
tive) TiN current collectors, with capacities over 600 mAh-cm™. To
establish higher capacities, lithium doping of WO3; was studied,
yielding the Li,W,0- phase. Contraction and expansion effects ren-
dered this material unsuitable for thin-film Li-ion batteries. For 3D
deposition of WO3, a second (citrate) precursor was developed.
Within thermal constraints, active WO3; was achieved on 3D archi-
tectures. A 2.6 fold 3D capacity enhancement was booked with TiN
as a current collector with current densities up to 10C. While using
spray-deposited indium tin oxide (ITO) as a current collector, a 4.5
fold capacity increase was achieved at current densities of up to
4C.

Finally, the combination of an electrolyte with a 3D structured elec-
trode was shown with a lithium lanthanum titanate - WO;3 stack.
Although rate performance was reduced by the addition of the solid
electrolyte, as well as a 30% capacity drop, a unique 3D half-stack
was achieved completely by spray-deposition.

The research done in this study increases the knowledge on 3D
depositions via spray-deposition. Various (gelating) precursors
appeared to show similarities in deposition behaviour, whereas
colloidal suspensions to be less suitable. In addition, combining
materials to form all-solid-state half cells is a unique achievement,
especially considering the low-cost and highly scalable methods
used. Therefore, this this is considered a major step forward for
wet-chemical synthesis of battery materials, as well as realization
of a 3D thin-film all-solid-state Li-ion battery.
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Samenvatting

Gezien de ontwikkelingen rondom energie en de transitie naar een
meer duurzame toekomst, is de opslag van elektrische energie van
cruciaal belang. Hiervoor zijn verschillende opties, maar met name
lithium-ion batterijen zijn geschikt voor mobiele toepassingen van-
wege de grote hoeveelheid energie die ze kunnen opslaan ten op-
zichte van hun gewicht.

Batterijen bestaan uit verschillende onderdelen van reactieve ma-
terialen. Onderlinge reacties vinden plaats door het uitwisselen van
Li* ionen (positief geladen deeltjes) en elektronen (negatieve la-
dingen). Door deze reacties te controleren, kan men de energie die
vrijkomt bij de reacties gebruiken om arbeid te verrichten, bijvoor-
beeld om een auto te laten rijden. Echter, de huidige generatie Li-
ion batterijen zijn niet veilig genoeg voor bepaalde toepassingen.
Daarnaast is de levensduur beperkt vanwege het gebruik van
vloeistoffen in de batterij.

Li-ion batterijen zouden qua veiligheid en levensduur sterk verbe-
teren door de gebruikte vloeistoffen te vervangen voor vaste stof-
fen; hierdoor zou een volledige vaste-stof batterij ontstaat. In
praktijk blijken bepaalde keramische materialen geschikt als ver-
vanging van eerder genoemde vloeistoffen; Li* ionen kunnen hier
(met enige weerstand) doorheen bewegen. Vanwege transport
limiteringen van Li* ionen in deze keramische stoffen is het echter
beter om een 3D architectuur toe te passen, waardoor de effectie-
ve capaciteit van de batterij verhoogd kan worden.

Met het volgende voorbeeld zou het voordeel van een 3D architec-
tuur duidelijker moeten worden. Stel een groot huis voor in winter-
se omstandigheden dat slechts één haardvuur heeft; het duurt lang
voordat alle kamers op temperatuur zijn, waardoor het haardvuur
erg lang moet branden. Door het aanleggen van een centraal ver-
warmingssysteem (d.w.z. 3D structuur), kan de warmte zich veel
sneller verspreiden door het hele huis, waardoor veel efficiénter
gebruik gemaakt kan worden van dezelfde hoeveelheid warmte.

262



De lengteschaal waarbij 3D batterijen onderzocht worden is echter
van een totaal andere orde dan het zojuist gegeven voorbeeld; om
het systeem goed te laten functioneren zijn lengteschalen onder de
micrometer nodig (ter vergelijking: een haar is gemiddeld 70 mi-
crometer dik). Om het concept van 3D batterijen te laten slagen
moeten de verschillende onderdelen van de batterij echter wel
afgezet (‘gemaakt’) kunnen worden in de vorm van dunne laagjes
(ook wel films genaamd). Hiervoor worden vaak dure methoden
gebruikt die moeilijk op te schalen zijn. In dit proefschrift is echter
gekozen voor een nat-chemische synthese benadering in combina-
tie met verneveling; dit proces is goedkoop en gemakkelijk op te
schalen. Door verschillende nat-chemische synthese methoden te
gebruiken - waarvan er veel gebaseerd waren op milieuvriendelijke
chemicalién - is in dit proefschrift een grote stap gemaakt om 3D
Li-ion batterijen te realiseren:

(i) Er zijn materialen afgezet in 3D die voorheen alleen in
2D afgezet konden worden. Zo zijn bijvoorbeeld lithium
lanthaan titanium oxide (Lig.35Lag55TiO3) en wolfraam
oxide (WOs3) afgezet op micro-cilinders van 50 micro-
meter lang en een straal van 1,5 micrometer.

(i) Specifieke combinaties van 3D materialen zijn bestu-
deerd, die voorheen onmogelijk waren. De combinatie
van indium tin oxide (In,03:Sn) met wolfraam oxide is
hierin uniek, omdat dit verdere ontwikkeling van 3D
batterijen kan versnellen.

(iii) Nieuwe inzichten zijn verworven op het vlak van mate-
riaal synthese en depositie. Voorheen leek het vooral
mogelijk om via één bepaalde route (z.g.n. volledige
citroenzuur route) materialen in 3D af te zetten, terwijl
tijdens deze studie is aangetoond dat andere synthese
routes ook mogelijk zijn. Dit is van belang voor 3D bat-
terijen, maar ook voor andere energie toepassingen
zoals de nieuwe generatie LEDs en zonnepanelen.

(iv) Dit proefschrift geeft meer inzicht in specifieke reac-
tiemechanismen die voorkomen tijdens de synthese
van diverse materialen (bijvoorbeeld de conversie van
wolfraam chloride tot wolfraam oxide). Dit is niet direct
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van belang voor batterijen, maar vergroot hiermee
kennis van de chemie als wetenschap.

Samenvattend; vooral omdat niet alleen de synthese, maar vooral
ook het functioneren van batterij materialen kon worden aange-
toond in combinatie met een voordelige, milieu vriendelijke tech-
niek die toepasbaar is op grote schaal, kan men de resultaten van
dit proefschrift zien als een grote stap voorwaarts in de ontwikke-
ling 3D vaste-stof batterijen en andere 3D dunne film materialen.
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king de laatste jaren waarin ik veel heb kunnen leren op diverse
vlakken. Dankzij jullie kon mijn wens om materiaalonderzoek te
gaan doen in vervulling laten gaan. Ik wil ook graag de mensen
van de andere onderzoeksinstituten bedanken die betrokken waren
bij het SOS Lion project. Felix, je hebt me op diverse punten ge-
holpen, nogmaals dank voor je hulp.

Tot slot wil ik ook Annemiek bedanken. Het had allemaal heel wat
voeten in de aarde, zelfs verhuizen naar Belgi€é, maar je hebt me
altijd gesteund. Vooral toen het even minder ging tijdens de be-
ruchte 2% jaars ‘PhD dip’ heb je me ontzettend veel geholpen. Ik
zie er naar uit om samen met jou een nieuwe uitdaging aan te
gaan, wat of waar dat ook zal zijn.
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