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A mi querida Familia and to my dear Friends

What an astonishing thing a book is. It’s a flat object made from
a tree with flexible parts on which are imprinted lots of funny
dark squiggles. But one glance at it and you’re inside the mind
of another person, maybe somebody dead for thousands of years.
Across the millennia, an author is speaking clearly and silently
inside your head, directly to you. Writing is perhaps the greatest
of human inventions, binding together people who never knew
each other, citizens of distant epochs. Books break the shackles
of time. A book is a proof that humans are capable of working
magic

Carl E. Sagan, Cosmos, 1980
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Chapter 1

Introduction

Good people drink good beer

Hunter S. Thompson, Fear and Loathing in Las Vegas, 1971

This chapter gives an introduction to the subject of Li-ion batteries. At
first, a discussion on current issues such as sustainabily will be covered in order
to put the topic of energy storage into perspective. This will be followed by a
historical review of how and when Li-ion batteries came to be, stopping briefly
to describe how an electrochemical cell works. Further, a comparison will be
shown between existing battery technologies and where that of Li-ion stands
in terms of volumetric and gravimetric energy densities, as well as in specific
power and energy (Ragone plot). This will then lead to what will be the main
topic of this thesis, ‘Thin Film and 3D (micro) Batteries’. Finally, a description
of materials for Li-ion batteries for both positive and negative electrodes will
be described.

1



2 Chapter 1

1.1 Thoughts on Sustainable Energy

The scientific consensus about the reality of anthropogenic climate change is
clearly expressed in the reports of the Intergovernmental Panel on Climate
Change (IPCC). This scientific body “was established by the United Nations
Environment Programme (UNEP) and the World Meteorological Organization
(WMO) in 1988 to provide the world with a clear scientific view on the current
state of knowledge in climate change and its potential environmental and socio-
economic impacts” [1]. In its most recent assesment report (2007), this panel
states, unquestionably, a summary of main findings taken from the scientific
consensus, from which only a couple of items will be extracted:

• “Observational evidence from all continents and most oceans shows that
many natural systems are being affected by regional climate changes,
particularly temperature increases.”

• “A global assessment of data since 1970 has shown it is likely that an-
thropogenic warming has had a discernible influence on many physical
and biological systems”

Nowadays, the main energetic source used by mankind are fossil fuels. Accord-
ing to the International Transport Forum, “Transport-sector CO2 emissions
represent 23% (globally) and 30% (OECD) of overall CO2 emissions from Fossil
fuel combustion. The sector accounts for approximately 15% of overall green-
house gas emissions” [2]. One of the main drawbacks of fossil fuels, is that they
are not sustainable as the amount of time needed for the fossilization of the
organic matter is extraordinarily large compared with the time involved in the
combustion proccess. This means that the oil deposits are going to end while
the energy demand will continue to rise [3].
Sustainability is a concept that accounts for the intimate relationship between
the development of our modern society and the quantity of raw materials avail-
able on the planet. Energy is a wide term that comprises more than one
meaning. The one that will mainly be used in this thesis, unless otherwise
stated, is that of the word used in economics to describe the part of the market
where it is used as a resource that is harnessed and sold to consumers. In an
attempt to bring objectivity in the discussion around the topic of sustainable
energy, several institutions have formulated definitions of the term. The British
Renewable Energy and Efficiency Partnership, for example, defines it as: ‘The
provision of energy such that it meets the needs of the future without compro-
mising the ability of future generations to meet their own needs’ [4].

According to this institution, ‘Sustainable Energy’ has two key components,
namely Renewable Energy and Energy Efficiency.
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The first term accounts to the production of energy and can be divided
in three categories: 1st Generation, or Old Technologies, are those that have
been used already for more than a century, e.g. hydroelectrical, hydrothermal
or geothermal plants; 2nd Generation, or Current Technologies, are those that
have already proven their concept, but are still a major subject of research and
development. Nonetheless, these techonologies are currently under implemen-
tation and their market is considered to experience strong growth in the next
couple of decades. Some examples include wind turbines, photovoltaic solar
cells, biomass and biofuels; finally, 3rd Generation, or Future Technologies, do
not yet have a fully proven concept, but are expected to contribute significantly
to future clean energy production. Hot dry rock geothermal energy, ocean en-
ergy and nuclear fusion, are some examples [5].

The second term covers the correct utilisation of the energy in terms of
its consumption, production and storage. Therefore, the Reduction of energy
dependency, to start with, can be achieved by optimising the energy use of
appliances and installations. The replacement of ordinary light sources for en-
ergy efficient LED lights, the improvement of house insulation or strong policies
on food production and consumption, especially meat, are some examples of
such strategies. Secondly, the Optimization of energy production can achieve
large improvements in efficiency by, for instance, capturing and (re) using the
heat, which is produced as by-product when electricity is generated, to pro-
cess steam, heating or other industrial purposes. This ‘cogeneration’, used to
describe combined use of heat and power, can increase the plant’s efficiency
drastically [5]. Finally, the intermittent nature intrinsically found in renewable
energy production sources such as wind turbines or solar cells, imperatively
calls for the neccesity to store the energy at times of high-production, to en-
sure a reliable supply at times of low-production. It is important to remark
that in this thesis I will restrict the term ‘energy storage’ to ‘electricity storage’,
taking into consideration the existance of other methods to store energy.

The most familiar electricity storage devices are batteries. Compared to
other mechanisms, the energy capacity of batteries is relatively low but its effi-
ciency is high (>95%). This makes batteries an ideal energy storage system for
small scale applications. To exemplify this, the International Energy Agency
reports that over 180.000 passenger car Electric Vehicles (EVs) sold worldwide
trough 2012 and though represent only 0.02% of the total passenger car stock
at present, they expect a global deployment of at least 20 million passenger car
EVs, including plug-in hybrids and fuel-cell electric vehicles, by 2020 [6]. Since
the use of cars accounts for a large portion of the daily energy consumption, a
continuous increase of EV adoption might lead to improved grid stabilization.

In order to continue the discussion, it is important to briefly define what
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batteries are. The main purpose of these electrochemical energy-conversion
devices is to take advantage of the chemical processes occurring within the
system (which are translated into potential energy in the form of chemical en-
ergy) and convert it into electrical energy. According to Dell and Rand [7], the
convenience of batteries lies in the wide range of sizes in which they may be
manufactured or assembled into packs, their ability to supply electrical power
instantly, their portability (for smaller sizes), and the option of single-use or
multiple-use units. The last two items provide the terms accepted for the clas-
sification of batteries and can be summarized into two broad categories: (i)
‘primary batteries’, which can be used only once, spending all their ‘chemi-
cal fuel’ during the first (and only) discharge; (ii) ‘secondary batteries’, which
have the possibility to be recharged and used again with the help of an electrical
energy source connected to the system.

1.2 A brief historical review on Li-ion batteries

There have been more than 200 years of battery technology improvement, start-
ing with Alessandro Volta in 1800 with his famous letter to the Royal Society
of London where he described his famous experiment, continuing with John
Daniell who invented the cell that carries his name (consisting in the famous
couple copper/zinc electrodes), and going through a series of huge develop-
ments in the field made by French chemists Leclanche (who invented the first
primary cell that bears his name, in 1866), Plante (who developed the first
effective secondary rechargeable battery named ”lead acid battery”, in 1859)
and Faure (who in 1888, showed how to increase the capacity and reduce the
time of plate formation of Plante’s battery), led the Swedish scientist Walde-
mar Junger, around the turn of the 19th century, to patent the first work on
batteries with alkaline solutions named as ”nickel-cadmium battery. At about
the same time, Thomas Edison in the USA developed the ”nickel-iron battery”.
These systems were similar in principle, except that in the first case a cadmium-
iron mixture was used as negative electrode, while in the second one an all-iron
electrode was used instead.

The 20th century began and Quantum Mechanics was born bringing with
it a new field of knowledge: electronics. In just a few decades humanity faced
an almost incredible development of new devices, each of them surprising. Be-
tween them the transistor takes, by far, the first place. Even more incredible
than these inventions was the pace at which they were developing and it was
Moore, in 1965, who described this trend. Battery science could not keep this
pace even though completely new technologies in primary and (rechargeable)
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secondary batteries were developed and commercialized. The most remarkable
ones were the nickel-metal hybrid and lithium ion batteries. Several reviews
and accounts on the historical developments in Li-battery research can be found
on the literature [8, 9].

Li-ion batteries, which will be the subject of this thesis, followed a previous
technology which used metallic lithium as one of its electrodes (anode) and was
firstly investigated in the 1970s [10]. The motivation for using a battery tech-
nology based on Li metal as anode relied initially on the fact that Li is the most
electropositive (-3.04 V versus standard hydrogen electrode) as well as the light-
est (equivalent weight M = 6.94 g mol−1, and specific gravity ρ = 0.53 g cm−3)
metal, thus facilitating the design of storage systems with high energy density.
The so-called intercalation compounds started to appear in the scientific radar
over the same period and their discovery was crucial in the development of
high-energy rechargeable Li systems. Initial demonstrations of such batteries
proofed them to be energetically successful [10, 11], but they soon encountered
safety issues due to the Li-metal/liquid electrolyte combination which lead to
Li dendrites growing as the metal was replated over subsequent charge and
discharge. While some groups were substituting metallic lithium with an Al
alloy to circumvent these safety issues [12], research on intercalation materials,
specially oxides, were giving higher capacities and voltages [13]. A particular
breakthrough proposed by Goodenough, at the beginning of the 1980s, with
his family of intercalation transition metal oxides LixMO2 (where M = Co, Ni,
or Mn) [14], would pave the way to what is found, almost exclusively, in the
Li-ion battery technology, even at present.

The principle of rocking-chair, which already existed for the Ni-MeH bat-
teries, was proposed first by Murphy [15] and then by B. Scrosati et al. [16]. It
consisted in the substitution of metallic lithium for another insertion material,
initially with rutiles, as was the case in the former at Bell laboratories, and
later with a LixWO2 /LiyTiS2 system, as was the case in the latter. These
preliminary findings led in the late 1980’s to the discovery of the highly re-
versible, low-voltage Li intercalation-deintercalation process in carbonaceous
material [17] and with it, at the beginning of the 1990’s, to the creation of
the C/LiCoO2 rocking-chair cell commercialized by Sony Corporation in June
1991 [18]. This type of Li-ion cell, having a potential exceeding 3.6 V (three
times that of alkaline systems) and gravimetric energy densities as high as
120-150 Wh kg−1 (two to three times those of usual Ni-Cd batteries) [8], revo-
lutionized portable electronics and is found in most of today’s portable devices.

It is well accepted that a battery, no matter which type, consists basically
in a distribution of electrochemical cells in tandem. Depending on the appli-
cation these arranges, and the connection between them, varies. In order to
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understand how a battery works, the description of its elemental building block
will be given in the next section.

1.3 Electrochemical Cell

An electrochemical cell communicates with the external world through the con-
nection of two (conductive) contacts, one with the negative and the other one
with the positive electrode. These electrodes are commonly (but inaccurately1)
referred to as anode and cathode, respectively. In spite of this, these terms will
be interchangeably used throughout this thesis. A schematic illustration of the
setup can be observed in Figure 1.1.

The process shown in the schematic occurs during cell discharge. When

Figure 1.1 – Elements of an Electrochemical Cell Direction of the arrows cor-
respond to the discharge.

an electrical load (i.e. electronic devices or household appliances) is plugged

1This misconception arises in the fact that, in a galvanic cell (this is, a discharging
battery), a cathode acts always as positive since it is where the current flows out of
the device, leaving the anode as the negative electrode. But, when a cell works as a
power consuming device (i.e, during charging cycle) the cathode acts as the negative
terminal, because it sends current back to the external source, leaving the anode as
the positive electrode
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and the circuit closed, electrons flow from anode to cathode creating an elec-
tronic current I, in the direction shown. In the case of Li-ion batteries, ions
are flowing in the same direction (from anode to cathode) in order to convert
chemical energy into electrical energy. Ions move between the electrodes by
means of an electrolyte which has the property to be good electronic insulator
and good ionic conductor. As a liquid electrolyte is used in most of the cases, a
separator is placed in the middle in order to maintain an even spacing between
both electrodes. This separator must provide blocking of electronic current and
permeation of its ionic analogue.

During charge, an external voltage is applied to the circuit forcing electrons
and ions to flow from cathode to anode. This process is performed to convert
electrical energy back to chemical energy. The chemical produced at the anode
during charge, or consumed while discharging, is the reductant of the chemical
reaction. Likewise, the chemical produced on charge at the cathode, and con-
sumed while discharging, is the oxidant. The maximum voltage provided by
an electrochemical cell is given by the division of the energy, produced by the
reaction between reductant and oxidant, over the electronic charge passed in
the reaction. This value is also the minimum voltage required to charge the cell.

1.4 Rechargeable Batteries

As mentioned before, the increase in the demand of rechargeable batteries in or-
der to power portable electronic devices as well as applications such as wireless
sensors, high-power consumption tools and HEVs/EVs, among others, require
the optimization of the available technologies or the discovery of novel ones.
The goal thus is to obtain an energy storage system in which the amount of
energy stored in a given mass or volume unit is as high as possible. To compare
the energy content of cells, the terms specific energy (Wh kg−1) and energy
density (Wh L−1) are widely accepted. Figure 1.2 [9], shows a comparison of
different rechargeable battery technologies and where they stand in terms of
their volumetric and gravimetric energy density. When moving upward in the
‘y’ axis, batteries tend to become more compact due to the fact that a larger
amount of energy can be stored in a smaller volume. Correspondingly, when
going forward in the ‘x’ axis, batteries become lighter because a larger amount
of energy can be stored in a smaller amount of mass.

It is clear from Figure 1.2 that Li-ion technology, whatever its form (stan-
dard Li-ion, Li Polymer or thin film Li-ion), currently outperforms its homol-
ogous in terms of both volumetric and gravimetric energy density. Moreover,
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Figure 1.2 – Comparison of (rechargeable) battery technologies in terms of vol-
umetric and gravimetric energy density. This particular graph ex-
cludes other technologies like lithium-sulphur and metal-air bat-
teries. Adapted from [Patil et al., 2008]
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it is clear that to achieve higher energy density, especially for portable elec-
tronics and small-scale applications such as MEMS or wireless sensors, this
industry relies in the success of achieving optimized thin films Li-ion systems.
It is important to remark that this plot does not include novel and promising
technologies like Li-sulfur or Li-air which are currently under intensive research
but without practical applications at present.

Batteries are the most commonly used power source for complementary

Figure 1.3 – Ragone plot comparing the performance of various battery elec-
trochemistries. Note also that the various time intervals, in which
the energy is being delivered, are indicated by the dotted lines.
Adapted from [Cook-Chennault et al., 2008]

metal-oxide semiconductor (CMOS) based MEMS. They can be used for both
power generation and energy storage, provide continuous energy, have relatively
high energy and power densities, and can generally be easily replaced without
substantial modifications to a device. Moreover, they also provide direct and
continuous current and therefore do not require complex signal conditioning
for conversion of alternating current to direct current, as do regenerative power
supplies, such as photovoltaic, electromagnetic and piezoelectric generators [19].
A Ragone plot comparing battery technologies is shown in Figure 1.3.

The power supply in the majority of portable electronics, no matter in
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which electrochemistry is based, is several times larger than the size of the
device itself [20]. The disparity between battery and host device size results
from the nonlinear scaling of battery size with the diminishing sizes of transis-
tors [21] in CMOS-based MEMS. For example, mobile phone batteries account
for up to 36% of the mass of the entire phone [19]. The difficulty in reducing
battery size is based on the inherent specific energy and energy densities of
commonly used primary and secondary batteries and the inability of these bat-
teries to meet growing life cycle demands of portable electronics and biomedical
devices. Therefore a number of workers have developed lithium-ion thin-film,
thick-film and 3D batteries [22–38] for powering MEMS based portable elec-
tronics.

1.5 Thin Film and 3D (micro) Batteries

In the previous subsection it was shown how Li-ion ion batteries are one of the
most promising energy storage systems for a wide range of applications due to
their high energy density and how, for the development of autonomous inte-
grated systems within the field of small-scale applications, Li-ion microbatteries
are even of greater interest. The possibility to include the energy storage de-
vice into integrated electronic circuits will lead to autonomous functionality [39]
(smart autonomous sensors, radio frequency identification tags, smart cards).
The purpose of this section is to discuss the historical background/context and
design of thin film batteries and it is of great importance as this will be the
subject of most of experimental work presented in this thesis. Chapters 4, 5
and 6 will deal with the implementation of novel deposition techniques for the
production of thin films for battery applications.

Chapter 5, in particular, examines the results obtained during a large Eu-
ropean project where thin film cathode layers of high voltage LiNi0.5Mn1.5O4

are deposited on especially customized silicon wafers for the development of a
novel 3D Li-ion microbattery. The synthesis technique employed, allows the
production of layers with capacities up to the required capacity per square
centimeter, by adjusting its thickness. The method in that respect also show
acceptable homogeneity within the ”holes” or ”grooves” of an etched Si wafer
and demonstrates its potential in the production of 3D all solid state Li-ion
batteries. A complete thin film battery stack was done in collaboration with
an European Consortium. The role of the TU Delft and scope of my work,
which will be throughly described in Chapter 5, was to synthesise and deposit
positive electrode materials on flat and textured substrates, which were then
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delivered to the partners for the completion of the stack.
In roder to have a clearer discussion, the similarities and differences be-

tween regular Li-ion and thin film Li-ion batteries will be shown in the next
subsection.

1.5.1 Historical background and Context

Thin film batteries started, in practice, in 1982, when Hitachi Co. in Japan
announced their solid-state thin film battery. It was composed by a TiS2 cath-
ode prepared by Chemical Vapour Deposition (CVD), a Li3.6Si0.6P0.4O4 glass
electrolyte by Radio Frequency (RF) sputtering, and metallic lithium as an-
ode deposited via a vacuum evaporation technique. Around the mid 1980s, a
WO3V2O5 cathode prepared by sputtering in H2-Ar plasma, was also combined
with the above battery [40].

NTT Co. Group in Japan had developed thin film batteries by using
Li3.4V0.6Si0.4O4 glass as electrolyte and LiCoO2 [41] and LiMn2O4 [42] for
cathodes by using RF sputtering. The battery size was about 1 cm2 and the
thickness was 1-5 µm of cathode, 1 µm of electrolyte and 4-8 µm of lithium
anode. Over the same period, Bellcore Co. presented its lithium cell consisting
of LiMn2O4 cathode, a lithium borophosphate (LiBP) glass or lithium phos-
phorus oxynitride glass (LiPON) for electrolyte and metallic lithium as anode.
The cell had a 4.2 OCV and operated between 3.5 - 4.3 V, with an areal ca-
pacity of 70 µA/cm2 for more than 150 cycles. The LiPON was prepared
by RF sputtering of Li3PO4 target in nitrogen gas. This electrolyte is rather
stable in comparison with other lithium oxide or sulfide based glasses, in spite
of moderate ionic conductivity of 2.3 x 10−6 S cm−1 at room temperature and
activation energy of 0.55 eV [43]. The stability range of LiPON was from 0 to
5.5 V with respect to Li electrode. Lithium metal anode was prepared by vac-
uum evaporation, and LiPON electrolyte and cathodes of LiCoO2, LiMn2O4,
etc., were made by RF sputtering. LiPON is now recognized as a standard solid
electrolyte for thin film lithium batteries and has been used by many groups.

In 1999, Bellcore researchers introduced polymeric electrolytes in a liquid
Li-ion system. They developed the first reliable and practical rechargeable
Li-ion hybrid polymer electrolyte (HPE) battery, referred to as plastic Li-ion,
which differs considerably from the usual coin-, cylindrical- or prismatic-type
cell configurations. Such a thin-film battery technology, offers shape, versa-
tility, flexibility and lightness. Contemporary to this, important technological
innovations emerged from the field of microelectromechanical systems (MEMS)
and other small devices such as medical implants, micro sensors and self pow-
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ered integrated circuits [44]. However, this increase in miniaturization, not to
mention their integration and energy autonomous performance, is today limited
by the low energy density of batteries. Such devices need rechargeable batteries
with dimensions on the scale of 1-10 mm3 including all the components and all
the associated packaging [45].

Several reviews on the historical developments, concepts, materials and
progress in planar and 3D Li-ion microbattery research can be found in the
References [44–48].

1.5.2 Design

There are no fundamental differences between the physics and the chemistry
of thin layer batteries and other Li-ion batteries: they also consist of two cur-
rent collectors, two electrodes, an electrolyte in between and a packaging unit.
The main difference consists in their architecture and in the fact that they
typically have a solid electrolyte like LiPON [49] or a polymer [50, 51]. When
such electrolyte is utilised, in the literature this cell is usually referred to as
an ‘All-Solid-State Microbattery’. Therefore, most of the electrode materials’
used in normal Li-ion batteries are also employed in their thin film counter-
parts. Historically, the idea of reducing the internal resistance of the cell was
the first reason for the use of thin film electrodes. The drawback of this concept
is the low capacity as this is proportional to the surface area and thickness of
the electroactive layer. Recently, the development of 3D-architectured systems
has shown a new horizon for micro battery applications [46, 52, 53]. Due to a
higher surface-to-volume ratio, the layered thin film structure exhibits higher
energy densities [45–47, 52, 54].

One immediate advantage over conventional Li-ion technology is demon-
strated theoretically by the decrease of diffusion path length for both charge
carriers, namely electrons and ions. The diffusion time (τ) is directly propor-
tional to the square of the diffusion lenght (l), as described by:

τ ≈ l2/D (1.5.1)

where D is the diffusion coefficient.
Therefore the decrease in thickness of all active layers, namely anode, cath-

ode and electrolyte, directly yields a reduction of ionic and electronic transfer-
ence time, enhancing the power delivery.
Solid state lithium batteries have been studied for about 50 years. Their ad-
vantages compared to those using a liquid electrolyte are the ease of utilization,
resistance to shocks and vibrations, absence of possible pollution due to liquid
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electrolyte, thermal stability, absence of self-discharge (owing to the very low
electronic conductivity of the solid electrolytes generally used) and miniatur-
ization. The current densities obtained with these batteries were generally low
because of the high internal resistance of the cell, which mainly results from the
low ionic conductivity of the electrolyte [55]. Over the last 20 years thin film
Li-ion microbatteries have emerged as surface mountable devices up to about
10 µm thick [26, 56]. Despite the many achievements gained over these years in
terms of energy density and miniaturization, the evolution of modern MEMS
constantly imposes a challenge in the energy sources because of the limited
energy and power available per area of footprint on the substrate. In this re-
gard, the conventional path usually followed in battery design, which consists
on increasing the thickness of the layers to get higher gravimetric energy, does
not solve this problem in a thin film cell because it also increases the current
path length, leading to a reduction in power density. Therefore, the concept of
capacity per footprint area (mAh cm−2) becomes a key consideration for the
construction of microbatteries where the limitation is the area available, con-
trary to the typical concept in larger battery technologies where charge storage
is defined in terms of gravimetric (mAh g−1) and volumetric capacities (units
mAh cm−3) [46].

These microbatteries can be manufactured with a footprint area of less than
a few square millimeters. Moreover, as mentioned before, their thickness can
also be greatly decreased, especially because solid-state electrolytes have a typi-
cal thickness of approximately 1 µm, whereas the separator in liquid electrolyte-
based cells typically has a thickness of 20 µm. This technology also provides
the feasibility to use almost any material as a substrate, i.e. glasses [45], ceram-
ics [28, 45], metals [28], polymers [28] or paper. More important, the usage of
film deposition, especially for the electrolyte, opens the possibility to directly
write or print onto substrates of interest (including electrodes with complex
geometries). A schematic representation of such architecture is presented in
Figure 1.4. It consists of a positive and a negative electrode, separated by a
solid thin film electrolyte, each of them connected to independent current col-
lectors. On top of them all, a packaging structure must be employed to provide
protection against external chemical and physical phenomenon, hence reducing
parasitic reactions of the active components [45].
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Figure 1.4 – Schematic representation of a planar solid-state thin film battery

1.6 Materials for Li-ion Batteries

In order to maximize volumetric and gravimetric energy densities, two require-
ments must be met: (i) increase in the specific capacity (Ah kg−1) and charge
density (Ah L−1); (ii) high difference of potential between positive and negative
electrodes inside the batteries.

A wide range of materials for both negative and positive electrodes is shown
in Figure 1.5 [8]. In this scheme, the y axis represents the potential (in units
of volts) of each material compared to metallic lithium (which has the most
electropositive standard potential compared to hydrogen) and in the x axis the
capacity (Ah kg−1).

1.6.1 Materials for positive electrodes

Typical materials for positive electrodes are intercalation compounds made
from Li-metal oxides, which provides a source of lithium stable in air and with
a relatively high potential. They consist mostly of layered structures such as
LiCoO2 and LiNiO2 that allow Li ions to move back and forth between their
lattice planes. Safety concerns associated with these materials prevent its use in
transportation and stationary storage applications. Their chemical instability,
and the consequential safety concerns, arising from an overlap of the M3+/4+:
3d band with the top of the O2−:2p band, have been widely studied [57, 58].
This feature is more pronounced for the Co3+/4+ couple and, hence, both the
Ni and Mn3+/4+ couples offer better safety. As a consequence, layered solid
solutions like the LiNi1/3Mn1/3Co1/3O2 cathode [59, 60] are replacing LiCoO2

in portable electronics due to better safety and lower cost [61].
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Figure 1.5 – Voltage versus capacity for positive- and negative-electrodes of
rechargeable Li-based cells. Adapted from [Tarascon et al., 2001]

Because of the safety concerns and high cost, alternative materials like the
spinel LiMn2O4 and the olivine LiFePO4 have become appealing. Besides, the
materials are interesting for its environmental friendliness. Still, they need
to show good structural and chemical stabilities, and high charge-discharge
rate capability. For the LiMn2O4, its three dimensional cubic spinel structure
also provides wider 3D-pathways for Li [62], but it also present intrinsic dis-
advantages in terms of structural changes and limited cycle life, as well as Mn
dissolution due to disproportionation of Mn3+ into Mn4+ and Mn2+ at high
potentials [63, 64]. These issues could be suppressed significantly by cationic
and anionic substitution, or by surface modifications [61]. In the case of the
olivine LiFePO4, it yields a very stable potential up to its full capacity (i.e.
170 mAh g−1, it is stable at elevated temperatures (up to 85 ◦C) over pro-
longed cycling [65], however the major issue with LiFePO4 is the poor lithium
ion and electronic conduction. Further development of this material by carbon
coating [66, 67] or even using non-coated nanoparticles makes it possible to
fabricate operational electrodes, but it involves high processing cost associated
with its manufacturing under controlled atmosphere.
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1.6.2 Materials for negative electrodes

As pointed out earlier, to overcome certain safety issues, intercalation mate-
rials were preferred over metallic lithium for the negative electrode. In that
respect, graphite is an interesting material as it accepts and donates Li ions,
while being an excellent electronic conductor [68]. Despite its interesting prop-
erties, the ratio between Li-ions and carbon atoms, i.e. 1:6, which yields a
theoretical capacity of 372 mAh g−1, is rather low. Another commonly used
anode material is the spinel Li4Ti5O12, which shows attractive characteristics
in terms of stable potential around 1.55 V versus metallic lithium up to about
90% of its theoretical capacity (i.e. 175 mAh g−1) [69]. Moreover it has a
negligible volume variation (i.e. < 0.1%) of the host lattice during Li uptake
and removal, resulting in a ‘zero strain’ material [70]. However, the capacities
of the abovementioned examples are low as they have reached the top of their
Lithium storage capacity.

It is important to mention that the practical values for the overall capacity
in Li-ion batteries are ultimately limited by the positive materials. The real
breakthrough should come from the discovery of new Li-rich sources for positive
electrodes, which could provide much higher capacities than those mentioned
above. Still, increasing the capacity of the negative electrode materials is an
issue. This means that a reduced amount of negative electrode material is
needed to obtain a definite capacity value, and more material on the positive
side can be added at the same time to match the needed energy density figures.

In order to find materials with much higher storage capacity, materials
which can form alloys with lithium are of great interest [71]. Lithium metal
alloys are formed when lithium ions are inserted into a metal matrix. Their
advantage relies in their ability to store large amounts of lithium, resulting
in huge theoretical capacities as compared to graphite. Tin and silicon, are
promising candidates to replace graphite, as a Sn or Si atom can host up to 4.4
Li atoms forming Li22Sn5 and Li22Si5, with theoretical capacities of up to 993
mAg g−1 and 4200 mAh g−1 [72]. A silicon or tin - based negative electrode
would reduce significantly the battery energy density in terms of Wg kg−1 and
Wh L−1. However, the adoption of this technology is held back by its large
volumetric expansion during lithium uptake, and once it is being removed it
leads to electrode cracking and crumbling, which becomes serious by successive
charging and discharging, leading to huge fading in battery performance [73].

The last alternative material to carbon I will cover here is that is that
of transition metal oxides (TMOs). In this reaction mechanism, proposed al-
most ten years ago [74, 75] and termed ‘conversion’, metal oxides with rock
salt structures such as CoO, CuO or FeO, present a reversible reaction with
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lithium by storing lithium in the form of Li2O. The very nature of the electro-
chemical reaction of Li with TMO is responsible for the formation of a complex
nanostructured system in which non-active metal nanoparticles are dispersed
in an active matrix of Li2O. However, in spite of the large capacities these
materials provide (from 600 - 1200 mAh g−1, depending on the TMO), they
also suffer from a number of shortcomings, such as a limited cycle life due to
volume changes of the host and a big hysteresis in their characteristic voltage
profiles [76].

1.7 Outlook and Scope of this thesis

The remarkable physicist Richard P. Feynman once said, more than fifty years
ago: ”the principles of physics, as far as I can see, do not speak against the
possibility of maneuvering things atom by atom. It is not an attempt to vio-
late any laws; it is something, in principle, that can be done; but in practice,
it has not been done because we are too big” [77]. Since then (1959), human
creativity and innovation have led to a paramount number of developments,
opening the possibility to study, design and fabricate novel materials not only
with top-down techniques, but also with bottom-up methods.

Nanostructured materials and their applications to various technological
fields (i.e. thin film production) are literally booming during the last decades.
This is not surprising, because the search for new materials with special proper-
ties is a key point to overcome the limitations posed by conventional materials
and their current technological use. Nanostructures are interesting systems,
since their properties often vary strongly from those of the bulk. Their reduced
size influences the physical and chemical properties of the original materials.

This thesis focuses on the deposition and (electro) chemical characterisation
of electrode films synthesised via an aerosol-assisted route, based on electro-
spraying liquid precursors. Electrospray, also referred to as Electrospraying
or Electrohydrodynamic Atomization (EHDA), is a versatile technique for the
production of nearly-monodispersed, highly-charged droplets that, when cou-
pled with a reaction mechanisms (i.e. pyrolysis), allows the production of a
wide variety of nanostructured functional films and materials. When pyrolysis
is used as reaction mechanism, the technique is usually referred to in the liter-
ature as Electrostatic Spray Pyrolysis (ESP) or Deposition (ESD), terms that
will be used interchangeably throughout this thesis. Therefore, the main focus
of this thesis is related to the synthesis and deposition of nanostructured thin
films as electrode materials in Li-ion batteries. It will also deal with various
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aspects, including the effects of the deposition parameters on the properties of
the deposited layers.

The structure of the thesis consists of seven chapters that describe the main
ideas developed in this work and that are summarized in the final conclusions.
The experimental chapters that form the heart of this thesis (Chapters 4, 5, 6
and 7) are mainly based on papers published [78–80] or submitted for publica-
tion [81, 82]. As a consequence, there might be some overlap in parts of the
introduction of each chapter. A brief outline of the chapters is given below.

Chapter two describes the general theory of electrospraying and its modes of
operation. The attractive features of generating charged, nearly-monodispersed
droplets with tunable sizes, as well as the challenges related to the increase of
their production rate are discussed. Applications in the field of Li-ion batteries,
i.e. cathode and anode materials, electrolytes are also described.

Chapter three provides an account of the different electrospray equipment
used for the experiments that will be described throughout this thesis, as well
as which are their main differences. Moreover, a short description of a new
experimental setup designed with the purpose of handling big substrates, i.e.
silicon wafers, is illustrated.

Chapter four focuses on the synthesis and deposition of Fe2O3 and CuO
nanostructured electrodes in one step via Electrostatic Spray Pyrolysis (ESP).
It also offers some insight on possible shortcomings deriving from the con-
ventional electrode fabrication, where the active materials (i.e. nanopowders)
need to be processed in multi-step processes with polymeric binders/additives
in order to cast laminated electrodes. During the processing, solutions con-
taining precursor metal salts dissolved together with Polyvinylidene Fluoride
(PVdF) binder are electrosprayed on a heated substrate where the generated
submicron-sized droplets undergo pyrolysis. The oxide nanoparticles generated
via pyrolysis of the metal precursors are in intimate contact with the binder
contained in the emitted droplets during the electrospray process. The re-
acted droplets are at the same time directly driven on selected areas to form
nanocomposite coated electrodes. Electrochemical tests demonstrate that the
conversion reactions in these electrodes enable large initial discharge capacities,
but also reveal that capacity retention needs further improvements. It is, there-
fore, proposed that it is a viable approach to synthesize and assemble in one
step thin nanocomposite coatings of negative electrodes at low temperature.

Chapter five examines the results obtained during a large European project
where thin film cathodes of high voltage LiNi0.5Mn1.5O4 are deposited on es-
pecially customized silicon wafers for the development of a novel 3D Li-ion
microbattery. ESP, which is employed as synthesis and deposition technique,
allows the production of layers with capacities up to the required capacity per
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square centimeter, by adjusting its thickness. Besides, when having a three-
dimensional substrate surface, the thickness can be significantly reduced, ac-
cording to the actual received surface area. The method in that respect also
show acceptable homogeneity within the ”holes” or ”grooves” of an etched Si
wafer and demonstrates its potential in the production of 3D all solid state
Li-ion batteries. The influence of the synthesis parameters on the structure,
texture and electrochemical behaviour of the produced electrode is investigated
using different characterisation techniques.

Chapter six proposes the synthesis of pure LiNi0.5Mn1.5O4 thin films fol-
lowed by the application of surface modification in the form of Cr2O3 catalytic
active sites, or ‘islands’. ESP is used as synthesis technique for both materials.
The film morphology and structural characterisation is discussed and special
attention is given to the electrochemical performance. These measurements
demonstrate that, although the coating does not alter the initial spinel struc-
ture of LiNi0.5Mn1.5O4, it influences the electrochemical behaviour of the bare
spinel cathode as it act as a catalyst for electrochemical processes occurring
at the interface while, at the same time, improves the ionic exchange from the
electrolyte into the active material enhancing the battery performance.

Chapter seven describes some preliminary results at building a modified
AFM for in situ electrochemical characterisation of Lithium-ion battery elec-
trode surfaces on a nanometre scale. A specific application of such technique
is to know if a catalytic active site on battery electrodes, like the ones that are
described in Chapter six, would render faster charge transfer.
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Chapter 2

Electrospray in Li-ion
batteries: An overview of a
novel thin film synthesis
and deposition method

(it appeared) probable that the progenitors of man, either the
males or females or both sexes, before acquiring the power of ex-
pressing mutual love in articulate language, endeavoured to charm
each other with musical notes and rhythm

Charles Darwin, Descent of Man, 1871

This chapter presents a novel method for the production of thin films called
‘electrospray’. At first, a small introduction will be made presenting the wide
range of applications. Further, a brief account on the fundamentals of this
method, especially its behaviour in the cone-jet mode and the scaling laws re-
lated to it will be shown. Finally, a review on its application in the fabrication
of thin films for Li-ion battery components will be given.
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2.1 Introduction

Electrospraying, also known in literature as electrospray or electrohydrody-
namic atomisation (EHDA), is a technique where a liquid precursor, flowing
out of a capillary nozzle, is atomised and dispersed into fine droplets by means
of a high electric potential. The disruption of droplets occurs through Rayleigh
instabilities and Coulombic interaction of charges in the liquid, which involves
a build-up of charge and a further break-up into tiny charged droplets [1]. The
size of the droplets spans from hundreds of micrometres down to several tens of
nanometres. Droplet generation can be manipulated by changing the flow rate
of the precursor and the voltage at the nozzle. In this way, droplet size and
droplet size distribution can be controlled to some extent. Electrospraying can
be widely applied to both industrial processes and scientific instrumentations.
Over the last years, it has opened new routes to nanotechnology and it is being
used, among many other applications, for micro- and nano-thin-film deposition
and particle production. Different reactions (i.e. pyrolysis, hydrolysis, con-
densation, etc.) can be also coupled to the electrospray in order to produce
functional materials for ceramics, lithium batteries, fuel cells, solar cells and
MEMS, among many others. Thin film deposition technique using electrospray
is frequently called ‘electrostatic spray deposition’ (ESD) or ‘electrostatic as-
sisted vapour deposition’ (ESAVD) [2]. When pyrolysis, which involves the
use of a heat source in order to promote the evaporation of the solvent or to
decompose the precursors and synthesize different materials at higher temper-
atures, is used as reaction mechanism, the technique is usually referred to in
the literature as ‘electrostatic spray pyrolysis’ (ESP)1.

In the previous chapter, a discussion was carried out mainly on the impor-
tance of energy storage systems, in particular Li-ion batteries. Special attention
was given to thin film batteries for applications in small electronic systems like
MEMS, medical devices, wireless sensors, among others. In this chapter a brief
description will be given of the fundamentals of EHDA and its application for
the production of thin films. Furthermore, numerous examples will be shown
on the application of this technique in materials for Li-ion battery anodes,
cathodes and electrolytes.

1The terms electrospraying, electrospray and EHDA will be used interchangeably
throughout this thesis. The same will happen with the terms ESD and ESP, as
electrospray was coupled with pyrolysis so as to obtain thin films
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2.2 Fundamentals

The different names how this technique is referred to in the literature, contain
terms that are important to define in order to avoid misconceptions. Atomisa-
tion is the breakdown of a liquid into droplets, while the suspension of droplets
and/or solid in a surrounding gas is defined spray or aerosol [3–5]. In this
regard, EHDA, or electrospray, is the dispersion of liquid into fine droplets by
the influence of a strong electric field.

The formation of a liquid droplet is a phenomenon known and studied for
centuries that involves the influence of two forces, surface tension and gravity.
The earliest attempt to formulate a theory of the break-up of electrified jets
and drops was that of Lord Rayleigh [6, 7]. He analysed the balance between
the repulsive electrical forces due to the charge on the drop or jet and the sur-
face tension restoring forces. An important concept developed in his studies
is know today as the ‘Rayleigh limit’, and it refers to the maximum amount
of charge that can be carried by a charged droplet [6]. It has been suggested
that the charge on the droplets can eventually approach half of this limit [8].
When the repulsive electrical force due to interaction of charges in a droplet
wins over the cohesive force from the surface tension, it disrupts into smaller
droplets. The limiting charge, qR, for a liquid droplet of radius a is given by:

qR = 8
√
πεγa3 (2.2.1)

where γ is the surface tension of the liquid and ε0 is the permittivity of free
space. Rayleigh’s analysis is important to this day, because it has been a start-
ing point in the analysis of many experimental observations.

Liquid flowing out of a capillary forms a meniscus that, when subjected to
electrical stresses from an electric field may become elongated and eventually
cause disruption of the jet into droplets. The interaction between two groups
of forces governs the phenomena of the eventual break-up of the liquid jet (see
Figure 2.1): normal and tangential stresses at the liquid surface and bulk forces
on the jet.

Among the stresses of the liquid, which deform the jet shape, the elec-
trodynamic stress tensor (Λ), that results from the surface charge density (q)
and the local electric field (E), probably plays the major role. The bulk forces
on the jet include the electrodynamic force (Fe), which is proportional to the
electric field and to the space charge of any previously emitted droplet (FQ);
the gravitational force (Fg); the drag force (Fη), which is proportional to the
surrounding gas viscosity and jet velocity; and the surface tension (Fσ).

With the description of these forces and stresses it is sufficient to illustrate
that, under certain conditions, the interaction between these forces will cause
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Figure 2.1 – Schematic illustration of stresses and forces on a liquid jet (spindle
mode) flowing out from a capillary nozzle. Adapted from [Jaworek
et al., 2008]
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the meniscus to elongate into a jet, which eventually disintegrates into droplets.
The mathematical description of this phenomena can be found in the litera-
ture [8, 9] and is beyond the scope of this chapter.

It is well known, for example, that the interaction between electric field,
surface tension and kinetic energy of the liquid jet leaving the nozzle (flow
rate), promotes the formation of different spraying modes [1]. Several studies
have been performed to identify and classify such modes [1, 8, 10–16] and, as
a general rule, they are divided in two groups: discontinuous and continuous
modes. The description of both groups presented in this thesis is mainly based
on the clear and succinct description made by Valvo, 2010 [17] and Jaworek
et al., 2008 [9] in which they categorize these modes based on the geometri-
cal properties of the jet and meniscus, and on the type of jet behaviour in its
disintegration into droplets. The first group, comprises the modes in which
only fragments of the liquid are ejected from the nozzle and do not exhibit a
continuous flow through the meniscus. These modes are called dripping (large
drops), microdripping (fine drops) and (multi) spindle modes (elongated spin-
dles). The second includes the modes in which the liquid flows out the capillary
nozzle in the form of a long, continuous jet that disintegrates into droplets only
over a certain distance from the tip of the capillary. The modes comprised in
this group are cone-jet (smooth and stable), oscillating-jet mode (oscillates in
its plane), precession mode (rotates around the capillary axis) and multi-jet
mode (few jets on the circumference of the capillary). These modes of electro-
spraying are schematically shown in Figure 2.2.

As mentioned before, these modes arise due to changes in the force dia-
gram. A careful selection of an electric potential (electric stress), flow rate (ki-
netic energy) and precursor solution (surface tension), renders a change on the
classical spherical shape of the pendant droplet into a conical shape. The use
of diagrams to represent the different spraying modes is quite common [1, 5, 18]
and it becomes useful as it describes how they are formed related to the elec-
tric potential (V ) and flow rate (Q). In Figure 2.3, a diagram adapted from
Agostinho, 2013, is presented. For certain window values of both Q and V, a
stable cone-jet appears. In this mode the round meniscus take the shape of
a Taylor cone from which a jet emerges breaking up into fine droplets due to
Plateau-Rayleigh instabilities, i.e. varicose breakup [5]. Inside the same cone-
jet window, if the potential is increased, the varicose breakup is influenced by
kink instabilities, i.e. whipping breakup [19]. It is important to mention that
not all the modes occur for all liquids [1, 5].

Most research about electrospraying, especially those devoted to the pro-
duction of nearly-monodisperse droplets and thin films, have been focused on
the so-called cone-jet mode in which the meniscus adopts a conical shape with
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Figure 2.2 – Main modes of electrospraying. Adapted from [Jaworek et al.,
2008]

Figure 2.3 – Electrospraying modes as a function of the applied potential and
flow rate. Adapted from [Agostinho, 2013]
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a thin (< 100 µm) jet at its apex. This feature is referred as ‘Taylor cone’ in
the literature, named after the scientist who, in 1964, studied the phenomenon
extensively [20].

2.2.1 EHDA in the cone-jet mode

The reason why electrospray systems usually operate in the cone-jet mode are
mainly because the charge distribution of the produced particles is narrow, and
the probability of producing monodispersed droplets, as well as their emission
frequencies, is higher. Moreover, the average size-range of the droplets may
reach that of few nanometres up to micrometres, depending on intrinsic (i.e.
the chosen precursor) and extrinsic (i.e. flow rate) properties. These charac-
teristics become relevant for applications where a narrow size distribution is
crucial, as is the case of thin film production.

Albeit film deposition efficiency is higher for electrospraying as compared
to mechanical and conventional atomisers, the liquid throughput of the system
is relatively low for applications at an industrial level. Many studies have been
done on out-scaling electrospraying in the cone-jet mode and such approaches
have been summarised recently [5]. It could be expected that a simple increase
in the flow rate would render higher production rates but, as mentioned above
and as it will be described more in detail in Subsection 1.2.2, this would al-
ter the spray mode and thus change the size and charge distribution of the
generated droplets. It is yet possible to electrospray in the simple-jet mode,
which operates at much higher flow rates [1, 11]. This mode is not commonly
used as it produces larger droplets than that of the cone-jet, however it has
been recently shown that it is a good option for applications which require
high throughput with droplets on the hundreds of micrometers range [21]. On
the other hand, out-scaling might be possible to achieve by the usage of multi-
nozzle systems (multiple jets) in a linear array [22] or rim-emission mode [23].
Another explored approach is via multiplexed nozzle systems, which enables
parallel electrospray [24]. An array of multiple nozzles, no matter the geome-
try, requires a sound delivery of the precursor solution in order to ensure that
the required flow rate will fed to all the nozzles. Although satisfactory re-
sults have been achieved with these systems and an increase in the production
has been reported in all cases, factors such as electrical interferences between
neighbouring nozzles that destabilizes the overall process still need to be cir-
cumvented. Recently, a multinozzle system consisting of four nozzles placed
in a circular geometry plus a central nozzle, all of them electrospraying in the
simple-jet mode, has been developed. They successfully placed an insulating
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layer between the nozzles and counter electrodes achieving a stable operation
and high throughputs of 2.2 L h−1 [25].

Despite these limitations, electrospraying in the cone-jet mode continues to
be the main focus. In the case of fundamental studies the stability achieved in
this mode, as compared to the others, makes it feasible to analyse and char-
acterise its behaviour [5, 26, 27]. This has lead to the numerical modelling of
droplet generation and the creation of the so-called scaling laws.

2.2.2 Scaling laws for current and droplet size

Several studies have been devoted to the analysis of charge droplets in the
cone-jet mode [11, 19, 28, 29]. An overview of the current classification re-
ported in the literature and the corresponding behaviour of the liquid meniscus
has been reported recently [26]. These scaling laws relate the size of the pro-
duced droplets, d, or the current through the system, I, to several material
properties of the liquid being sprayed and the applied flow rate. These mathe-
matical correlations are especially useful when developing new applications. It
is important to mention that a large amount of equation have been proposed,
which indicates not only that the mathematical model of EHDA is complex,
but that it is far from complete. Extensive measurements on the atomisation
of liquids with different physical properties, based on both experimental and
theoretical results, show that d and I are strongly dependent on the viscosity
and the conductivity of the liquid, and present basically two different scaling
behaviours. The values assumed by a dimensionless number, δµδ

1/3, allow the
distinction between these two behaviours [17, 30]:

δµδ
( 1
3 =

(
γ3ε2

µ3κ2Q

) 1
3

(2.2.2)

This number represents the ratio of the change in the kinetic energy of
the liquid jet in the axial direction and the change in viscous stress in the
radial direction. Liquids with high conductivities and viscosities exhibit a flat
profile for the axial velocity in the jet (δµδ

1/3 < 1) and behave differently
from liquids with low conductivity and viscosity (δµδ

1/3 > 1). Ganan-Calvo
et al., found out that, in particular, flat profiles of the velocities are known
to yield currents scaling as I Q1/2, while non-flat profiles generally follow
I Q1/4 [30]. Hartmann et al., on its turn, independently derived a scaling
law for the current, which was extended for all Newtonian liquids with low
conductivities and viscosities [31]. They noted that when δµδ

1/3 < 1:

I ≈ 2 (γκQ)
1
2 (2.2.3)
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Which was then used to calculate the average droplet for the different
mechanisms of jet break-up, varicose, dd,v:

dd,v = cd

(
ρε0Q

4

I2

) 1
6

(2.2.4)

And whipping, dd,w:

dd,w =

(
0.8

288ε0γQ
2

I2

) 1
3

(2.2.5)

Substituting Equation 2.2.3 in Equations 2.2.4 and 2.2.5, and taking cd
constant (approx. 2):

dd,v ≈
(

16ρε0Q
3

γκ

) 1
6

(2.2.6)

dd,w ≈
(

0.8
72ε0Q

κ

) 1
3

(2.2.7)

These physical models should be used carefully as real measurements on
the droplet size show deviations of up to 30%, although they are very useful as
a first estimate on the average droplet size.

2.3 Thin films

Thin film are layers ranging from sub-nanometre to several micrometres in
thickness. They are used to improve surface properties, such as in mechanical
and tribological systems, for electronic semiconductor devices and as optical
coatings, among many others. A number of deposition techniques have been
developed to deposit thin-films on a substrate and to fabricate ceramic lay-
ers. They can be widely classified in three categories, as suggested by Chen
(1998) [32], depending on the type of precursors used and the reactors in which
the films are formed:

• Gas-phase deposition

• Liquid-phase deposition

• Aerosol deposition

These will be discussed in more detail below.
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Gas-phase deposition

Physical and chemical vapour deposition (PVD) and (CVD), respectively, are
the most used and well known methods in this category. PVD includes sputter-
ing, evaporation, and laser ablation techniques which vaporise solid precursors
usually under vacuum conditions and deposit thin films on a substrate. Ad-
vantages of PVD include good quality of the films obtained in terms of high
density and smoothness, with a good adhesion to the substrate. Some disad-
vantages consist of the cost of the equipment involved, difficulties in controlling
film compositions and up-scaling. CVD process, on its turn, usually involves
the presence of more than one gaseous precursor led by a carrier gas to a reac-
tion zone where deposition takes place on or above the surface of a substrate.
Advantages of CVD include lower equipment costs than PVD, relatively easy
up-scaling, and a large number of available precursors. Some disadvantages are
the difficulty in obtaining a good reproducibility, as well as in controlling the
compositions of thin-films of ternary and more complex materials, and the fact
that a large amount of material is lost to the chamber walls. Both CVD [33–35]
and PVD [36–38] have been used to prepare various components for lithium-ion
microbatteries.

Liquid -phase deposition

This category includes a widely used set of techniques such as sol-gel processes,
hydrothermal growth and electrodeposition. A sol-gel process is a versatile
route to prepare fine powders and ceramic coatings and it can be either a
polymeric or an aqueous process. The polymeric sol-gel is normally used in
combination with spin- or dip-coating for thin film production. Hydrothermal
method is the production of powders by the crystallisation of substances from
high-temperature aqueous solutions at high vacuum pressures. It can also be
used for the deposition of in autoclaves under hydrothermal conditions. Elec-
trodeposition is a process that uses electrical current to reduce dissolved metal
cations so that they form a metal coating on an electrode. The system media
usually consist on aqueous solutions. All these routes usually present advan-
tages such as low cost of the equipment and an easy control on the composition.
Electrodeposition [33, 39, 40] and hydrothermal [41, 42] examples as success-
ful methods for the production of thin films in batteries are more common.
Sol-gel processes have been reported before [43], but its usage is not widely
documented.
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Aerosol deposition

Often referred as ‘spray deposition techniques’ in literature, these methods
consist in the generation of an aerosol, from a liquid precursor, which is subse-
quently directed towards a substrate or target in order to form thin-films. These
techniques are usually attributed with advantages such as the low cost of the
equipment involved, as well as its simplicity; the wide choice of precursors; rel-
atively easy control on the composition; a wide range of film morphologies are
easily achievable; some of them may be easily scaled-up. Different sprayers or
atomizers, such as pneumatic, ultrasonic or electrostatic, are used to generate
the aerosol and, as such, they differ in droplet size, rate of atomization, and
droplet velocity [32]. Some disadvantages include, in the case of mechanical
atomisers, the layer is not sufficiently homogeneous and of the same thickness
on the entire surface.

The quality of thin film formed on a substrate strongly depends on the
size of particles or droplets forming the layer, their monodispersity, and their
uniform distribution on the surface. Smaller particles, of narrow size distri-
bution should be generated in order to reduce the number and size of voids,
flaws and cracks in the film. The droplets ought to be uniformly dispersed over
the substrate to ensure the layer to be even and of the same thickness. The
electrospray is a promising tool for production of high quality layers and films
because it fulfils all these requirements. The electrostatic forces disperse the
droplets homogeneously in the space between the nozzle and the substrate. The
electrospray process is also easy to control by adjusting liquid flow rate and the
voltage applied to the nozzle, and it is less expensive in production of thin films
than chemical or physical vapour deposition, or plasma spraying requiring high
vacuum installations. The film thickness can be simply controlled by varying
the concentration and flow rate of the precursor solution [2].

Electrospraying has been used in a wide variety of applications, such as
the production of pharmaceutical particles [44–47] and tailor-made, reacting or
encapsulated particles [48, 49]. It has been also used to create emulsions [50],
for crop spraying [18] and, of particular interest in this thesis, for thin film
production.

In this respect, several studies on thin film deposition by means of electro-
spray (ESD or ESP), in numerous applications, have been presented [51–61]
and, as a focus in this thesis, it has been studied also in the field of lithium-ion
batteries [62–74] as it will be mentioned in more detail in the following section.
Finally, several important and complete reviews have been performed by Ja-
worek et al., [2, 9], Salata [75] and Valvo (2010) [17].

The process of thin films deposition via ESP is usually done at lower tem-
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peratures than conventional solid-state reactions. The temperature of the sub-
strate, besides being needed as a synthesis parameter to obtain the desired ma-
terial, is critical for the control of the layer uniformity and porosity [54, 59, 71].
The porosity is a result of fast evaporation of the solvent, and increases with
the substrate temperature [63, 76]. Optimal tuning of the temperature so as
to obtain the desired structure without compromising the layer quality can be
achieved by choosing a solvent with higher boiling temperature or by mixing
several solvents.

In his PhD work, Chen (1998) [32] gave, apart from an overview of the
theoretical background of the processes involved in the ESD technique, exper-
imental descriptions of the most important properties in thin film generation,
including general set-up, nozzle design, substrate temperature, concentration
of precursor solution, electric field strength, effect of the substrate, solvents and
different additives to enhance conductivity. He concluded that even if the mor-
phology is influenced by all these factors, including the spray droplet size, the
spreading rate of solution droplets on the substrate and the solution chemistry,
the factor playing the main role in the properties of the layer is the substrate
temperature. The higher it is, the more porous the layer. At moderate tem-
peratures the deposited layer is relatively dense but becomes porous with the
increase in thickness.

The precursor concentration is also an important parameter. Studies on
ESP production of TiO2 (anatase) films, from a precursor solution of titanium
diisopropoxide bis 2,4-pentanedionate dissolved in 2-propanol, at low precur-
sor concentrations (0.05 M) resulted in amorphous layers, while those made at
higher concentrations (0.2 M) formed crystalline anatase [77].

Other studies have been reported on parameters intrinsic to the liquid pre-
cursor such as the increase of the conductivity by using additives, i.e. acetic
acid [78], or the change of surface tension by mixing water and methanol in
the same precursor [79]. In the first case, the morphology of the layer changed
from cracked to crack-free reticular and it was attributed to the smaller droplets
generated when acetic acid was added. The increase of surface tension caused
the film to become rough and porous, attributed to the dispersion into large
number of droplets. A wider study on the effect of liquid physical properties
such as viscosity, surface tension, conductivity, and molecular weight on the
morphology of thin films prepared by ESD has been presented by Morota et
al. [80]. As a result, layers formed by building particles such as nanospheres,
nanospindles and nanofibers were achieved by changing these properties and
the applied voltage.

The layer formation is a complex and multi-step process, and, therefore, nu-
merous explanations can be met in the literature. A complete and chronological
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description of the different categorisations has been proposed by Jaworek [2].
An initial description was made by Chen et al. [62], where he distinguished four
types of layer morphologies, but following results performed by other groups
showing different morphologies [54, 63, 76, 81–84], indicated that other struc-
tures should be incorporated in this categorisation. Jaworek classifies these
layer morphologies in two main groups: dense and porous. The dense layer
can be amorphous, crystalline (of different structures) or amorphous with in-
corporated particles (intrusions). The porous layer can be reticular, grainy, or
fractal-like. These structures are schematically shown in Figure 2.4.

It can be concluded that electrospray based methods are a versatile op-

Figure 2.4 – Film structure morphologies: dense (a), porous (b). Adapted
from [Jaworek, 2007]

tion for thin film production. Layer morphology, thickness and structure can
be controlled in a relatively easy way by tuning the parameters involved in the
process, including those of the system as a whole (nozzle design, distance nozzle-
to-substrate, applied voltage, flow rate, temperature of the substrate, etc), as
well as those involved in the precursor solution (concentration of the consti-
tuting salts, boiling temperature of the solvent, conductivity, surface tension,
viscosity, etc). Moreover, the equipment required is cheap and easy to acquire,
and the process is flexible and easily tuneable. Compared to other methods
like CVD or PVD, its main advantage is that the growth rate of the layer is
relatively high. The process can be carried out in an ambient atmosphere, in air
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or other gas, and at low temperature, without the need for a complex reactor
and vacuum system.

Although each research group reports the successful film deposition and
fabricated device operation, most of them suggest that further development is
required. Despite many experimental data, the definitive explanation of the
electrospray mechanisms and film formation processes is not yet available [2].

After this account on the fundamentals of the technique, especially its be-
haviour in the cone-jet mode and the scaling laws related to it, and showing
the wide variety of studies and examples on ESD as a tool for thin films de-
position, a brief review on the application of electrospray in the fabrication of
Li-ion battery components will be mentioned in the following section.

2.4 ESD in Li-ion batteries

ESD has been used in the field of Li-ion batteries for almost 20 years. Van
Zomeren et. al were probably the first who employed it to produce materials
for positive electrodes, i.e. LiMn2O4, in 1994 [85]. Since then more attention
has been paid to this process as a feasible process for thin film battery com-
ponents, most likely due to the interest in production of electrodes for lithium
microbatteries [2]. The demand for production of microbatteries is an effect of
miniaturisation of electronic devices and a reduction of their power consump-
tion. A survey of open publications related with electrostatic spray deposition
and lithium batteries in the past 20 years is given in Figure 2.5, together with
a distribution of where the research from those publications took place. These
literature data were obtained based on Scopus and Google Scholar search sys-
tems. The data shows that, over the past decade, electrospray has maintained
over five articles per year with and steady increase in the last lustrum.

Several studies have been carried out and promising results have shown
the potential of these techniques for developing both positive and negative
electrodes, as well as solid electrolytes. The possibility of direct synthesis or
deposition of nanostructured electrode materials onto current collectors is par-
ticularly attractive, especially for thin films, where no binders or electronically
conductive additives are usually required for effective operation.

2.4.1 Cathode materials

Thin film deposition of materials for positive electrodes is usually obtained by
the pyrolysis of precursors containing lithium and other metal salts (i.e. ac-
etates or nitrates) so as to obtain metal-oxides. The choice of solvents mostly
depends on the solubility of the salts. The boiling point of the solvent plays an



43

Figure 2.5 – Comparison of the annual number of scientific publications since
the first publication in 1994 and publication distribution around
the world. Data analysis of publications was done using the Sco-
pus and Google Scholar search systems with the terms ‘electro-
static spray’ AND ‘lithium batteries’, on 2 September 2013.
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important role as it used to tune the morphology of the layer.
Positive electrode materials such as LiCoO2 [62, 64, 71, 76, 86], LiCoxMn2−xO4 [87],

LiNixMn2−xO4 [87], LiNiO2 [86, 88], LiAlyNi1−yO2 [88], LiCoyNi1−yO2 [88],
LiCo0.5Ni0.5O2 [89], LiAl0.25Ni0.75O2 [89], Li4Mn5O12 [89], Li4Ti5O12 [66],
LiMn2O4 [86, 90–92], LiNi0.5Mn1.5O4 [67, 93] have been obtained, and different
morphologies ranging from dense to porous layers have been reported. In most
cases, the synthesis process took place at relatively low temperatures between
250 - 500 ◦C. Some studies however showed that an extra step of annealing was
required in order to obtain the desired structure [67], the complete reaction to
happen or the crystallisation of the materials. Electrochemical tests demon-
strate that these electrodes undergo Li+ intercalation/de-intercalation similar
to conventional laminated electrodes and that porous structures favor efficient
charge transfer [17].

2.4.2 Anode materials

In a similar way as for the positive electrode materials, thin film deposition
of negative electrode materials uses pyrolysis, especially when transition metal
oxides are desired. In this case, no lithium is added to the precursor solution,
but a similar choice of salts (i.e. acetates or nitrates) and solvents (i.e. ethanol,
methanol, 2-propanol, ethylene glycol, etc) is made. In particular, nanostruc-
tured negative materials such as SnO2 [17, 86, 94, 95] and transition metal ox-
ides (i.e. MxOy) such as Fe2O3 [17, 74, 94, 96], CoO [17, 86, 94, 97], MnO2 [86],
CuO [96], Cu2O [98], NiO, ZrO2 [99], Al2O3 [99], ZnO [99], TiO2 [86, 100], are
receiving increasing attention as alternative negative electrodes. Specific capac-
ities much larger than those of carbonaceous materials can be achieved in such
systems via alloying mechanisms or reversible conversion reactions, especially
when they occur at the nanoscale [17].

A similar approach can be applied for the production of homogeneous lay-
ers from previously synthesised (nano) powders. In this case, the particles are
suspended in a particular solvent so as to form an ink. This precursor is then
electrosprayed onto a substrate, most of the time partially heated in order to
promote adhesion. In our group, we have been focusing on this during the
past years paying especial attention on Si nanoparticles. As de/lithiation of Si
causes strong mechanical stresses, a polymeric binder, and therefore conduc-
tive additive to increase electronic conduction, is needed to obtain a function-
ing battery. Recently a number of articles have been published in this respect
showing the versatility and advances of this technique for the production of
thin films [17, 94, 101].
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2.4.3 Solid Electrolytes

A couple of studies have been reported on the usage of ESD for the production of
solid electrolytes in the form of thin films. A study by Chen et al. where they
synthesised several ceramic materials for battery components, among which
Li0.1BPO4 [86] was included, led to the implementation of a two-layer structure
comprising a cathode (LixMn2O4) and solid electrolyte (LixBPO4), prepared
from lithium acetate and manganese acetate precursors [63].

Although the production of solid electrolytes using this technique has not
been broadly studied, the versatility is clear with a wide choice of possible
materials, using this relatively easy and cheap process. The possibility remains
open for the development of an all-solid-state thin-film battery produced only
with ESD.

2.5 Conclusions

Electrospraying was proved to be a versatile tool for various material processing
technologies. This chapter intended to show the interest in industrial and lab-
oratory applications with regard to this technique, which allows the generation
of sub-micrometric droplets while working in the cone-jet and multi-jet modes.
The goal of this review was to provide a summary of electrospray applications
in thin solid film deposition.

The temperature of the substrate, besides being needed as a synthesis pa-
rameter to obtain the desired material (i.e. by means of pyrolysis), is critical
for the control of the layer uniformity and porosity. The porosity is a result of
fast evaporation of the solvent, and increases with the substrate temperature.
Optimal tuning of the temperature so as to obtain the desired structure with-
out compromising the layer quality can be achieved by choosing a solvent with
higher boiling temperature or by mixing several solvents.

Electrospray has advantages of uniform coating of large areas, inexpensive
equipment, operation at atmospheric conditions, and easy control of deposition
rate and film thickness by adjusting voltage and flow rate. Utilisation of this
technique in the field of thin film battery production will surely continue to
rise, and new achievements in this field can be expected in the near future.
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Electrospray equipment
used including a new
experimental setup
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3.1 Introduction

In the previous chapter a detailed description of the Electrospraying process,
with emphasis on its application to the field of Li-ion batteries, was conducted.
Although a brief description of the experimental equipment which is generally
used in the literature to perform such research was discussed in Sections 2.1,
2.2 and 2.3, more attention was paid to the fundamentals and the application
of electrospray.

In this chapter, an account will be given of the different electrospray equip-
ment used for the experiments that will be described throughout this thesis,
as well as which are their main differences. Moreover, a short description of a
new experimental setup designed with the purpose of handling big substrates,
i.e. silicon wafers, will be illustrated.

3.1.1 Background

Electrospraying is a technique where a liquid precursor, flowing out of a cap-
illary nozzle, is atomized and dispersed into fine droplets by means of a high
electric potential. The size of the droplets spans from hundreds of micrometres
down to several tens of nanometres. Droplet generation can be manipulated by
changing the flow rate of the precursor, the voltage at the nozzle and nozzle to
substrate distance. In this way, droplet size and droplet size distribution can
be controlled to some extent. Electrospraying can be widely applied to both
industrial processes and scientific instrumentations. Over the last years, it has
opened new routes to nanotechnology and it is being used, among many other
applications, for micro- and nano-thin-film deposition and particle production.
Different reactions (i.e. pyrolysis, hydrolysis, condensation, etc.) can be also
coupled to the electrospray in order to produce functional materials for ceram-
ics, lithium batteries, solar cells, among many others. Typically, Electrostatic
Spray Deposition (ESD) and Pyrolysis (ESP) involve the use of a heat source in
order to promote the evaporation of the solvent or to decompose the precursors
and synthesize different materials at higher temperatures.

In the ESP a capillary plate configuration is adopted (the orientation be-
tween these two elements varies throughout the literature). The precursor
solution is contained inside a syringe which is placed in a syringe pump that
permits the user to control the volume of precursor and time of spraying. The
syringe is connected, via a polymer hose, to a metal capillary nozzle. A high
voltage (HV) is applied between the metallic nozzle and the substrate holder
creating an electric field across this region. When the HV source and the pump
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are turned on, this field also penetrates the liquid surface and interacts with
ions in the solution causing them to disperse, leading to atomization of the
liquid precursor. The droplets generated in this way will eventually land on
the substrate which is placed on top of the substrate holder under a mask used
to select the area wanted for the deposition. The temperature of the substrate
can be controlled and tuned in such a way that pyrolysis will take place. As
mentioned in the previous chapter, several parameters play crucial roles in the
droplet generation and the film formation processes. To mention a few:

• Distance between nozzle and substrate: by changing it, the time of flight
of the droplets varies.

• Temperature of the substrate holder: influences multiple processes like
pyrolysis, drying of the droplet, temperature gradient of the reactor
chamber, adhesion on the substrate, etc.

• Voltage: can be easily tuned to achieve different phenomena.

• Spraying volume: the amount of precursor to be sprayed.

• Flow rate: it can also be tuned in order to achieve different phenomena,
but is basically used to release the volume of precursor in a desired time.

Apart from the parameters related to the system, the physical and chemical
properties of the solution play an important role on the process:

• Electrical conductivity

• Absolute permittivity

• Viscosity

• Surface tension

3.1.2 Experimental equipment used

The system consists mainly of three units, namely: (1) a high voltage power
supply (HCN14-12500, FUG) connected to a nozzle and a heated substrate
holder (grounded) that is attached to a temperature controller; (2) a pump-
ing unit, where a precursor solution, loaded in a glass syringe (Fortuna Op-
tima), can be injected in a controlled manner via a syringe pump (KD Scientific
KDS120, 8950); (3) a reaction chamber, where the sample is positioned and the
nozzle (EFD R© Ultra) is fed via a chemically-resistant hose (Watson-Marlow)
with the precursor to produce a fine aerosol that will be followed by pyrolysis
reactions after the droplets land on the heated substrate, and a high intensity
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halogen lamp. Additionally, the system comprises other supporting elements,
including electronic connection cables suitable for high voltage operation and
a digital calliper to measure the nozzle to substrate distance. The necessity
of using the high-intensity lamp is stressed because it helps to determine the
mode of spraying.

The different setups used for the experiments described in this thesis were
composed of these three main units, using the same equipment. The only differ-
ence was in the reaction chamber (3) in the sense that the vertical configuration
of the nozzle to substrate-holder was varied, i.e. the atomization was in the
same direction as the gravitational force (downwards, for experiments in Chap-
ter 4) and in the direction opposite to it (upwards, for experiments in Chapters
5 and 6). These equipments, however, have constraints in terms of the size of
the substrate they can handle. A new equipment was thus constructed in order
to support the usage of samples of up to 20 cm, i.e. for deposition of thin films
on 8” silicon wafers (experiments in Chapter 5).
This system will be briefly described now.

Downwards configuration (Chapter 4)

In Chapter 4, a direct, one-step approach for the synthesis and coating of
nanocomposite electrodes based on metal oxides as active materials and PVdF
as polymeric binder will be presented. Therefore, the parameters used for such
experiments and the results obtained will be discussed later. The paragraph at
hand will deal with the description of the setup used.

Different configurations regarding the position of the capillary and the sub-
strate can be found in the literature. Perhaps the most commonly used is that
with a vertical orientation in which the capillary is facing downwards and the
substrate rests on the holder) [1–7]. In this case the gravitational force (Fg)
is in the same direction as the electrohydrodynamic force (Fe), as depicted in
Figure 2.1 in Chapter 2. A schematic drawing of the equipment used for the
synthesis and assembly of the coated electrodes is shown in Figure 3.1(a), while
a picture of the electrospray in operation is shown in Figure 3.1(b).

Upwards configuration (Chapters 5 and 6)

In Chapter 5, high voltage LiNi0.5Mn1.5O4 thin film electrodes for 3D Li-ion
microbattery application will be discussed. Likewise, Chapter 6 will deal with
the application of surface modification, i.e. partial coatings via a short-time
deposition, on previously synthesised layers.

For the experiments that will be described in the above mentioned chapters,
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Figure 3.1 – Schematic drawing (a) and photo (b) of the electrostatic spray
deposition setup used for the direct synthesis and assembly of
coated nanocomposite electrodes, as will be discussed in Chapter
4.The nozzle, feeding hose and the heated substrate holder are
clearly visible. The halogen lamp helps with the visualisation of
the spraying mode.

ESP was used as synthesis technique using almost the same setup as the one
described before, except that the nozzle is directed towards the substrate facing
upwards. Such orientation has been regularly used in the literature for several
applications [8–13]. In this case, the gravitational force (Fg) is in opposite
direction to that of the electrohydrodynamic force (Fe). It is important to
stress the fact that the gravitational force may be neglected in the case of
electrostatic spraying because droplets produced in this way are very small [14].
A schematic drawing of the equipment used for the synthesis and coating of
cathode electrodes as well as their subsequent surface modification is shown
in Figure 3.2. It also shows the system during spraying. This particular
configuration is just one of many possibilities. It is also possible to spray
upwards (as described above) or even horizontally [15–17]. In our case, spraying
upwards has the advantage that excess solution does not drip on the sample,
but then follows simply along the nozzle downwards. This may look trivial at
first but when dealing with expensive and/or scarce substrates it becomes a
relevant aspect.

New equipment for large samples (Chapter 5)

As could be observed in the images of the experimental setups shown above,
the size of the samples was restricted to about 4 cm (the diameter of the masks
employed, as shown in Figures 3.1(b) and 3.2(b), are 1.5 cm). As mentioned
before, a new equipment was thus constructed in order to support the usage of
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Figure 3.2 – Schematic drawing (a) and photo (b) of the electrostatic spray
deposition setup used for the synthesis and coating of cathode
electrodes, as will be discussed in Chapters 5 and 6. The picture
on the right shows the circular mask used and the resulting film
sprayed on a CR2320 coin cell cap.

samples of up to 20 cm, i.e. for deposition of thin films on 8” silicon wafers. In
Chapter 5, a full description of the substrates will be made. For the purpose of
this chapter, it is enough to say that the system has an upward configuration
as described above and that it has a much bigger size.
A schematic drawing of the designed equipment is shown in Figure 3.3a). The
system is composed by the same components as its smaller counterparts with
the exception of the reaction zone. Here, the nozzle is mounted on a movable
‘x, y, z’ table, whose motion is controlled by a computer. This movable table is
composed of two independent linear actuators (PBC Linear-MLB Series [18]),
each with a linear speed of 1.2 mm s−1. A photograph of the setup, shown
during spraying, is shown in Figure 3.3(b), where it is possible to identify the
two separate linear actuators which hold, on their turn, a separate vertical
arm where the nozzle is attached to. This arm includes an optical ruler and
a knob that permits the control of the ‘z’ direction. The substrate holder
can be also observed in Figure 3.3(b). This massive component consists of two
separate parts, namely a heating plate and an isolation element. The heating
plate, clearly seen in the central part actually holding a metallic mask and
having the nozzle directly pointed at it, is made of stainless steel and it is
composed of two separate heating elements (HotSet-Hotspring R©, max. temp.
750 oC), one for the inner part and the other one for the outer part, as shown in
the technical drawing in Figure 3.4(a). Each heating spring has its own port to
connect a thermocouple, hence the temperature can be separately controlled.
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Figure 3.3 – Schematic drawing (a) and photo (b) of the new experimental ESP
setup designed and built for thin film synthesis on large substrates,
as will be discussed more in detail in Chapters 5.

The thermal isolation element (MONOLUX R© 800), present in Figure 3.3(b)
as the white ceramic component surrounding the heating plate, is a 30 cm
cylindrical piece machined with a 23 cm hole in the centre part where the
heating plate is placed, as it can be observed in Figure 3.4(b). Finally, the
substrate is held against the holder via two stainless steel springs which not
only play the role of mechanically pressing the substrate against the plate, but
are also the electrical pole which is grounded in order to close the high voltage
circuit.

Figure 3.4 – Technical drawings of: (a) the heating plate containing two sepa-
rate heating elements; and (b) the thermal isolation component.
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3.2 Conclusions and Outlooks

Electrospraying is a versatile tool for liquid atomization that has the advantage
of uniform droplet generation from relatively inexpensive equipment. These
systems can operate under atmospheric conditions, and the rate of particle
production is easy to control via voltage and flow rate. In particular for the
field of Li-ion batteries, it is an easy, cost-effective approach for the direct syn-
thesis and coating of advanced (composite) electrodes, as it will be shown in
the coming chapters of this manuscript.

As mentioned in a recent article published by our group, e.g. Valvo et al. [7],
the various products, with desired compositions, thicknesses, morphologies and
textures can be obtained by using dedicated precursors, solvents, polymers,
additives, gas atmospheres and so forth. The method combines the power-
ful aerosol tool of electrospray deposition (i.e. generation of highly charged
droplets with tuneable size, large area coverage, etc.) with the intrinsic versa-
tility of wet chemistry and polymers, in order to form functional materials with
peculiar structures and textures. Embracing in a single step the various stages
required by conventional electrode preparation (i.e. blending of slurries, paste
casting and coating consolidation) is extremely useful and effective in minimiz-
ing time and energy needed for electrode fabrication. Even more important
is the fact that the active nanoparticles are generated in situ, while being
inter-dispersed with the polymer binder and directly attached to the substrate,
thus not separating the processes of materials synthesis, mixing and assembly.
Moreover, the control over the morphology, the coverage and the thickness of
the coatings by electrospraying can be controlled in a more accurate manner
than in conventional laminated electrodes. Obviously, all these features are at-
tractive not only for the fabrication of electrodes for Li-ion batteries, but also
for other applications that may require deposition of functional nanocomposite
structures.

In his PhD dissertation Valvo, 2010 [19], described the potential imple-
mentation of this procedure into a continuous, larger scale process for full
fabrication of advanced nanocomposite electrodes in a roll-to-roll process by
convenient upscaling of electrospray via multiple nozzle systems [20] or equiva-
lent equipments. One of his analyses included the one shown in the schematic
drawing in Figure 3.5 which compares the typical manufacturing process of lam-
inated electrodes with the proposed concept of direct synthesis and assembly.
The main advantage of the electrospray is that the thickness of the coatings
can be controlled with higher precision than by conventional casting and the
entire process can be performed in a one-step, continuous mode. Deposition
times for electrode coating can be drastically reduced by means of multiple-
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nozzle systems, especially when low flow rates are required on single spraying
points in order to generate homogenously-sized droplets. In such a way, these
nanocomposite materials that have been synthesized by a simple equipment,
like the one shown in Figures 3.1, 3.2 and 3.3, could be produced on a larger
scale via a roll-to-roll process.

Figure 3.5 – Schematic drawing of (a) a typical manufacturing process of
coated electrodes; and (b) the proposed on-step fabrication pro-
cess. Adapted from Valvo, 2010 [19]

In this regard, besides the new experimental set-up built for the deposi-
tion of various coatings on large substrates (i.e. as that one on the E-STARS
project [21]), which will be described in detail in Chapter 5) as shown in Figure
3.3, this set-up will soon be adjusted for the formation of layers on aluminium
- roll-to-roll system, which preliminary versions of the setup are shown in Fig-
ure 3.6. The method will be further optimized together with a Dutch Small
Medium Enterprise with governmental support.
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Figure 3.6 – Preliminary design of a roll-to-roll system to be coupled with ESP
coating device for the production of advanced electrodes.

As these kinds of technologies are more advanced, and thus still at a labora-
tory scale, transfer to industrial manufacturing level will require development
works with industrial equipment supplier. Nevertheless, advances in electro-
spray applications in nanotechnology will certainly continue in the near future,
and new achievements in this field can be expected.
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Chapter 4

One step synthesis and
assembly of Fe2O3-,
CuO-PVdF nanocomposite
electrodes

The Human Genome Project took about ten years, representing
many person-centuries. [...] Like the Apollo moon landings, and
like the Large Hadron Collider (the gigantic scale of this interna-
tional endeavour moved me to tears when I visited), the complete
deciphering of the human genome is one of those achievements
that makes me proud to be human

Richard Dawkins, The Greatest Show on Earth, 2009

A direct approach for the synthesis and coating of advanced nanocompos-
ite electrodes based on iron and copper oxides as active materials, is pre-
sented in this chapter. The Metal-oxide/PVdF electrodes are directly formed
by electrospraying precursor solutions containing metal salts, dissolved in N-
methylpyrrolidone (NMP), together with Polyvinylidene Fluoride (PVdF) as
binder. In this way, sub-micrometric deposits are formed as a composite of
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oxide nanoparticles of a few nanometers dispersed in situ in a PVdF polymer
matrix, creating nanocomposite structures that are being coated at once as thin
electrode layers on stainless steel coin cell cans. The intimate contact between
the nanoparticles and the binder favours enhanced adhesion of the materials in
the overall electrode structure and adequate electrochemical performances are
obtained without any conductive additive. Electrochemical tests demonstrate
that the conversion reactions in these electrodes enable large initial discharge
capacities, but also reveal that capacity retention needs further improvements.
In a more general view, the results show that this approach is suitable, not
only for the fabrication of nanocomposite electrodes for Li-ion batteries, but
also for other novel applications.

This chapter is based on the published articles:

- E. Garcia-Tamayo, M. Valvo, U. Lafont, C. Locati, D. Munao, E.M.
Kelder. “Nanostructured Fe2O3 and CuO composite electrodes for Li ion bat-
teries synthesized and deposited in one step”. Journal of Power Sources 196
(2011) 6425-6432
- M. Valvo, E. Garcia-Tamayo, U. Lafont, E.M. Kelder. “Direct synthesis
and coating of advanced nanocomposite negative electrodes for Li-ion batteries
via electrospraying”. Journal of Power Sources 196 (2011) 10191-10200.
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4.1 Introduction

Li-ion batteries are one of the most popular power sources that are currently
used to power up a wide range of portable electronic devices. However, the
increasing miniaturization of these devices implies that they become thinner,
smaller and lighter, therefore requiring batteries with enhanced energy and
power densities. Furthermore, high-power applications (e.g. EVs, HEVs, Power
tools) require even higher volumetric and gravimetric energy densities, which
can be eventually achieved by employing new materials in order to improve the
existing Li-ion battery technology based on bulk, micrometer-sized materials.
Intercalation represents the reaction mechanism on which rechargeable Li-ion
batteries have always relied since their first commercial release by Sony [1]. In-
tercalation reactions in negative electrodes and their characteristic properties
have been widely discussed and reviewed [2, 3]. The major drawback of this
mechanism is related to its limited capacities. In the case of graphite, it is
possible to reversibly store only one atom of lithium per 6 atoms of carbon (i.e.
LiC6), corresponding to a theoretical capacity of about 370 mAhg−1.

It has been shown that lithium can react with a range of transition metal-
oxides (TMO) by a process referred to as conversion [4]. The main advantage
of TMO over carbonaceous materials in negative electrodes is that their capac-
ities are noticeably higher (i.e. up to 1000 mAhg−1), due to their ability to
incorporate more than one Li atom per MO. Moreover, these type of materials
in general, and Copper and Iron oxides in particular, are of interest because
they can be produced using low-cost precursors with a limited impact on the
environment. However, negative electrodes based on these materials suffer from
mechanical volume changes during Li uptake and removal, even though not as
severe as those of Li-alloys [5]. This disadvantage confers an important role to
the process of particle synthesis and electrode assembly, where the active par-
ticles are mixed with other inactive components (i.e. binders and additives).
Apart from that issue, they present intrinsic shortcomings of large separation of
the voltage on charge and discharge [6]. In fact, incorporation of larger amount
of Li ions, whatever the mechanism of reaction, results in a volume increase
at the host material which causes mechanical stresses and may even produce
cracking of the electrodes upon subsequent Li extraction and uptake.

In this respect, the use of nanostructures and nanocomposites is a prerequi-
site to accommodate better the strains and to obtain longer cycle life for these
negative electrodes [7, 8]. Moreover, they can also significantly improve charge
transfer and power delivery in the electrodes because of larger surface contact
with the electrolyte and shorter diffusion lengths for the charge carriers (i.e.
Li+ ions and electrons). In particular, the presence of small nanoparticles and
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extended interfaces is decisive in transition metal oxides to have almost fully-
reversible reactions [9, 10], as well as extra charge storage at the boundaries in
a pseudo-capacitive way [11, 12]. Previous works adopting this approach have
been reported [9, 13–16], pointing out the crucial role that nanostructured ma-
terials can play in these systems, as well as in other energy conversion and
storage applications [6, 8, 10, 12, 17].

Nevertheless, exploiting the features of nanomaterials in practical negative
electrodes in most of the cases is not a trivial task. Their favourable char-
acteristics can be easily masked by improper incorporation into the ultimate
electrode structures. This holds especially when these materials are processed
in a powder form and their dispersion and assembly in coated electrodes be-
come more difficult.

Various strategies have been proposed to address this issue and they have
been succinctly described by M. Valvo, with whom I worked closely during
the last part of his PhD. Some of the novel methods he mentions in his dis-
sertation [18], include well-designed and advanced methods for fabrication of
negative electrodes such as the dispersion of nanoparticles in a supporting car-
bon matrix [19], the embedment of active (nano) material in carbon micro-
spheres [20–22], as well as carbon-encapsulated hollow structures [23]. Their
studies on cycle life show enhanced performance due to an improved mechani-
cal stability that prevents particle agglomeration and the increase of electronic
conductivity of the entire electrode.

Nevertheless, these methods present shortcomings such as the use of expen-
sive precursors and the fact that the syntheses are usually multi-step processes.
Even in one-step syntheses, high temperatures (i.e. 700 ◦C) are usually nec-
essary for the preparation of such nanocomposites. Moreover, the electrode is
still not present at its final stage as the as-produced active material still needs
to be mixed with the inactive components (binder and conductive additives)
to form a slurry which will be finally coated on the current collector.

Several groups have used alternative processes to reduce the steps required
for the fabrication of electrodes. Their strategy generally consists in com-
bining, simultaneously, the synthesis and growth/deposition of the active ma-
terials directly on the current collectors. Techniques such as electrodeposi-
tion [24], template-synthesis [25, 26], physical vapour deposition [27], sputter-
ing [28], vapour-solid-liquid (VLS) [29] or vapour-solid (VS) growth [30] have
been widely used yielding interesting results. In all these cases, binders and
conductive additives (i.e. carbon black) are not included in the final electrodes.
However, most of these methods are highlighted as very interesting and promis-
ing alternatives for applications where only the active material is required, such
as in the field of microbatteries [31].
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In this respect, their ability for the production of different nano-architectures
(i.e. 3D self-supported nanowires or nanotubes arrays, etc.) are particularly
attractive in terms of achievable capacities and rate capabilities, offering en-
hanced surface areas in contact with the electrolyte [32–34].

Among the reported morphologies some are mechanically favourable as they
can better sustain with the strain caused by Li (de) insertion. Examples of these
3D nano-architectures include rods, wires or tubes. Each structure has its own
contact with the substrate, contributing directly to the overall electrochemical
reaction without any additional material needed for operation. However, the
fabrication methods applied so far (i.e. template-assisted syntheses, VLS, VS,
etc.) are quite cumbersome and, even in the most favourable cases, there are
obvious limitations arising, for example, from pre-treatments needed for the
substrates, the size of the template membranes, the use of expensive catalysts,
the limited area coverage and the scarce amount of active material effectively
grown. Moreover, the risk of breaking the structures during fabrication should
be also taken into account. Such circumstance results in a direct loss of capac-
ity, since the electrical contact of the individual structures with the substrate is
definitively lost. Therefore, the role of polymer binders and eventual additives
in practical coated electrodes becomes important, even though they account
for inactive mass added to the entire structure. Active metal or metal-oxide
nanoparticles need a suitable “glue” to holds them together and to reinforce the
entire electrode during the electrochemical processes. Particles must adhere to
the current collector and not move far apart from each other in order to ensure
percolation. Additionally, the binder adhesion to the surface of the nanoparti-
cles should be optimal, promoting the transport of the charge carriers to and
from the particles, while preventing them from agglomeration and coalescence.

In this scenario, the possibility of direct synthesis and coating of nanocom-
posite layers, containing the active nanoparticles dispersed in a binder with
eventual additives, is obviously attractive. More important, it is convenient to
generate in situ the active nanoparticles already mixed with the binder, rather
than dispersing them in a separate step. Indeed, the process of synthesis of the
active materials does not need to be separated from their assembly in compos-
ite coated electrodes with other components.

Electrospray-based methods (i.e. electrospray pyrolysis and deposition,
electrospinning) are powerful tools to perform such a one-step synthesis and
coating of nanocomposite electrodes. They have been conveniently applied
to the synthesis and deposition of various functional coatings like MgO [35],
ZrO2 [36], as well as thin film electrodes for Li-ion batteries. Different materials
have been synthesized, e.g. Li1.2Mn2O4 [37], LiMn2O4 [38], LiCoO2 [39, 40],
Li4Ti5O12 [41] for positive electrodes and Fe2O3 [42], SnO2 [43] for negative
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electrodes. However, all these materials do not include any polymer for binding
purposes. The presence of the binder promotes the mutual adhesion of the de-
posits, as well as their overall contact with the underlying substrate to obtain
a reinforced composite electrode coating. This circumstance should be also ad-
dressed when internal and external mechanical stresses are present. A similar
approach using a precursor ink consisting of a solution of polymer binder with
a suspension of previously synthesized silicon nanoparticles and commercial
carbon additive has been recently reported [44].

This chapter is focused on the synthesis and deposition of Fe2O3 and CuO
nanostructured electrodes in one step via Electrostatic Spray Pyrolysis (ESP).
During the processing, solutions containing precursor metal salts dissolved to-
gether with Polyvinylidene Fluoride (PVdF) binder, were electrosprayed on a
heated substrate where the generated sub-micron sized droplets underwent py-
rolysis. The oxide nanoparticles are generated and thereby mixed immediately
with the binder (i.e. PVdF) so as to form the composite electrodes and hence
avoiding powder mixing and paste casting. It is, therefore, proposed that it is
a viable approach to synthesize and assemble in one step thin nanocomposite
coatings of negative electrodes at low temperature.

4.2 Materials and Methods

As described in Chapter 3, Paragraph 3.1.2, a schematic of the equipment used
for the production of the Fe2O3 and CuO nanostructured composite electrodes
is shown in Figure 3.1.

The precursor solutions were prepared from Iron (II) Acetate Anhydrous,
Fe(C2H3O2)2 (Alfa R©GmbH) and Copper (II) Nitrate trihydrate, Cu(NO3)2.3H2O
(AnalaR R© BDH). These salts were independently mixed with Polyvinylidene
fluoride (PVdF SOLEF 1015) in a weight ratio (Metal:PVdF wt%) of 5:1 and
were respectively dissolved in 15 ml of N-Methyl-2-pyrrolidone (NMP MERCK-
Schuchardt). Vigorous stirring was applied in order to achieve a complete
dissolution of the PVdF and the precursor salts. The solution obtained was
relatively viscous and concentrated. No carbon black was added to the precur-
sor solutions for the experiments. A precision dispense tip (EFD R© Nordson)
with inner diameter 0.61 mm was utilized in order to facilitate a continuos flow
and avoid clogging. The solutions were fed to the electrified nozzle at a con-
stant flow rate in order to undergo electrospraying and direct reaction so as to
deposit electrodes on coin cell cans. The high electrical field applied between
the nozzle and the substrate holder caused the formation and acceleration of
tiny, highly-charged droplets towards the substrate. The atomization process
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was accompanied by the evaporation of the solvent and subsequent pyrolysis
of the precursor salts, enabling the direct formation of coated nanocomposite
electrodes without any “doctor-blading” method [45, 46]. All the experiments
were performed in air. The distance between the tip of the nozzle and the
support was kept constant at 20 mm during the electrode deposition, as well as
the injection flow rate (values are reported in Table 4.1). The applied voltage
was tuned in each experiment in order to reach a stable electrospray in the
so-called cone-jet mode (see Chapter 2.2.1), which was observed by means of
a high intensity lamp. The temperature of the substrate was kept constant at
280 ◦C to ensure complete evaporation of the solvent (i.e. NMP evaporates
around 200 ◦C) and to obtain pyrolysis of the precursors, as well as good adhe-
sion of the PVdF to the coin cell can substrates. Furthermore, it was far from
the threshold for decomposition of PVdF in air (i.e. >315 ◦C). Some possible
pyrolysis reactions at 280 ◦C in air for the precursor salts are the following:

Cu (NO3)2 · 3H2O +O2
280◦C−→ CuO + CO ↗ +3CO2 ↗ +3H2O ↗ (4.2.1)

2Fe (CH3COO)2 + 8O2
280◦C−→ Fe2O3 + CO ↗ +7CO2 ↗ +6H2O ↗ (4.2.2)

The mass percentage of the oxide materials in the composite electrodes was
calculated by means of the weight ratio of the PVdF/ precursor salts and their
respective pyrolysis reactions, yielding approximately 60-70%.

Control of the morphology, thickness and texture (i.e. porosity) of the de-
posited layers can be achieved by adjusting the physical parameters of the ESP.
The electrode thickness can be controlled, for example, by adjusting the depo-
sition time on the substrate. The morphology and texture can be influenced by
adjusting flow rate, voltage, distance from nozzle to sample, as well as by tak-
ing into account properties of the solvent, like its temperature of evaporation,
viscosity, conductivity, etc. A mask was used to control the area of deposition
on the coin cell cans in order to obtain circular coatings of approximately 150
mm2. It is worth mentioning that the resulting electrodes do not need any fur-
ther treatment and that they can be directly sealed in a full battery assembly
by adding the remaining parts (i.e. electrolyte-soaked separator, lithium disk,
spring, gasket and stainless steel lid).The deposited mass and thickness of the
PVdF-oxide composites were determined by carrying out measurements on the
coin cell cans before and after the process of electrode coating. For this purpose
a digital balance (Sartorius) with an accuracy of 10−2 mg and a digital caliper
(Mitutoyo Absolute, 10−3 mm accuracy) were employed.
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Table 4.1 – Experimental parameters and characteristics of the re-
acted materials.

Precursor Voltage Current Flow rate Nozzle Temperature Expected Estimated % of
(kV) (mA) (mLh−1) (mm) (◦C) Material active material

Cu(NO3)2+ 8.4 0.002 0.2 20 280 CuO 62
PVdF+NMP +PVdF

Fe(Ac)2+ 8.0 0.001 0.4 20 280 Fe2O3 69
PVdF+NMP +PVdF

Galvanostatic and Cyclic Voltammetry (CV) measurements were per-
formed in order to assess the electrochemical performance of the coated elec-
trodes on CR2320-type coin cells assembled in an Ar-filled (H2O<2ppm) glove
box (MBraun). The nanostructured coatings were directly tested as work-
ing electrodes, while lithium metal disks were used as reference and counter
electrodes with polyethylene separators (Solupor) soaked with an electrolyte
solution of 1M LiPF6 in EC:DMC 2:1 (Mitsubishi Chemical). The cells were
discharged and charged on a Maccor S-4000 cycler with a cut-off voltage be-
tween 0.05 V and 3.0 V at gravimetric current densities of 124 mAg−1 for
Fe2O3/PVdF and 337 mAg−1 for CuO/PVdF, respectively. Likewise, voltam-
mograms were carried out with an Autolab (Ecochemie, The Netherlands) be-
tween 0.02 V and 3.0 V, at scan rate of 0.1 mVs−1. Atomic Force Microscopy
(AFM) was performed on the coated samples by a NT-MDT NTEGRA scan-
ning probe microscope in semi-contact mode by a Si cantilever and tip (NT-
MDT, Silicon: NSG 03). A Philips CM30T transmission electron microscope
operated at 300kV was used to investigate the morphology, size and crystallinity
of the as-deposited nanocomposites. An EDX probe (Oxford) coupled to the
TEM was further used to perform an elemental analysis of the materials. Their
composition and crystalline structure were also studied by means of X-ray
diffraction on a Bruker (AXS D8 Advance) diffractometer equipped with a

Cu-Kα radiation source (α=1.5418 Å).
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Figure 4.1 – Photo of the reaction chamber were the direct synthesis and as-
sembly of coated nanocomposite electrodes takes place. Examples
of composite coatings with PVdF are shown as insets in the photo.
Fe2O3 in the top left-hand corner and CuO in top right-hand cor-
ner.

4.3 Results and Discussions

4.3.1 General characterization

A close up picture of the reaction chamber of this system is observed in Fig-
ure 4.1, together with images of the as-deposited layers on coin cell cans. It is
seen that the resulting coatings are fairly homogeneous and their colors indi-
cate the different metal oxide particles inter-dispersed within the PVdF. The
dark reddish-brown and black hues match with the characteristic colors of the
oxides produced, namely Fe2O3 and CuO, respectively.

The measured values of thickness and mass obtained in correspondence of
different sprayed volumes for the precursors are shown in Figure 4.2. As ex-
pected, increasing the thickness of the coating results in a growth of the mass
deposited on the coin cell cans following a linear trend.

4.3.2 Structural and morphological characterization

The morphology of the coated materials was investigated by AFM. The images
of the scanned areas for the composite CuO/PVdF and Fe2O3/PVdF electrodes
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Figure 4.2 – Plot of the values of thickness vs. mass for the deposited elec-
trodes of Cu/PVdF (open stars) and Fe2O3/ PVdF (solid stars)
obtained for various sprayed volumes of the precursor solutions.

are shown in Figure 4.3(a) and (b), respectively.
Figure 4.3(a) shows that sub-micrometric deposits of CuO/PVdF have

been formed. The observed elongated features are composed of smaller spherical-
like structures merged together in agglomerates arranged in platelets. The sur-
face morphology suggests that the pore size is similar to that of the particles.
In Figure 4.3b) the surface of the Fe2O3/PVdF coating displays similar charac-
teristics, showing, however, larger and more defined spherical deposits arranged
in three dimensional agglomerates. The resulting pore size is comparable with
that of the agglomerates. In both of the previous cases, the sub-micrometric
deposits have been formed from the reacted droplets generated during electro-
spraying. It is worth noticing that all the deposits have a spherical-like shape,
indicating that most of the evaporation of the solvent (i.e. NMP) and the
precursor decomposition in the generated droplets practically occurred during
their flight towards the heated substrate [47]. In this respect, each charged
droplet acts as a sort of “microreactor” for the formation of the ultimate mate-
rials.

These results are in accordance with previous findings from our group,
where precursor solutions containing cobalt or tin metal salts were electro-
sprayed to form CoO/PVdF or SnO2)/PVdF nanocomopsites, respectively. In
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Figure 4.3 – AFM images of the surface morphology of the nanocomposites.
a) scan of CuO/PVdF (height bar 0-90 nm) and b) Fe2O3/PVdF
(height bar 0-850 nm). The scanned areas are 2 µm x 2 µm wide.
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those experiments, we obtained matching spherical-like morphologies with sizes
ranging from tens of nanometers to roughly 300nm. The outcome of this re-
search has been carefully described in a dissertation [18] and recently pub-
lished [48].

XRD was performed on samples synthesized under identical conditions to
those described for the preparation of each oxide/PVdF electrode, but hav-
ing a larger area coverage and a thicker coating. This is achieved by simply
increasing spraying time. The underlying substrates were either aluminum or
stainless steel.

In Figure 4.4(a), the diffraction pattern of the CuO/PVdF composite is
presented. The sharpest peaks at 45◦, 65◦ and 78◦, correspond to characteris-
tic diffractions related to the underlying Al foil support. The observed pattern
indicates that monoclinic CuO (JCPDS: 80-1916) has been formed, as also con-
firmed by the black color of the coated material. Two broad peaks around 35◦

and 38◦ correspond to the strongest characteristic diffractions by the planes
(-110) and (111) respectively. Four weak features can be also observed in the
diffraction pattern around 33◦ (110), 49◦ (-202), 58◦ (202) and 62◦ (-113) re-
spectively, confirming the presence of small crystallites of CuO. Moreover, the
average crystallite size was evaluated by the Scherrer formula which yielded an
approximate value of 12 nm for this material.

Figure 4.4(b) shows the diffraction pattern of the Fe2O3/PVdF layer. The
only peaks that are clearly visible in the plot are those related to the stainless
steel substrate, while the nanocomposite layer displays mainly amorphous char-
acteristics. Nevertheless, the broad hump around 33◦ falls within the angular
range where the strongest diffractions of Fe2O3 occur.

Indeed, characteristic diffractions by the planes (104) and (110) for α-Fe2O3

are respectively due at 33.15 and 35.61◦ (JCPDS no. 33-0664). Furthermore, α-
Fe2O3 displays its strongest peak indexed (311) at 35.65◦ (JCPDS no. 39-1346).
The reduced size of the nanoparticles and the relatively low temperature for
the synthesis process are likely responsible for the observed diffraction pattern.
Nevertheless, the dark reddish-brown color of the coatings clearly indicates that
Fe2O3 has been formed, since other iron oxides with different stoichiometries
have a distinctive black colour.

In the same manner, these XRD results are in agreement with our studies
on SnO2 and CoO, where the resulting metal oxide particles exhibit mainly
amorphous-like features [48].

Investigation of the morphology and the intimate structure of the mate-
rials was performed by TEM. Figure 4.5(a) shows a bright field image of the
deposited CuO/PVdF composite structure. Small CuO nanoparticles with sizes
of roughly 4-7 nm are observed. The CuO nanoparticles, which correspond to
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Figure 4.4 – XRD spectra of the nanocomposite electrodes by electro-
static spray pyrolysis of (a) Cu(NO3)2.3H2O /PVdF and (b)
Fe(C2H3O2)2/PVdF at 280 ◦C. The peaks marked by an asterisk
refer to the characteristic diffractions of the substrates used.
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the dark dots in the image, are homogeneously interdispersed in the PVdF.
The high resolution TEM image in Figure 4.5(b) shows the crystalline nature
of the nanosized particles and lattice fringes are clearly observed (see the dotted
circles). The data agree well with the calculated crystallite size derived from
XRD. It can be further concluded that the nanoparticles are mainly nanocrys-
tals.

Figure 4.6(a) shows the morphology of the Fe2O3/PVdF nanocomposite.
It can be seen that the typical size of the remnants varies roughly from 20 nm
up to 300 nm, matching well with the previous AFM analysis. The spherical
shape of the deposits is caused by the drying process of the electrosprayed pre-
cursor droplets. Also in this case a fine interdispersion of the oxide particles in
PVdF is achieved. Figure 4.6(b) presents a highly magnified image of one of
these spherical-like relics, showing that Fe2O3 particles of about 5-7 nm are ho-
mogeneously distributed in these structures. Moreover, no lattices fringes are
observed in this material, confirming the amorphous-like nature of the iron ox-
ide, as previously derived from XRD analysis. The local chemical composition
of these oxide particles was further investigated by Energy Dispersive X-rays
analysis, yielding about 40 at.% of iron and 60 at.% of oxygen, matching with
the Fe2O3 stoichiometry.

It is important to note that PVdF surrounds the particles in all the various
nanocomposites in Figures 4.5(a,b) and 4.6(a,b), thus reinforcing the nanos-
tructured material at a local nanometric level, while enhancing mutual adhe-
sion of the deposits and improving the overall contact with the substrate at a
macroscopic scale. At the same time, it can be expected that pores have been
produced in the remnants during the processes of evaporation and pyrolysis,
as it appears from the TEM micrographs. Porosity is particularly important
in this type of electrodes, because apart apart from allowing direct access of
the electrolyte to the active materials, it provides free space that can accom-
modate volume variations. Besides, the amorphous nanostructures undergo
isotropic expansion and contraction upon cycling [49] and this circumstance
helps the binder immobilizing the particles and preserving the integrity of the
electrodes. These characteristics, as well as the pronounced presence of lat-
tice deffects, can significantly contribute to improve cycleability, as well as Li+

transport and storage in the electrodes. In this case, the PVdF layer that sur-
rounds both the individual nanoparticles and the whole deposit is expected to
exert an action similar to that of a “balloon” at both characteristic scales. On
the one hand, it prevents agglomeraton and coalescence of the nanoparticles,
on the other hand it helps holding the nanoparticles tight within the deposits,
while buffering their volume changes upon cycling. It is important to mention
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Figure 4.5 – TEM bright field images showing (a) morphology and size of the
CuO/PVdF nanocomposites and (b) lattice fringes of CuO at high
resolution.
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Figure 4.6 – TEM bright field images showing (a) morphology and size of the
Fe2O3/PVdF nanocomposites and (b) local structure at high res-
olution showing the absence of lattice fringes.
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that the grain size of the particles can be controlled by tuning the properties
of the precursor solution and/or by changing the experimental parameters (i.e.
flow rate, voltage, temperature, etc.).

4.3.3 Electrochemical performance

Figure 4.7 shows the CV plot of the CuO/PVdF electrode. The shape of
the voltammogram and its respective peaks, are in accordance with previous
reports [50] and [51]. During the first cycle, three cathodic peaks are observed at
2.4, 1.25 and 0.7 V and can be associated to a multistep reaction corresponding
to:

Figure 4.7 – CV plot for the CuO/PVdF electrode deposited by ESP.

• The creation of a CuII
1−xCuI

xO1− x
2
(0 ≤ x ≤ 0.4) solid solution within the

CuO phase and the formation of Li2O as a separate phase, as suggested
by Debart et al. [50]

CuO + xLi+ + xe− −→
[
CuII1−xCu

I
x

]
O1− x

2
+
x

2
Li2O (4.3.1)
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This process occurs when the starting material starts reacting with Li,
causing a gradual reduction of Cu(II) in Cu(I), together with the cre-
ation of oxygen ion vacancies in the CuO structure, without affecting
the overall configuration. The lost oxygen is then trapped by lithium
ions to form a small quantity of Li2O at the particle surface.

• The formation of a Cu2O phase, which takes place when the strain,
caused by the reaction with the extra lithium uptake, becomes strong
enough so as to change the atomic arrangement of CuO into a Cu2O-
type structure with the formation of nanoparticles [51].

• The decomposition into metallic Cu nanoparticles embedded into a Li2O
matrix.

Furthermore, at high lithiation stages (i.e. between 0.02-0.3 V), another re-
duction process is present, which can be attributed to the reduction of the
electrolyte solvent and hence the growth of an organic-type layer.

Conversely, during lithium removal, two anodic peaks appear at 2.5 V and
2.75 V, which are respectively due to the oxidation of metallic Cu to Cu(I) and
to the partial oxidation of Cu(I) to Cu(II). The broad bump around 1.45 V
could be associated to decomposition of the organic layer.

The CV peaks and their variations are consistent with the galvanostatic
discharge-charge plots shown in Figure 4.8(a). The theoretical capacity of CuO
is 674 mAhg−1, according to the general reaction:

MxOy + 2yLi+ + 2ye− ←→ yLi2O + xMO0 (4.3.2)

where M represents the transition metal (e.g. Cu, Fe, Co, Ni, Ru, etc.) of in-
terest. Three distinct potential slopes are visible in both the first discharge
and charge curves, which are observed more clearly as peaks in the related
differential capacity vs. voltage plot (see figure inset). Following the direc-
tion of the arrow in the plot, three different peaks are noticed at 2.4 V (wide
bump), 1.3 V and 0.8 V, respectively. Similarly, a broad peak around 1.45 V
followed by two other peaks at 2.35 and 2.7 V are observed in the upper curve
corresponding to the charge process. It is important to observe that for this
material a significant difference in the charge-discharge processes exists in terms
of characteristic voltages at which the reactions take place. In this respect, it
is necessary to charge the system above 2.0 V in order to extract most of the
Li that has been stored during Li uptake. The CuO/PVdF electrode displayed
a discharge capacity of about 800 mAhg−1 in the first cycle at a gravimetric
current density of 337 mAg−1.

It is interesting to note that after the first cycle the subsequent discharge
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Figure 4.8 – Galvanostatic measurements of the composite CuO/PVdF elec-
trode between 0.05 and 3.0 V at 337 mAg−1: (a) charge-discharge
voltage profiles. The inset is a graph representing the differen-
tial capacity. (b) Capacity retention upon progressive charge-
discharge.
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curves show a more pronounced step-like profile, with a typical upper shift of
the voltage plateau around 1.3-1.4 V due to the enhanced tendency of dissolu-
tion of the regenerated nano CuO after initial reaction with Li, discovered for
the CuO/Li primary battery [52]. Moreover, this rise in potential has also been
observed in the case of CoO and it is an intrinsic characteristic related to the
initial conversion of the CoO and its pulverization in the following cycles [48].

Figure 4.8(b) presents the evolution of charge and discharge capacities upon
cycling. The first discharge curve yields a capacity of about 800 mAhg−1. This
indicates that a remarkable amount of Li is irreversibly consumed in the for-
mation of the SEI layer and in the conversion reaction of the oxide to metallic
Cu and Li2O, yet this large contribution is not surprising, considering the large
surface area of the nanostructured CuO and the peculiar texture of the de-
posits. The process is not fully reversible, since 2.4 lithium ions (800 mAhg−1)
react in the first discharge while only 1.3 (460 mAhg−1) can be removed dur-
ing the first charge, with subsequent capacity fading upon cycling. However, it
should be noted that the CuO/PVdF electrode is able to cycle at a relatively
high gravimetric current density, without the presence of any carbon additive
and a non-negligible fraction of PVdF, which hinders electron conduction. The
small CuO nanoparticles and their homogenous dispersion in the coating play
a key role in the performance of the electrode, which shows a capacity of about
360 mAhg−1 after 25 cycles.

The electrochemical behaviour of Fe2O3/PVdF electrode was investigated
in a similar way. Figure 4.9 shows the CV plot for the first three cycles at a
rate of 0.1 mVs−1. In the first scan a cathodic peak around 0.67 V can be
observed, which could be associated to the initial formation of the SEI layer
and the conversion reaction of Fe2O3 into FeO and Li2O [53]. In the following
anodic part a clear oxidation peak is observed at about 1.50 V, accompanied
by a broad shoulder around 1.75 V. During subsequent cycles these features
do not shift but they gradually overlap, due to the width of the peaks. These
two features can be associated to the decomposition of the SEI layer and the
reversible oxidation of Fe0-Fe3+ [5, 54]. In the subsequent cycles the cathodic
and anodic peaks slightly shift to 0.70 V and 1.55 V, respectively. Furthermore,
the intensity of the peaks, as well as their respective underlying areas decrease
upon cycling indicating loss of capacity. The origin of the small reduction peak
that appears around 1.30 V is unclear but it could be related to the reaction
of the electrolyte with the nanoparticles left after the first cycle of conversion
and regeneration.

The shape of the observed CV is consistent with the plot of the differential
capacity, shown in the inset of Figure 4.10(a).
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Figure 4.9 – CV plot for the Fe2O3/PVdF electrode deposited by ESP.

The discharge-charge curves of the Fe2O3/PVdF electrode in Figure
4.10(a) indicate that high capacities can be reached. Indeed, an initial dis-
charge capacity of about 1550 mAhg−1 is obtained at a gravimetric current
density of 124 mAg−1, while the first charge up to 3.0 V yields almost 1200
mAhg−1, corresponding to a coulombic efficiency of approximately 77%. Con-
sidering that the theoretical capacity of Fe2O3 is 1007 mAhg−1 (6 Li+ ex-
changed per reaction), according to the general reaction described in equation
(4.3.2), a considerable amount of lithium ions (9.3 during discharge and 7.1
during charge) is irreversibly consumed both in the formation of the SEI layer
and in the conversion reaction of the oxide to metallic Fe and Li2O. A certain
loss of reversibility is visible in the subsequent discharge and charge curves,
which shift towards lower capacities, maintaining profiles similar to those of
the first cycle.

The discharge profile displays an initial slope with a slight inflection around
1.5 V and a definite plateau around 0.9 V, followed by another slope at lower
voltages corresponding to the conversion reaction of the iron oxide. These val-
ues are close to the redox peaks found in the CV curves and there is a relation
between the major peaks in the voltammogram and the definite plateaus in
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Figure 4.10 – Galvanostatic measurements of the composite Fe2O3/PVdF elec-
trode between 0.05 and 3.0 V at 124 mAg−1: (a) charge-
discharge voltage profiles. The inset is a graph representing the
differential capacity. (b) Capacity retention upon progressive
charge-discharge.
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the voltage profiles of discharge-charge. Interestingly, no rise in the potential
of the “conversion plateau” is detected after the first discharge, indicating that
the process of reaction with lithium is somehow different from that of CuO.
Indeed, the particles of Fe2O3 are not directly decomposed upon reaction with
lithium, while the initial formation of an intermediate LixFe2O3 compound has
been reported [55].

The evolution of the charge and discharge capacities upon cycling is pre-
sented in Figure 4.10(b). Despite the irreversible loss in the first cycle and
a slight fading of the capacity in the subsequent cycles, the electrode shows
a remarkable capacity of about 950 mAhg−1 after 25 cycles. Therefore, this
electrode mainly suffers from capacity loss in the first cycles and no activa-
tion of the nanoparticles has been observed, suggesting that the formation and
subsequent thickening of the SEI layer does not enable efficient charge transfer
at the surface of the active material. The following cycles bring about only a
moderate fading. The complete conversion of Fe2O3 to form 2FeO and 3Li2O
according to the general Eq. (4.3.2) causes a theoretical volume change of 93%,
which needs to be sustained by PVdF and causes significant strain. Besides,
the insulating properties of PVdF hamper efficient charge transport for Fe2O3,
which is a poor electron conductor, especially when compared to other transi-
tion metal oxides, as, for example, RuO2. In this respect, the effective transfer
of electrons to and within Fe2O3 nanomaterials has been addressed in previous
studies, showing that it is of utmost importance for sustaining high current
densities and that it constitutes the rate limiting factor [56]. The reduction in
size of the active particles in this case is only a pre-requisite to increase the
performances of the nanocomposite. Still, it is not sufficient, since also the re-
quirement of efficient electron/ion transport in the major steps of the kinetics
(i.e. electron and ion transport from their “reservoirs” to the active particles,
charge incorporation through their surface and transfer of the Li component
inside their solid structure) of composite electrodes should be met [57]. It is
relevant to insist that also in this case the nanocomposite electrode was able to
cycle without any conductive additive and despite the poor electrical conduc-
tivity of iron oxide and the insulating properties of PVdF, not to mention the
high gravimetric current density at which it was subjected, as compared with
previous works on this material [4, 58, 59].

Finally, the influence of the thickness of the coatings on the capacity
retention for the two different types of composite electrodes is presented in
Figure 4.11.

Not surprisingly, from Figure 4.11(a and b) it is observed that for both
oxide materials the best performances are obtained in correspondence of thin-
ner electrode coatings. It is important to note that the electrode kinetics in
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Figure 4.11 – Capacity retention upon repeated charge-discharge for electrodes
with different thickness: (a) CuO/PVdF and (b) Fe2O3/PVdF.
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composite electrodes can be divided into three steps [57]: (i) transport of the
charge carriers (i.e., Li+ and e−) from their source to the active matter, (ii)
charge incorporation reaction, involving the transfer of both charged species
from the outside into the interior of the active particles and (iii) transport of
the Li component inside the solid particles (diffusion). Herein CuO and Fe2O3

nanoparticles with size below 10 nm and narrow size distribution have been
produced and homogeneously inter-dispersed with PVdF, therefore it is rea-
sonable to expect that the characteristic times for steps (ii and iii) are much
shorter than that related to step (i), due to the increased surface area of the
nanoparticles and their extremely reduced size, respectively [6] and [8]. In
this case, the electrode resistance is proportional to the electrode thickness (or,
equivalently, the electrode mass, see Figure 4.2), since the thicker the electrode,
the longer the average path of the charge carriers for step (i).

The absence of carbon black in both preparations limits the electron perco-
lation between the nanoparticles and, at a certain point, with increasing elec-
trode thickness, a conductive additive is needed to sustain the applied current
density without losing capacity. In particular, a previous study [56] compar-
ing bulk, nanoparticulate and mesoporous Fe2O3 addresses the various aspects
that affect the rate of conversion electrodes, demonstrating that for this type of
conversion reaction electron transport to and within the active particles is the
limiting factor. Therefore, Figure 4.11 and the above considerations suggest
that only thin layers in the range of micrometers, containing these nanoparti-
cles, can cycle properly at the examined current densities. Indeed, in order to
exploit the positive features of nanoparticles in these composite electrodes it is
convenient either to have thin layers, where percolation is not an issue, or add
a conductive additive to the precursors, in order to compensate for the growth
of the overall resistance of the electrode as its thickness increases. Finally,
in both cases it is also of paramount importance to optimize the ratio of the
various components, depending on the specific requirements for their practical
application and cycling conditions.

4.4 Conclusions

Nanostructured composite electrodes based on Fe2O3 and CuO were success-
fully fabricated by electrostatic spray pyrolysis of precursor solutions containing
iron and copper salts dissolved in the presence of PVdF. Small oxide nanopar-
ticles were directly synthesized and homogeneously dispersed with the PVdF
binder to produce coated electrodes in one step. The small size of the generated
Fe2O3 and CuO nanoparticles, as well as their homogenous distribution in the
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composite coatings, enable electrochemical cycling of these electrodes even in
the absence of conductive additives. Besides, the even inter-dispersion of the
polymer binder on the nanoscale promotes the mutual adhesion of the nanopar-
ticles in the deposits, acting at the same time as a barrier against their growth
and agglomeration during both the synthesis process (i.e., inside the reacting
droplets) and the electrochemical cycling, thus reinforcing the electrode and
the overall contact with the current collector.

Initial discharge capacities are as high as 800 mAhg−1 and 1550 mAhg−1

for CuO and Fe2O3, respectively. The capacity retained after 25 cycles is about
360 mAhg−1 for copper oxide and 950 mAhg−1 for iron oxide in thin electrodes.
These preliminary results indicate that this approach can be used for the direct
production of nanocomposite electrode coatings, provided that the thickness of
the grown layers does not hinder the electronic conduction in the whole elec-
trode. In this respect, the deposition of thin films with a minimal amount of
binder and no conductive additive is highly desirable to conveniently employ
the features of the formed nanoparticles and to increase the overall energy den-
sity of the electrodes and improve their power delivery. Nevertheless, when
thicker electrodes are required, it is likely necessary to include a conductive
additive in the preparation, especially in presence of active materials that are
poor e− conductors.

In this way, some shortcomings of conversion materials, e.g., initial irre-
versibility, limited capacity retention and slow reaction kinetics in bulk pow-
ders, can be addressed by proper electrode preparation via ESP. Indeed, one
can select dedicated precursor solutions/suspensions containing all the needed
components and control the composition, morphology, texture and thickness of
the deposited composite layers with the active nanoparticles. The large voltage
hysteresis between charge and discharge displayed by conversion materials is
an intrinsic drawback that has been related to the energy barrier which must
be overcome to break the M-X bonds (where X can be: F, O, S, or P). As a
matter of fact, this phenomenon is particularly pronounced for fluorides and
oxides, while sulfides and phosphides suffer less from it. Therefore, substituting
oxygen with phosphine in the proposed synthesis process could be a possible
approach to address this main issue. Moreover, the process is simple and can
be conveniently optimized.

Finally, it should be mentioned that this procedure, which has been carried
out here on a lab scale (i.e. deposition on coin cell cans), has the potential
to be implemented into a continuous, larger scale process for full fabrication
of advanced nanocomposite electrodes in a roll-to-roll process [48] by conve-
nient outscaling of electrospray via multiple nozzle systems [60] or equivalent
equipments [31].
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Chapter 5

Electrostatic spray
pyrolysis of LiNi0.5Mn1.5O4
films for 3D Li-ion
microbatteries

Information on how to handle the present so as to survive into the
future is necessarily gleaned from the past. Non-random survival
of DNA in ancestral bodies is the obvious way in which informa-
tion from the past is recorded for future use, and this is the route
by which the primary database of DNA is built up

Richard Dawkins, The Greatest Show on Earth, 2009

Electrostatic spray pyrolysis has been used to produce high voltage LiNi0.5Mn1.5O4

thin film electrodes for 3D Li-ion microbattery application. The influence of the
synthesis parameters on the structure, texture and electrochemical behaviour of
the produced electrode has been investigated using X-ray diffraction, scanning
and transmission electron microscopies, cyclic voltammetry and galvanostatic
measurements. A specific capacity of 135 mAhg−1 can be achieved without
any electronic conducting additive in the electrode. Moreover, a controlled de-

103



104 Chapter 5

position on a flat and 3D architecture substrate has been demonstrated and
discussed showing the potential of such a deposition technique in the produc-
tion of 3D all solid state Li-ion batteries.

This chapter is based on the published article: U. Lafont, A. Anasta-
sopol, E. Garcia-Tamayo, E.M. Kelder. “Electrostatic spray pyrolysis of
LiNi0.5Mn1.5O4 films for 3D Li-ion microbatteries”. Thin Solid Films 520
(2012) 3464-3471.
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5.1 Introduction

In Section 1.5 an in-depth discussion on the necessity, the advantages and
the characteristics of solid-state, 2D and 3D (thin film) microbatteries was
described. It is important to recall the interesting strategy of exploring novel
architectures in 3D current collectors, as a mean to increase the surface area per
footprint unit, therefore theoretically increasing the energy stored per footprint
area, provided one could successfully deposit conformal thin layers of all battery
components, namely: cathode, solid electrolyte, anode, current collectors and
packaging film.
The present chapter will examine the results obtained during a project funded
by the European Comission within the FP7 framework where, in summary,
especially customized silicon wafers where used as current collectors for the
development of novel 3D microbatteries. In the first part of the introduction
an overall description, context and main objectives of this project will be briefly
addressed. Naturally, a thorough discussion of my part in the project and the
results obtained will be examined.

5.1.1 Context

Today’s miniaturised systems go beyond monolithically integrated or hybrid
systems which combine measurement, data processing and storage functions.
The future will consist of integrated smart systems that will be able to sense
and diagnose a situation, be predictive, and therefore be able to make decisions.
According to experts, this market should have generated more than 25 billion
euros revenues in 2011 [1].

According to the European strategic research agenda of the main technol-
ogy platforms in these domains (ENIAC [2], EPoSS [3], and ARTEMIS [4]),
the main functionalities that are often requested for these smart systems are:
increased miniaturisation, high reliability, networking and communication ca-
pability, integration and energy - autonomous performance.

Therefore, considered as an R&D topic of high relevance for Smart Sys-
tems Integration (EPoSS Strategic Research Agenda [3]), the ‘integration and
energy-autonomous’ aspects will be particularly investigated by the E-STARS
(Efficient Smart sysTems with enhAnced eneRgy Storage) project [5]. During
the past few years a lot of developments have been achieved to obtain new
smart/remote micro device miniaturised with higher autonomy capacities. To-
day the miniaturisation of such devices is limited by the battery itself and
particularly by the currently available micro power supply systems. In the ma-
jor case, their autonomy is mostly limited by the low energy density of batteries.
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The main request of the stakeholders is to get relevant microbatteries to enable
further miniaturisation and enhanced sensing & communication capability of
their smart devices.

5.1.2 Project Summary

Looking at the complete picture, the E-STARS project aims at developing
enhanced sensing and communication capability on an autonomous smart micro
system powered by a new 3D high capacity integrated microbattery.

The energy-management, scavenging and storing techniques aspects will
be particularly investigated. 3D architecture microbatteries could significantly
increase the battery capacity (i.e. from 100 µAhcm−2 to 1000 µAhcm−2) and
the power (i.e. from 5 mWcm−2 to 50 mWcm−2) compared to traditional
solutions. To do so, the consortium has investigated completely new deposition
processes for microbattery layers such as Chemical Vapour Deposition (CVD),
Electrospray (ES) and Electrodeposition (ED) in order to obtain 3D high aspect
ratios.

The project has foreseen an increase of both energy capacity and power per
cm2, by a factor of 5 to 10 via texturing the substrate and thus increasing the
volume of active material per footprint. To reach the strategic objective, two
routes will be investigated: moderate and high aspect ratio 3D structuring. A
drawing of this type of substrates is shown in Figure 5.1, but the project-specific
substrates will be described in Paragraph 5.2.1.

Figure 5.1 – Drawing of 3D Low Aspect Ratio (5:1) -left- and High
aspect ratio (10:1) -right- substrates

5.1.3 TU Delft’s aim

For certain applications microbatteries still suffer from low energy storage ca-
pabilities that are usually compensated by connecting microbatteries in series.
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Another approach to tackle this issue consists in the increase of nominal cell
voltage using high voltage (HV) type material as positive electrode. Among
the HV material candidates the use of Ni substituted LiMn2O4 spinel and
their derivatives as positive electrode material is really promising. Indeed, they
present working voltage of 4.75 V vs Li/Li+, a theoretical specific capacity of
150 mAhg−1 and good electrochemical behaviour. Lithium nickel manganese
oxide spinel, as it is also called, has been studied extensively and is obviously
an attractive candidate due to its high operating voltage [6–15].

An all-solid-state microbattery construction involves layer-by-layer deposi-
tion techniques. These processes should be achieved without damaging the al-
ready existing layer providing a good inter-layer contact and, specifically in a 3D
system, following a desired architecture. Pulsed laser deposition (PLD) [16, 17],
RF-magnetron sputtering [18–21], chemical vapour deposition (CVD) [22], sol
gel [23, 24], spin-coating [25] and electrolysis [26, 27] or electrodeposition [28]
are common methods used to deposit thin films for solid state microbattery
applications. Another suitable technique used to produce thin films is based
on the atomisation of a liquid onto a heated substrate where it undergoes
pyrolysis. It is referred to as Spray Pyrolysis and it is used for different appli-
cations [29, 30], including Li-ion (micro) batteries [31]. Electrohydrodynamic
Atomisation (EHDA), Electrostatic Spray Pyrolysis (ESP) or Deposition (ESD)
are, as thoroughly described in Chapter 3, similar methods where the atomi-
sation of the liquid precursor is achieved by applying a high potential between
the nozzle and the substrate. This produces a fine spray of sub-micrometric
droplets which are conducted, under the action of the strong electric field, to
the substrate where pyrolysis occur creating a nanostructured film [32–34]. In
the same way as for Spray Pyrolysis, ESP is used for a wide range of applica-
tions [35–45] and, more important for our discussion, it has seen a remarkable
increase of its use in the field of Li-ion (micro) batteries [31, 46–57]. ESP is
cheap, easy to implement and presents a high deposition rate and efficiency
compared to CVD and PLD. Due to the use of liquid precursor (i.e. metallic
salts in solution) it is possible to produce a wide range of oxide based films
(SnO2 [43], CuO [56], Fe2O3 [56], ZnO [37], MgO [44], ZrO2 [45], LiTaO3 [35],
LiCoO2 [47] LiMn2O4 [46] and [31], LiNi0.5Mn1.5O4 [58, 59]). Moreover,
by controlling simple experimental parameters (flow rate, spraying times and
modes, solvent type, concentration, distance nozzle to substrate, temperature)
the morphology of the as-deposited film can be influenced and tuned [45, 60].

The role of TU Delft in this project, scope of my work and subject of
this chapter, is the synthesis and deposition of LiNi0.5Mn1.5O4 thin films as
positive electrode material on previously designed substrates. ESP is used as
a one-step deposition process. The influence of experimental parameters on
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the film morphology and electrochemical performance will be described. More-
over, the feasibility of a controlled film deposition on a 3D micro architectured
support will be highlighted.

5.2 Experimental

As described in Paragraph 3.1.2, illustrations of the equipments used for the
production of the LiNi0.5Mn1.5O4 nanostructured thin film electrodes are shown
in Figures 3.2 and 3.3.

The precursor solutions were prepared from LiNO3, lithium nitrate an-
hydrous (Sigma-Aldrich), Mn(NO3)2 .4H2O, manganese nitrate tetrahydrate
(Alfa Aesar) and Ni(NO3)2 .6H2O, nickel nitrate hexahydrate (Alfa Aesar).
These salts were dissolved in 2-propanol following the spinel stochiometry. The
Li:Ni:Mn molar ratio in the solution is 2:1:3, respectively. No polymeric binder
or conductive additive was added to the precursor solution. A precision dis-
pense tip (EFD R Nordson) with inner diameter 0.25 mm was used in most
of the experiments. The solutions were fed to the electrified nozzle in order to
undergo electrospraying and direct reaction so as to form thin film electrodes
on a stainless steel cap of CR2320 coin cell (Hohsen) or on E-STARS silicon
substrates with flat or 3D architectured surfaces (STMicroelectronics). The
temperature at which the film deposition was performed was chosen at 450◦C
following results recently published by our group [59], where we showed that
cubic LiNi0.5Mn1.5O4 spinel structure can be obtained at pyrolysis tempera-
tures ranging from 300- 450◦C and that the crystallinity increases as a function
of the pyrolysis temperature, whatever the solvent used for the precursor solu-
tion (ethanol, propanol). All the experiments were performed in air and their
suggestion of annealing the samples was followed. Hence, a brief study on the
influence of the annealing temperature on the crystallinity of the structure, as
well as on the electrochemical behaviour, was carried out and it will be de-
scribed in Paragraphs 5.3.1 and 5.3.4, respectevely.

In a similar way as discussed in Section 4.2, the reaction that takes plaace
during pyrolysis of the used precursors is simplified as follows:

Li (NO3) +Mn (NO3)2 · 4H2O +Ni (NO3)2 · 6H2O +O2

450◦C−→ LiNi0.5Mn1.5O4 + 18H2O ↗ +CO ↗ +...+ 3CO2 ↗
(5.2.1)

As mentioned in Section 2.3 and Section 4.2, control of the morphology, thick-
ness and texture (i.e. porosity) of the deposited layers can be achieved by
adjusting the physical parameters of the ESP process. The electrode thickness
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can be controlled, for example, by adjusting the deposition time on the sub-
strate. The morphology and texture can be influenced by adjusting the flow
rate, voltage, distance from nozzle to sample, as well as by taking into account
properties of the solvent, like its temperature of evaporation, viscosity, con-
ductivity, etc. These aspects have been widely addressed and reviewed, and
several examples on different applications are available in the literature [60–63].
Moreover, morphological features like roughness and density of the layers are
of great importance during the design of battery electrodes and are especially
critical in that of all-solid-state-(micro) batteries because conformality within
the subsequent layers (i.e. cathode, solid electrolyte, anode) need to be consid-
ered and carefully optimized.

In this respect, three parameters were varied in order to optimize film mor-
phology: concentration, distance between the tip of the nozzle and the support,
and injection flow rate. Additionally, a brief discussion will be made on the
effects of different annealing temperatures on the crystallinity and morphology
of the films. These results will be described in Paragraph 5.3.2.

Composition and crystalline structure of the as-produced films was stud-
ied by means of X-ray diffraction (XRD) using a Bruker (AXS D8 Advance)

X-ray diffractometer with a Cu-Kα radiation source (α=1.5418 Å) in a Bragg-
Brentano θ/2θ configuration. The texture, morphology, particle sizes and thick-
ness of the films have been investigated using a TECNAI TF20 transmission
electron microscope (TEM) operated at 200 kV, a Philips XL20 scanning elec-
tron microscope (SEM) operated at 15 kV and a DekTak profilometer using
7x10−5 N as applied force. The electrochemical tests were performed using
as cathode the as-deposited LiNi0.5Mn1.5O4 film (directly deposited on the
CR2320 coin cell can and/or on E-STARS substrate), a polyethylene separator
(Solupor), few drops of 1 M LiPF6 in ethylene carbonate/ dimethyl carbonate
(2:1) as electrolyte and metallic Li as anode. It should be noted that no addi-
tives like binder or carbon were used for the electrode preparation. The cells
were assembled in a Ar filled glove box (coin cells in the case of flat electrodes
and pouch cells in the case of the LAR-3D architectured electrodes). Galvano-
static measurements between 3.5 and 4.9 V were performed on a MACCOR
S4000 cycler using different gravimetric current densities and C-rates.

5.2.1 E-STARS substrate

ST Microelectronics, a crucial partner in the E-STARS consortium, developed
and furnished two types of textured substrates: Low Aspect Ratio and High
Aspect Ratio. Moreover, different masks were developed with specific traits so
as to permit the layer-by-layer deposition of the different battery components.
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The various specific items manufactured by ST Microelectronics are described
below.

Moderate ratio (2:1)

ST Microelectronics manufactured these substrates using classical wet etching
and allowing slopes of around 50◦. Moderate aspect ratios (depth/opening
> 2, Figure 5.1 -left-) should be accessible with the improvement of classical
planar process (Physical Vapour Deposition). Nevertheless, it was of interest to
develop alternative processes for these systems, which justifies the exploration
with novel deposition techniques such as Electrospray.

High aspect ratio (10:1)

During the E-STARS project, ST Microelectronics developed additional process
bricks for textured substrates. For the process bricks, one of the key necessary
items was to overcome the scalloping on the sidewalls of the high aspect ratio
features. Another point was to create an etch process that could taper the
top and bottom edges of the features. These results have been made publicly
available recently [64].

The investigation on high aspect ratios (depth/opening > 10, Figure 5.1
-right-) is completely new and it represents the actual breakthrough innovation
of the E-STARS project. It requires the development of novel alternative de-
position processes for microbattery layers such as Chemical Vapour Deposition
(CVD), Electrospray and Electrodeposition.

Mask

For the deposition of the layers, metallic blade-like masks were made and used.
They are put directly on the substrate and remain present during deposition
allowing material to be coated only where there are holes in the mask. All
these masks need to have fiducials (clear markers) in order to adjust the next
mask for the following deposited layer.
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Figure 5.2 – Technical drawing of the metal mask (left hand image) for the
deposition of the positive electrode (blue layer) on top of current
collector layer (red layer) (right hand image)

Hence, the sample is aligned in such a way that the 3D textured patterns
remain on the same area as where the electrode materials are deposited. Indeed,
this is this area that is correlated to final capacity of the battery since these
layers represent the volume of active materials capable of lithium insertion.
For the subsequent layers (i.e. electrolyte, negative electrode, current collector
and encapsulation), similar masks were used by the respective partners of the
consortium in order to finish the stack.

5.3 Results and Discussion

5.3.1 Structural characterisation

The LiNi0.5Mn1.5O4 spinel, where only the Li+, Ni2+ and Mn4+ cations are
present in the structure, belong to the P4332 space group. This so called
‘ordered’ phase presents two types of octahedral sites (4a and 12d) and can be
opposed to the ‘disordered’ phase (Space group Fd3m) in which only one type of
octahedral site is present (16d) and where Mn cations present a mixed oxidation
state (Mn3+/Mn4+) like in LiMn2O4 spinels. In most cases, synthesis of the
pure ordered phase can only be achieved by combining annealing temperatures
around 700 ◦C and slow cooling rates. The disordered phase is believed to be
accompanied by a small amount of oxygen deficiency [65, 66].

In addition to the spinel reflections, the pattern in figure 5.3 shows a few
weak reflections (marked with asterisks) corresponding to a rock salt impurity
phase (attributed to NixO or LixNi1−xO or LixNiyMnzO) with Bragg Peaks at
2θ 37◦, 43◦ and 63◦ [65]. Because the X-ray scattering factors of Ni and Mn
are similar, the super lattice peaks associated with the Ni /Mn ordering are
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weak [66], which makes XRD not the method of choice to discriminate between
the ‘ordered’ and ‘disordered’ structure. Nevertheless, a confirmation that the
‘disordered’ structure, corresponding to the Fd3m space group of the spinel, has
been prepared in this case is given later when the electrochemistry is discussed.
In all the cases mentioned here, including the results presented in this chapter,
the characteristic diffraction peaks of the cubic LiNi0.5Mn1.5O4 structure were
visible for all films. Even if the peaks belonging to the reflections (222), (331)
and (531) seem be lost on the background noise, they become clearer after
annealing as will be shown in Paragraph 5.3.2 (Figure 5.10). The average
domain size is 12 nm, as deduced using the Scherrer formula.

Figure 5.3 – XRD pattern of the LiNi0.5Mn1.5O4 film synthesised at 450◦C.
The peaks marked with asterisks belong to impurities, while those
with arrows to the support material

5.3.2 Film morphology and Optimisation

The texture, morphology, thickness and uniformity of the films have been in-
vestigated using SEM, TEM and profilometry. As it can be noticed on the
SEM picture (Figure 5.4(a-b)), the film formation is related to the intrin-
sic characteristics of the deposition technique (i.e. ESP). Spherical droplets
of solvent containing the precursors are feeding the film growth. When the
charged droplets reach the heated substrate, the solvent evaporates and the
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Figure 5.4 – (a and b) SEM micrograph of the film; (c) Cross section SEM; (d)
TEM picture of the film texture (inset low magnification showing
the fractal texture); (e) HR-TEM picture (inset Fourier Transform
of the image)
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crystallisation takes place within these micro containers. This fingerprint, due
to the liquid precursor feeding process, is clearly seen in the solid film final
texture [61]. The microtexture of the film is influenced by the solvent. The use
of propanol as solvent involves an open structure presenting a macroporosity
made of bridged spherical aggregates of 200 nm to 10 µm (Figure 5.4(a-b)).
The film texture and constituting aggregates presenting fractal behaviour have
been confirmed by TEM (Figure 5.4(d-e)). Moreover, the high resolution pic-
ture in Figure 5.4(e) clearly shows the crystalline nanoparticles being the main
building blocks of the whole aggregates. It further is surrounded by amorphous
domains or layers. The size of the crystallites spans from 5 to 20 nm and fits
the one estimated by the Scherrer formula. The particle clustering implies
polycrystalline behaviour.

The as-deposited film uniformity and thickness have been investigated us-
ing a 2cm x 1cm p-type silicon wafer as substrate. The film thickness has been
tuned varying the spraying times from 10 to 40 min. For all experiments, the
flow rate was fixed to 0.3 ml/h and the pyrolysis temperature to 450 ◦C. The
setup configuration implies that, during the spraying process, the droplets will
be positively charged whereas the support is connected to negative pole of the
high voltage supply. The film morphology after 10 and 40 min of deposition is
shown in Figure 5.5. After 10 min of deposition, the resulting film presents a
maximum average thickness of 4.5 µm. After 40 min of deposition, the maxi-
mum film height is around 5.5 µm. It is clear that upon time, the film thickness
has not been significantly increased.

The main influence of the spraying time resides in a better surface cover-
age and uniformity. This phenomenon has already been shown using ESP [67]
and [68] and can be related to a combination of various phenomena: columbic
interactions and preferential landing of droplets on the substrate, and, perhaps
more important, the discharge and spreading of solution droplets on the sur-
face (wettability). As soon as a charged droplet contacts with the surface of
the substrate or the earlier formed layer, it starts to discharge by transferring
the charge to the grounded substrate either immediately or through the layer
to the substrate. In the cases of using insulating substrates or depositing in-
sulating layers, the discharge may proceed slowly and, hence, it influences the
morphology [59, 60].

As was clearly observed from the SEM micrographs in Figure 5.4, morpho-
logical features like roughness and density of the layers need improvements to
obtain a better conformality with the subsequent layers. The parameters used
in these studies included a flow rate of 0.7 mLh−1, distance from the nozzle
capillary to substrate was set to 20 mm and a precursor with a molar concen-
tration of 0.05 M based on Li+.
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Figure 5.5 – Surface morphology of film on Silicon wafer sprayed for (a) 10 min
and (b) 40 min. Scale-bar on the left is in µm.

Therefore, a study on the influence in the layers’ morphology when vary-
ing a set of parameters in the electrospraying process was carried out. As
mentioned in Section 2.3, the layer formation is a complex and multi-step pro-
cess, and, therefore, numerous explanations can be met in the literature. The
morphology of the layer depends, in general, on the gas and substrate temper-
ature, the solvent used for spraying, and the time of solvent evaporation from
the layer. Moreover, characteristics like film thickness, cristallinity, texture,
and deposition rate can be easier controlled by varying the voltage, flow rate
and molar concentration of the material to be deposited [60, 61, 69]. In this
experiment, it was decided to study different distances from nozzle capillary to
substrate (10, 15, 20, 25 and 30 mm), different flow rates (0.2, 0.3, 0.5, 0.9, 1.3
and 1.7 mLh−1) and different concentrations (0.01, 0.025, 0.05 and 0.1 M). The
decision to choose this set of parameters was based on previous studies where
different solvents (i.e. boiling temperature, conductivity, surface tension) and
different substrate temperatures were tried [59].

The schema and picture of the experiment (variation of flow rate, distance
and concentration) are shown in Figure 5.6 and a summary of the experimental
parameters are described in Table 5.1.

Due to the versatility of the setup, it is possible to move the nozzle over
an ’x, y, z’ coordinate system. This allows for multiple experiments to be car-
ried out on the same wafer, introducing in this way a novel tool for ’Scanning
Electrospray’. Hence, this technique opens a space for important applications
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Table 5.1 – Experimental parameters for optimisation of mor-
phology.

DistanceA Flow RateB Molar ConcentrationC

(mm) (mLh−1) (M)

10 15 20 25 30 0.2 0.3 0.5 0.7 0.9 1.3 1.7 0.01 0.025 0.05 0.1

Voltage 6.01 6.32 8.5 8.8 9 9.52 9.41 9.2 8.5 8.4 8.0 7.6 5.49 6.72 8.55 8.81
(kV)

A: Flow rate, 0.7 mLh−1; Concentration, 0.05 M; Spraying time, 30 min; Temperature, 450◦C
B : Distance, 20 mm; Concentration, 0.05 M; Spraying time, 30 min; Temperature, 450◦C
C : Flow rate, 0.7 mLh−1; Distance, 20 mm; Spraying time, 30 min; Temperature, 450◦C

which are not completely foreseeable at present, but with obvious advantages
like the optimisation of resources in terms of raw materials, substrates, time,
growth rate, etc.

Figure 5.6 – Electrosprayed 6 inch E-STARS wafer with different parameters
for the study of morphology

Influence of the Distance from nozzle-to-substrate (L)

Figure 5.7(a-e) displays how the variation of the distance between the tip of the
nozzle and the substrate influences the morphology of the layer. Very rough
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surfaces with variations in the size of the agglomerates in the order of a cou-
ple of micrometers can be clearly observed in Figures 5.7(c-e). Moreover, the
layers present a certain degree of porosity as it is better observed in the cross
section micrographs. In contrast, Figures 5.7(a-b) show better morphological
properties regarding the features we are looking for, namely a good compromise
between a smooth surface and a dense layer. Finally, and according to the ex-
pected characteristics described previously, it is evident that the layer sprayed
at a 2.5 cm distance (Figure 5.7(b)) offers the best quality in morphological
terms.

The reasons for these morphological changes taking place are, at least, two-
fold. First, the spraying mode at shorter distances was highly unstable, to the
point that neither the cone-jet mode nor the relatively stable multi-jet mode
were easily and consistently achieved. An unstable spray causes, as described in
Chapter 3, the creation of large droplets with a wide range of diameters, which
will contribute to the formation of polydisperse particles and, ultimately, of a
non-homogenous film. It has been widely proven by many authors, and care-
fully reviewed by Jaworek, that the quality of the thin film strongly depends on
the size of the particles or droplets forming the layer, their monodispersity, and
their uniform distribution on the substrate. Smaller particles, having narrow
size distribution, reduce the number and size of voids, flaws and cracks in the
film. Uniform spatial dispersion of the droplets causes that the layer becomes
more even and of the same thickness. All these properties affect the mechanical
and electrical properties of the layer [61]. Second, the voltage required to form
a semi-stable spraying mode needs to be decreased when L becomes smaller,
as shown in Table 5.1, and the extent of particle agglomeration increases with
decreasing electric field. Therefore, the layer from a stronger electric field looks
denser (Figure 5.7(a-b)) than that from a weaker electric field (Figure 5.7(c-
e)). This can be attributed to a shorter time of flight of the droplets under
the stronger field according to eqns. 5.3.1 and 5.3.2 (which were previously
explained in Chapter 3 but that are useful to recall since they will be used
often in this discussion).

t ≈
(

2Lm

qEsp

)1/2

(5.3.1)

or

t ≈
(

3πdηCL

qEsp

)
(5.3.2)

where m is the mass of the droplet, q is the droplet charge, Esp is the
electric field strength in the travelling space, L is the distance from nozzle-to-
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substrate, η is the dynamic viscosity of air, d is the diameter of the droplet and
C is a correction coefficient.

This then results in less solvent evaporation and larger incoming droplets at
the substrate surface. Another reason might be a stronger preferential landing
effect, existing in a stronger electric field [60].
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Influence of Flow Rate (Q)

Figure 5.8(a-g) shows SEM and XSEM micrographs for layers obtained using
different flow rates. No clear difference or trend can be immediately appreciated
among them from the top view, as they all present a dense layer with incorpo-
rated particles. However, by zooming in to make a closer inspection (left upper
corner insets), although also noticeable when carefully studying it, one can ob-
serve a slight raise in the agglomerate and particle size when Q is increased.
In most cases (Figure 5.8(a-e)), this range goes from 0.5-5 µm, while it ranges
from 0.6-10 µm for higher values of Q (Figure 5.8(f-g)). Nevertheless, each
layer presents a predominant average agglomerate size which goes from 0.8-1
µm for low Q (Figure 5.8(a-b)), 1.5-2 µm for mid-level Q (Figure 5.8(c-e)) and
2.5 µm for higher Q (Figure 5.8(f-g)). The effect on the particle size may be
explained because the mean droplet diameter increases linearly as a function
of the flow rate, according to scaling laws [70–72]. Furthermore, the agglomer-
ates and lamellar particles are less scattered (i.e. more densely packed) for the
last cases (Figure 5.8(f-g)). Films deposited using lower flow rates look slightly
denser than those deposited using a higher flow rates. This can be attributed
to a larger number of deposited droplets when the solution is fed using a higher
Q. This results in faster formation of agglomerates. Therefore, films deposited
with the low precursor Q contain less agglomerates and look denser than those
deposited with the high Q [41].

On the other hand, the cross-section analysis shows comparable thicknesses
between the different layers in spite of the larger volume of precursor solution
sprayed at higher flow rates (the spraying time was the same for all layers, i.e.
30 min, as shown in Table 5.1). This may be due to the effects of preferential
landing, discharge and spreading of solution droplets, causing that the excess
of material in the case of larger Q is devoted to the homogenisation and flat-
tening of the film instead of increasing its thickness, in agreement to what was
described previously in this section (Figure 5.5). Additionally, from the scaling
laws it can also be stated that the velocity of the droplets increases with the
flow rate [71], therefore less solvent is evaporated and larger droplets arrive on
the surface increasing wettability.
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Unlike the clear differences observed in Figure 5.7a-e, where a parameter
choice was taken directly from the study of the micrographs, in this case the
decision is not based solely on direct appreciation of Figure 5.8(a-g), but on
the complete discussion carried out previously. Therefore, we conclude that the
layer sprayed at Q=0.3 mLh−1 (Figure 5.8(b)) gives the most decent quality
in terms of morphology.

Another effect taking place is that of the formation of secondary droplets
being contributed by the raise of Q [71–73], which can be appreciated in the
different particle sizes shown in Figure 5.8(h). This image was taken in the
outer region of the sprayed section, where the boundary of the electrospray
cone lands on the substrate.

Influence of Molar Concentration (c)

As discussed before, the morphology of a deposited layer is largely determined
by several intrinsic and extrinsic parameters. However, the influence of the
concentration had a minor effect. Figure 5.9(a-d) shows small changes on the
morphology when the concentration of the dissolved salts in the precursor solu-
tion was varied. At high salt concentrations precipitation became more signifi-
cant, leading to slightly rougher films in accordance with other studies [41, 60].
Slightly bigger agglomerates and larger particles are present in the film de-
posited using the 0.075 and 0.1 M solutions (Figure 5.9(c-d)) compared to the
0.01 and 0.05 M solutions (Figure 5.9(a-b)). Perednis et. al. [41] attributed this
small difference to the spreading of droplets and to the fact that the particle size
after drying increases with increasing concentration of the precursor solution.
The spreading rate of the liquid droplet influences the roughness. Qualitatively,
the spreading rate decreases with increasing viscosity. The spreading may not
be completed if the simultaneous drying process proceeds rapidly and this will
result in an increased roughness. It follows that the concentration should not
be too high for the deposition of dense, smooth films. On the other hand, a
high salt concentration is desired to achieve high deposition rates. However, it
is not always favourable, because the surface roughness of the deposited film
increases with increasing salt concentration in the precursor solution, as shown
in Figure 5.9(c-d). Nevertheless it clearly shows the tunability of the system
with respect to roughness.
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Figure 5.9 – SEM and XSEM micrographs showing the influence of the molar
concentration in the morphology of the layers. (a) 0.01; (b) 0.025;
(c) 0.05; (d) 0.1 M
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Figure 5.10 – Films synthesised at 450◦C and annealed at different tempera-
tures. The effect in cristallinity can be seen in (a) XRD pattern
(the peaks marked with dotted lines belong to the support ma-
terial); SEM micrographs of (b) non annealed; (c) annealed at
450◦C; (d) annealed at 500◦C.
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Table 5.2 – Optimized set of experimental parameters

Voltage Molar concentration Flow rate Nozzle Temperature Annealing temperature Distance
(kV) (M) (mLh−1) (mm) (◦C) (◦C) (cm)

8-9 0.05 0.3 20 450 450 2.5

Influence of Annealing Temperature

The XRD patterns presented in Figure 5.10(a) for the annealed samples exhibit
the same ‘disordered’ phase structure (Space group Fd3m) as for the non-
annealed sample shown in Figure 5.3. However, the intensity of the peaks
increases with the temperature indicating a possible growth in the crystallite
size and, as mentioned in Paragraph 5.3.1, the peaks belonging to the reflections
(222), (331) and (531) become clearer after annealing. The SEM micrographs of
Figure 5.10 show an increase in film density at higher annealing temperatures
and confirm the increase of crystallite size as can be observed in the inset
pictures, where the average crystallite size is almost two times bigger for the
layer annealed at 500◦C (Figure 5.10(d)) as compared to the non-annealed
sample (Figure 5.10(b)).

5.3.3 Film deposition on 3D architectures and stacking

The next step in the E-STARS project was then to deliver flat, LAR and HAR
substrates, with their respective electrosprayed cathode layer, to the partners
for the completion of the stack. The parameters used for the creation of these
films were then chosen from the layer optimisation study shown in the previous
chapter and are summarized in Table 5.2.

The measured values of thickness and mass obtained in correspondence
of different sprayed volumes for the precursors are shown in Figure 5.11. As
expected, increasing the thickness of the coating results in a growth of the mass
deposited on the coin cell cans following a linear trend.

The film deposition on a 3D LAR architecture Si wafer is presented in
Figure 5.12. This 3D support presents 14.5µm x 33.3µm x 10µm (W x L x D)
trenches periodically dispersed on the entire surface. After deposition, the film
cross section shows that the thickness is homogeneous on the flat part of the
support with an average value of 4 µm but gradually decreases in the trenches
as seen in Figures 5.12(c-d). At the bottom of the trench, the film thickness
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Figure 5.11 – Plot of the values of mass vs. time of deposition for deposited
electrodes of LiNi0.5Mn1.5O4 obtained for various sprayed vol-
umes

has decreased to about 1 µm).
Similar experiments for a 3D HAR architecture were carried out and the

results are presented in Figure 5.13. The layer shows to be quite dense both on
the top flat part and inside the trench. The film cross section shows that the
thickness is homogeneous in the first two regions of the trench, Figure 5.13(a
and b), with an average value of 420 nm. As before, the film gradually de-
creases when moving to the bottom of the trench and, although a layer can be
definitively observed (Figure 5.13(c)), a direct measurement of the thickness
was difficult because proper cleavage of the wafer was not possible without de-
stroying the layer. Using the ESP technique and the chosen set of experimental
parameters, it was not possible to obtain a conformal coating of the 3D tex-
tured Si wafer.

From a quantitative point of view it means that the gain related to the
amount of active material deposited on a 3D structure has not been maxi-
mized. Recently, a study on ionic transport in 3D battery presenting trenches
has been modelled by Zadin et al. using finite element [74] and [75], where it
is shown that ion diffusion in the trench is limited compared to the surface.
The overall advantage, that is generally claimed to be gained by increasing the
active surface area in 3D systems in order to increase energy density, is thus
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Figure 5.12 – SEM and XSEM images of the Si wafer presenting 3D LAR
architecture (a) before and (b, c, d, e) after film deposition. (c,
d) Cross section showing the film thickness.
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Figure 5.13 – SEM and XSEM images of the Si wafer presenting 3D HAR
architecture. Cross section showing the layer on different parts
of the trench (a) top (b) middle and (c) bottom. An overview
of the film is shown in (d).
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minimized. Moreover it can negatively affect the overall system efficiency com-
pared to a flat electrode. From these recent theoretical findings, in order to
get the full benefits of a 3D electrode, a gradual decrease of the film thickness
in the trenches or valleys is thus preferred to a conformal film deposition. In
this respect regarding the experimental results presented, ESP is a versatile
technique to achieve suitable electrode deposition on 3D substrate presenting
a homogeneous film thickness on flat surface together with a gradual decrease
of this film thickness in trenches.

Flat, LAR and HAR substrates were sent to one partner in the E-STARS

Figure 5.14 – 6” E-STARS wafers as received from partners (left), after cath-
ode deposition (centre) and after completion of the stack by CEA
(right).

consortium, ‘Commissariat a l’énergie atomique et aux énergies alternatives
(CEA)’ in France, to complete the stack of the all-solid-state-battery. Fig-
ure 5.14 shows pictures of the silicon wafers as received from ST Microelec-
tronics and Applied Materials (consortium partner who deposited the Ti-Au
current collector appreciable in the image), after deposition of the high voltage
spinel and after the complete stacking performed by CEA.

The steps performed by CEA consisted on film deposition of: 1.4 µm LiPON
solid-electrolyte, 3 µm Li anode and a parafilm+glass encapsulation layer. A
cross section of this stack is shown in Figure 5.15(a-f). A complete picture of
all the components can be seen in Figure 5.15(b). A 1 µm thick, dense and rela-
tively smooth LiNi0.5Mn1.5O4 layer can be observed in Figure 5.15a-d. Overall,
the obtained results are promising in terms of stacking of the different layers
and confirm electrospraying as a suitable alternative thin-film method for the
creation of 3D architectured solid state microbatteries. However, improvement
is needed on the compatibility of the different layers. This can be obtained
from Figure 5.15(a-b), where there is a visible delamination taking place from
the Ti-Au / LiNi0.5Mn1.5O4 interface. This may be caused by the subsequent
layers’ depositions which involve high vacuum processes (chemical vapour depo-
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sition, CVD). Moreover, even if the films present a relatively small roughness,
potential problems with impurities may occur introduced by the electrospray
deposition or sample transportation. Figure 5.15(e-f) shows such an example
where a large spherical core-shell feature which belongs, most likely, to a large
droplet relic from the electrospray, but perhaps also to an adhered external
contamination, was caught between processes. On top of that, a bad covering
of the slopes by both the cathode and the electrolyte layer were present on the
HAR stacks.

Figure 5.15 – Cross section SEM images of the complete stack on: flat sub-
strate (a, b); LAR substrate (c, d); HAR substrate (e, f). SEM
micrographs courtesy of CEA.
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5.3.4 Electrochemical characterisation

The different films have been assembled in coin cells or pouch cells for electro-
chemical characterisation. This subsection consists in two parts. The first part
will deal with the analyses performed in liquid electrolyte. The second involves
preliminary results with solid electrolyte on a complete stack.

Results in liquid electrolyte

This paragraph will be, on its turn, separated in two subdivisions, namely:
influence of annealing temperatures in the electrochemical behaviour, electro-
chemical proof test on flat stainless steel substrates and results on 3D architec-
tured electrodes (LAR).

Influence of annealing temperature

Electrosprayed high voltage spinel was first tested on flat stainless steel
substrates with commercial liquid electrolyte to assess the synthesis parameters
studied in the previous section. The influence of annealing on the electrochemi-
cal performance was checked with galvanostatic cycling where the as-deposited
LiNi0.5Mn1.5O4 layers (those described in Figure 5.10) were tested directly
as working electrodes while a lithium metal disk was used as a reference and
counter electrode. The cells were charged and discharged at similar gravimetric
current densities according to their measured mass.

It is clear from the differential capacity curves presented in Figure 5.16(b)
that the materials present multiple redox processes. For the non annealed sam-
ple (black line) the profile shows two distinct peaks in the 4 V region clearly on
the derivative curve. This is explained by the presence of Mn3+ ions, indicating
the typical electrochemical characteristics of LiMn2O4. It is reported that the
upper plateau region of discharge curve agrees with the two-phase equilibrium
between λ-MnO2 and Li0.5Mn2O4, while the lower plateau represents a solid so-
lution between Li0.5Mn2O4 and LiMn2O4 [76, 77]. The peak appearing around
4.7 V belongs to the oxidation of Ni2+ cations. The behaviour of this mate-
rial is in accordance to what we have recently published [59]. For the annealed
samples the two major peaks appearing between 4.5 and 5 V during charge and
discharge are due to the redox couples Ni2+/ Ni3+ and Ni3+/ Ni4+ probably
governed by ordering of lithium and vacancies at x=0.5 [78–80]. Unfortunately,
the small step around 4 V was still present for both annealed samples which,
again, is associated with the Mn3+/Mn4+ redox couple [7, 9, 81].

The galvanostatic tests presented in Figure 5.16(a-c) for the synthesised
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Figure 5.16 – Galvanostatic measurements of the high voltage spinel layers
annealed at different temperatures: (a) charge-discharge voltage
profiles; (b) differential capacity; (c) capacity retention upon
progressive charge-discharge.
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films using a pyrolysis temperature of 450 ◦C and different annealing temper-
atures do not exhibit a well defined plateau. It has been shown that the redox
process upon Li insertion/removal involves oxidation reduction of both Mn and
Ni cations. As it was demonstrated by TEM the as-synthesised spinel mate-
rials present very small crystallites as well as non-crystalline domains. The
disappearance of a well defined plateau upon Li insertion/removal has been
observed and explained for several materials were amorphous or nano domains
are involved (amorphous [82] and nano [83] TiO2, Li4Ti5O12 [84], Sn [85]) as
well as for LiNi0.5Mn1.5O4 type nano spinels [14]. Thus, these pseudo plateaus
are indeed related to the reversible oxidation reduction of Ni and Mn species
combined with the presence of nanosized active domains and the presence of
a poorly crystalline structure. The loss of capacity between the first charge
and the first discharge is a common phenomenon related to irreversible surface
reactions like a solid electrolyte interface formation [86]. Moreover, these ir-
reversible reactions are amplified when the host material present high surface
area and amorphous parts. Whereas the films do not contain extra electronic
conductive material (e.g. carbonaceous materials) the polarisation effect is
limited leading to a small difference between the charge and discharge. This
may be attributed to the presence of nanosized crystallites and the hierarchical
porous film texture involving smaller diffusion path for the Li ions and a better
electrode-electrolyte contact area, respectively.

The discharge curves of Figure 5.16(a) show that through annealing the
voltage plateaus at 4.7 become flatter and the voltage step around 4 V tends
to disappear, which means that almost all the capacity is delivered at a high
voltage. Apparently, the energy input during annealing enables a transition
from the disordered LiNi0.5Mn1.5O4 structure into a more ordered structure
where most of the manganese is present as Mn4+. Annealing at even higher
temperature to further order the structure would damage the Si substrate and
the preceding layers (Ti-Au current collector and passivation layer), therefore
it was not attempted. As a partial conclusion, it is observed that the thermal
treatment during the synthesis and/or annealing is the main factor influencing
the electrochemical behaviour for the cells assembled in this study containing,
as described before, commercial liquid electrolyte.

Therefore, if a thermal treatment is going to be applied to a layer of
LiNi0.5Mn1.5O4 deposited by ESD, in order to get a good electrochemical per-
formance at high voltages, a temperature of 450 ◦C is suggested.

Proof test of the optimized set of parameters on flat stainless
steel substrates
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As a final proof test for this set of parameters, i.e. those summarized in
Table 5.2, a final sample was prepared following that recipe with a deposition
time of 25 min. Again, a CR2330-type coin cell cap was used as direct (flat)
substrate. A half-cell battery with lithium metal as counter electrode and
commercial liquid electrolyte was thus prepared. As it can be observed in
Figure 5.17, the assembled battery presents a specific capacity of 125 mAh
g−1, during the first discharge, which corresponds to 50 µAh cm−2 per µm
thickness of deposition. It increases to a maximum of 135 mAh g−1 (53 µAh
cm−2) in the second discharge. Based on the spinel density (4.4 g cm−3),
the area of deposition (1.5 cm2) and mass (0.6 mg), a thickness of 1 µm was
calculated. As described in Figure 5.11, the layer thickness can be controlled
by increasing the volume of precursor being sprayed or, similarly, the time of
spraying.

It is interesting to mention that the measured capacity doesn’t come from

Figure 5.17 – Galvanostatic test using optimized parameters of Table 5.2 and
a deposition time of 25 min.

the oxidation/reduction of Ni species only as it should be in the case of a
perfect high voltage spinel LiNi0.5Mn1.5O4, where all Mn atoms present a +
4 oxidation state. For this material during the first charge only 40% of the
capacity can be attributed to Ni oxidation. This value increases and stabilizes
to 81-83% directly after the first discharge and for the subsequent cycles. These
values are presented in Table 5.3. The change on capacity of the various ions is
due to irreversible redox reactions in this cycle. However, there is an amount
of Mn related capacity which implies that a consequent amount of Mn cations
exhibit a +3 oxidation state. It is stressed that from elemental analysis of the
samples, the measured stoichiometry is similar to the expected stoichiometry
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Table 5.3 – Contribution of Ni species to the total capacity of
annealed samples using a deposition temperature
of 450 ◦C.

% of capacity related to Nia

(1st cycle) (2nd cycle) (19th cycle)

Charge Discharge Charge Discharge Charge Discharge

LiNi0.5Mn1.5O4 40 73 83 79 81 80
Film

a Value extracted using the inflexion point as limit between Ni and Mn contribution.

with a Mn/Ni ratio of 3. The change in the voltage profile indicates that
electrons are being stored after the first cycle at the Ni, making Ni2+, rather
than at the Mn, hence leaving Mn4+. This indicates a change in the electronic
distribution coming from the first and the second cycles. On the other hand, the
presence of impurity phases with rock salt structure, for instance LixNi1−xO,
have been observed, as shown by XRD results in Figure 5.3, and might lead to
the residual Mn3+/Mn4+ plateau seen after the first cycle. However, numeric
approximations (not shown here) show that this cannot be the only reason for
that Mn3+/Mn4+ plateau so, most likely, oxygen vacancies are also involved.

Proof test of the optimized set of parameters on LAR E-STARS
substrates

Following the results presented for flat, stainless-steel substrates presented
before, the material then deposited on low aspect ratio substrates. A pouch
cell or coffee bag cell was prepared cleaving one of the batteries on the silicon
wafer which was previously coated with the material following the above recipe.
A polyethylene separator (Solupor) with few drops of as electrolyte was used
as separator and metallic Li as anode. An aluminium strip was placed on
top of the Ti/Au current collector and a copper strip was placed in contact
with the lithium counter electrode. This sandwich type assembly was carefully
introduced to the vacuum sealer. The contact between the elements is then
provided by the vacuum pressure.

The electrochemical measurements are shown in Figure 5.18. As it can be
observed, the assembled battery presents a specific capacity of 126 mAh g−1,
during the first discharge, which corresponds to 16.5 µAh cm−2. It increases
to a maximum of 130 mAh g−1 (17.2 µAh cm−2) in the second discharge and
then decreases and stabilizes at 117 mAh g−1 (15.2 µAh cm−2) over the next
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Figure 5.18 – Galvanostatic test on LAR E-STARS substrate with liquid elec-
trolyte.

cycles. Based on the spinel density (4.4 g cm−3), the area of deposition (1
cm2) and mass (0.13 mg), a thickness of 0.3 µm was calculated. As mentioned
before, the layer thickness can be controlled by increasing the time of spraying.
Therefore the areal capacity of this example in particular raises to a value of
51 µAh cm−2 per µm thickness. Moreover, the electrode shows good capacity
retention over the window studied and confirms the suitability of electrospray
technology for the production of thin layers for 3D microbatteries.

Results in solid electrolyte

As mentioned in Paragraph 5.3.4, the steps performed by CEA consisted of film
deposition of a LiPON solid-electrolyte, Li anode and a parafilm+glass encap-
sulation layer. In this case, none of the stacks (flat, LAR and HAR) yielded
a functioning battery. However, the OCV mapping on the flat substrates gave
several cells that did not show, at least, signs of short-circuiting. In fact, one
of the cells with an OCV of 2.74 V was tested galvanostatically at a current
density of 10 µm cm−2. As shown in Figure 5.19, the cell begins with the
expected electrochemical reactions during charging until about 4.6 V and then
shows a drastic decrease in voltage. It is assumed that there was an induced
short-circuit caused by cycling. These very preliminary results show at least
the versatility of the methods applied within E-STARS, but also gives food for
further optimisation.



137

Figure 5.19 – Galvanostatic test on a stacked flat E-STARS substrate with
solid-electrolyte.

5.4 Conclusions and prospects

The electrospraying technique has been used for the production of thin dense
layers of the high voltage spinel LiNi0.5Mn1.5O4 cathode on different substrates.
The synthesis, deposition and film formation occur in a one step process. This
technique opens the opportunity to control the morphology of a layer, by tuning
the deposition parameters, for its use in a wide range of applications. For the
production of all-solid-state-microbatteries, a specific requirement of smooth,
dense layers is needed. Nevertheless, it is not trivial to obtain an optimum set
of parameters, as they all present correlation between each other. At larger
distances from nozzle to substrate (2.5 - 3 cm) the stability of the spraying was
better, permitting the production of a more monodisperse jet. This parameter,
together with a low flow rate and a low concentration, allows the wettability
of the surface so as to obtain more density of the film. Annealing of the de-
posited layers at 450 ◦C improves both the cristallinity of the deposited films
and the corresponding electrochemical behaviour. After this process, galvano-
static measurement yielded that the contribution to the capacity from the low
voltage Mn3+/Mn4+ redox couple is reduced, while the contribution from the
high voltage Ni2+/Ni4+ is increased.

The method allows the production of layers with capacities up to the re-
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quired capacity per square centimetre, by adjusting its thickness. Besides, when
having a low or high aspect ratio substrate surface, the thickness can be signif-
icantly reduced, according to the actual received surface area. The method in
that respect also shows acceptable homogeneity within the “holes” or “grooves”
of an etched Si wafer. Even if the spinel can be formed at low temperature, high
pyrolysis and/or annealing temperatures are needed to enhance the material
crystal structure and thus its electrochemical behaviour.

This method is not limited to the fabrication of the LiNi0.5Mn1.5O4 cath-
ode, but may be used for any other lithium transition metal oxide. The per-
spectives of the method are many fold. It has been shown in the mean time
that electrospraying can be used to form (composite) layers as well as layers
with polymers only. With regard to the composite layers basically two different
approaches were shown and have been published yet, partly under the name
of the E-STARS project, namely the spraying of an ink that contains similar
salts as those used for the deposition of the LiNi0.5Mn1.5O4 cathode, but with
the addition of polymer binder PVdF, as described in the previous chapter;
spraying of an ink that contains powders of relevant electrode material, e.g.
silicon nanoparticles, together with a polymeric binder like PVdF or CMC, as
recently published by our group.

Two different setups have been developed, one of which was solely designed
for its use on the E-STARS project, as was described in Chapter 3. The other
one has been built with the vision of a Roll-to-Roll system for electrode pro-
duction. The employment of these two systems in several projects and the
larger-than-laboratory samples used in this study, show that the method is
scalable.
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Chapter 6

Effects of chromium oxide
coating on the performance
of LiNi0.5Mn1.5O4 thin films

El mejor método de educación es la felicidad

Héctor Abad Faciolince, El olvido que seremos, 2006

LiNi0.5Mn1.5O4 (LNMO) is currently one of the most interesting doping vari-
ants of LiMn2O4 due to its high stability and capacity. Higher power appli-
cations, however, require higher charge- and discharge rates. Lithium transfer
inside the particle has been shown to be a fast process and, instead, ionic and
electronic transference from the electrolyte into the bulk seem to be the rate
limiting factor. In this chapter we propose the synthesis of pure LNMO thin
films, employing the approach presented in the previous chapter, followed by
the application of surface modification in the form of a Cr2O3 catalytic coating.
Electrostatic Spray Pyrolysis (ESP) was used as synthesis technique for both
materials. Appropriate settings to spray the chromia coating were found to be
using 2-propanol as solvent with a 0.1 M concentration of precursor salts in the
precursor, a 2.0 cm nozzle-to-substrate distance at a substrate temperaure of
400 ◦C. The flow rate was set at 0.6 mL h−1 and a voltage window between
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6.5-8.5 kV was tuned to find a stable cone-jet spray mode. Variation on the
spray time was used in order to get various surface coverage. The materials
and the films produced were characterized by SEM, EDX, XRD, TGA, and
electrochemical measurements. Although the coating did not alter the initial
spinel structure of LNMO, a one minute Cr2O3 deposition exhibits better rate
capability compared to bare LNMO.
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6.1 Introduction

The market in portable electronics has matured Li-ion technology during the
last 20 years to place it above other energy storage options for small applica-
tions and, in the past few years, also larger scale applications such as energy
storage devices for power tools, EV and HEVs, military and aerospace applica-
tions. Moreover, the downscaling in the microelectronics industry complicates
the assembly from their individual components and demand for the reduction
in volume of the energy storage unit. The stored energy content of a (Li ion)
battery can be optimized by increasing the specific capacity (mAhg−1 and/or
µAh cm−2) of the cell, maximizing the potential difference between positive
(cathode) and negative (anode) electrodes and by reducing the amount of in-
active material. As it was discussed in the pervious chapter in detail, LNMO
is a high voltage cathode material in lithium-ion batteries and is currently one
of the most interesting doping variants of LiMn2O4 due to its high stability,
capacity and its intrinsic rate capability offered by the 3-dimensional lithium
ion diffusion in the spinel lattice [1, 2]. Moreover, the 4 V LiMn2O4 exhibits se-
rious capacity fading during charge and discharge due to the presence of Mn3+

ions which cause (i) Jahn-Teller distortions [3, 4]; (ii) spinel dissolution into
the electrolyte [5–7] and (iii) electrolyte decomposition at the high potential
regions [8]. Some of these factors have been circumvented in different ways.

In LNMO the Jahn-Teller distortion is mostly suppressed due to the pres-
ence of the majority of Mn as Mn4+ and Ni as Ni2+. Spinel dissolution and
corrosion reactions with the electrolyte at high voltages have been tackled by
coating the active particles with materials such as ZnO [9–12], Bi2O3 [12, 13]
and Al2O3 [12], which provided a stable surface chemistry in contact with the
electrolyte. Additionally, much effort has been made to partially substitute Mn
and Ni by other transition metals such as Li, Mg, Al, Ti, Cr, Fe, Co, Cu, Zn,
and Mo, in order to improve the cyclability [11, 14–21]. One of the accepted
conclusions for this improved cyclability is due to the smaller lattice parameter
difference among the different cubic phases formed during the charge-discharge
process.

Apart from this, electrochemical testing under high rates, for both ordered
and disordered structure of LNMO, has been studied for nano- [22] and micron-
sized [23] particles. Results for particle sizes around 50 nm showed high rate
capability ( 120 mAh g−1 at 20C and 100 mAh g−1 at 40C for disordered
LNMO; 80 mAh g−1 at 20C and 50 mAh g−1 at 40C for ordered LNMO),
while those for average particle size around 3.5 µm showed better rate capabil-
ity than both ordered and disordered nano-LNMO. By adding 65 wt% carbon
in the electrode, capacities of 107 mAh g−1 at 83C and 78mAh g−1 at 167C,
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which belongs to a high Li+ diffusivity of 3 µm in 10 seconds. The fact that
around 100-times larger particle shows higher rate capability strongly indicates
that ion or electron transport in the particle is not the rate-limiting process;
instead the performance of the material is mainly obstructed by the lithium
transfer properties from the electrolyte into the bulk and viceversa. Hence, the
surface plays a crucial role in the kinetics and the answer must come, then,
from the electrode/electrolyte interface.

Although some efforts have been made to improve the cyclability through
surface modification (i.e. coating), mainly, as described above, to impede cor-
rosion between the high voltage spinel cathode and the electrolyte, no direct
study, to our knowledge, has been devoted to explore the usage of a catalyst
coating to facilitate Li-ion transfer. While some of the implemented strategies
such as doping (substitution of cations) or coating of the LNMO have resulted in
improved rate capability by lowering the surface resistance and charge-transfer
resistance, and by the suppression of the SEI layer formation by the presence
of cations in the surface [12, 24], the essential role of a surface coating has not
been clearly understood and no direct study has been performed regarding the
comprehension on the nature of this surrounding layer, i.e. if a partial or a full
coating is needed.

Chromium oxides have been widely studied due to their importance in
industrial applications, which includes coating of materials for high tempera-
ture uses [25], wear resistance [26], magnetic recording applications [27] and,
of particular interest for this study, for their catalytic behaviour in terms of
e−-transfer and conduction [28–34]. Moreover, it has been used in battery ap-
plications where Chromia (III)-coated LiMn2O4 increased Mn4+ concentration
at the surface and prevented the direct contact between the active particles
and electrolyte, reducing the dissolution of manganese and the oxidation of the
electrolyte [7].

It is important to mention that in the case of a stable electrolyte, it wouldn’t
be neccesary to cover completely the LNMO electrode with Cr2O3 as the disso-
lution of metallic species and the degradation of the electrolyte at high voltages
wouldn’t be an issue.

Various techniques have been used to deposit Cr2O3 coatings, including
sputtering [35–40], magnetron sputtering [41], electron-beam evaporation [42,
43], chemical vapour deposition [44, 45], electrochemical deposition [46], and
chemical spray pyrolysis [47], based on different applications. Various deposi-
tion methods result in different chromium oxide coatings microstructure, which
controls their properties, so it is important to know the microstructure of spec-
imens prepared by different deposition methods.

In this chapter we propose the synthesis of pure LiNi0.5Mn1.5O4 thin films,



153

employing the approach presented in the previous chapter, followed by the ap-
plication of surface modification in the form of Cr2O3 catalytic active sites, or
‘islands’. An improvement in rate capability is, thus, expected. ESP is used
as synthesis technique for both materials. The film morphology and structural
characterization will be discussed and special attention will be given to the
electrochemical performance.

6.2 Experimental

As described in Chapter 3.1.2, a schematic drawing of the equipment used for
the production of the Cr2O3-coated LNMO spinel layers is shown in Figure 3.2.

The steps at which these layers were synthesized consisted first on the pro-
duction of the LNMO (by using the formula described in paragraph 5.3.4 of
the previous chapter, specifically in Figure 5.17) followed by the deposition
of the chromium oxide-based coatings, using different spraying times so as to
obtain different partial coverings. The precursor solutions for the cath-
ode layers were prepared following the recipe discussed in section 5.2. For
the chromium oxide post-depositions, different solutions were prepared by dis-
solving chromium nitrate nonahydrate, Cr(NO3)3 .9H2O (Acros Organics) in
ethanol or in 2-propanol, at a molar concentration of 0.1 M. A syringe con-
taining the precursor liquid was attached to a syringe pump (KD Scientific
KDS120). The pump fed the precursor liquid through a rubber hose into a
dispensing tip (EFD R Nordson) with inner diameter 0.25 mm. The solutions
were fed to the electrified nozzle in order to undergo electrospraying and direct
reaction so as to form thin film electrodes on stainless steel flat disks and on
caps of CR2320 coin cell (Hohsen). Moreover, to continue the discussion started
in the previous chapter, the deposition of the chromium based precursor was
also performed on ESTARS silicon substrates with 3D architectured surfaces
(STMicroelectronics). All the experiments were performed in air.

The texture, morphology, particle sizes and thickness of the films have been
investigated using a Philips XL20 scanning electron microscope (SEM) oper-
ated at 15 kV and atomic force microscope measurements using a NT-MDT
NTEGRA scanning probe microscope in semi-contact mode by a Si cantilever
and tip (NT-MDT, Silicon: NSG 03). Composition and crystalline structure
was studied by means of X-ray diffraction (XRD) using a Bruker (AXS D8 Ad-

vance) X-ray diffractometer with a Cu-Kα radiation source (α=1.5418 Å) and
by energy dispersive x-ray spectroscopy (EDX) which was coupled to the SEM
system and was measured directly after morphology studies. Thermogravimet-
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ric analysis (TGA) of the chromia produced was performed on a Perkin-Elmer
TGA7, heated up from 25 ◦C to 700 ◦C under nitrogen atmosphere with a tem-
perature increase of 10 ◦C per minute, in order to measure the mass or change in
mass, as well as the oxidation state. The electrochemical tests were performed
using as cathode the Cr2O3-coated LNMO films (directly deposited on the
CR2320 coin cell can and/or on ESTARS substrate), a polyethylene separator
(Solupor), few drops of 1 M LiPF6 in ethylene carbonate/ dimethyl carbonate
(2:1) as electrolyte and metallic Li as anode. No additives (i.e. binders or con-
ductivity enhancers) were used for the electrode preparation. The cells were
assembled in an Ar filled glove box (coin cells in the case of flat electrodes and
pouch cells in the case of the LAR-3D architectured electrodes). Galvanostatic
measurements between 3.5 and 4.9 V were performed on a MACCOR S4000
cycler using different gravimetric current densities and C-rates.

6.3 Results and Discussion

Chromium oxide is usually obtained by the thermal decomposition of its salts
and, therefore, this decomposition process constitutes a decisive step in its
production. Thermal studies of Chromium(III) Nitrate Nonahydrate (CNN),
supplemented by IR and chemical analyses in the temperature range 20-500
◦C, have concluded that the decomposition occurs in six stages [48]. As the
synthesis procedure shown in this chapter was based in these studies, it is rel-
evant to briefly describe their conclusions.

From the steps mentioned before, already between 100-150 ◦C there is ox-
idation of Cr+3 to Cr+6 although the content of this oxidation state in the
obtained layer is minimum. The composition percentage of Cr+3 starts becom-
ing relevant at temperatures between 300-420 ◦C, where thermal decomposition
of chromium chromate to Cr2O3 occurs, and Cr+3 values range from 50-96%.
This decomposition happens according to equation:

2Cr2 (CrO4)3 
 5Cr2O3 +O2 (6.3.1)

This conversion from Cr2(CrO4)3 to Cr2O3 may be also described in the
form of a gradual reduction of CrO3 content and, upon increasing temperature
up to 390 ◦C, that compound begins to lose its stability undergoing a loss of its
original weight due to released oxygen [49]. In the final stage, at temperatures
above 420 ◦C, there is the formation of α-Cr2O3 with a composition percentage
of Cr+3>98%.

Following these conclusions, the precursor solution was thus sprayed for
one hour at different temperatures ranging from 300 to 450 ◦C. Preliminary
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experiments were first conducted using ethanol as solvent. The flow rate was
kept constant at 0.6 mL h−1 and the voltage was tuned looking for a stable
spraying mode. Simple inspection by eye of the resulting layers proofed them to
have poor adhesion to the substrate. Figure 6.1 shows examples of the material
sprayed at two particular temperatures, 300 and 350 ◦C. The delamination of
those deposited at higher temperatures was even higher. This effect may be
caused by the low evaporation temperature of the ethanol. As a result, the
droplets dry up before arriving on the substrate, lowering their wettability and
lose their possibility to properly spread and adhere to the substrate surface.
Moreover, no stable spraying mode (cone jet or multi-cone jet) was obtained
which means that the droplet and particle sizes were not homogeneous and, as
discussed in chapter 3 and as shown in chapter 5, this hinders the growth of
a uniform film. Therefore the usage of ethanol was discarded and 2-propanol
was chosen instead as its boiling temperature is higher.

Analogous experiments were then performed with the precursor salts dis-

Figure 6.1 – As-deposited layers at different temperatures using ethanol as sol-
vent

solved in 2-propanol, using the same parameters for temperature and flow rate
mentioned above. A stable cone-jet mode was achieved in all the different
samples at a voltage window between 6.5-8.5 kV. It is stressed again that the
parameters in ESP are cross-related and each change may influence the elec-
trohydrodynamic response of the system, see Chapters 2 and 5.

6.3.1 Morphology of Cr2O3 films

The texture and morphology of the as-sprayed materials have been investi-
gated using SEM. Figure 6.2 shows different surface morphologies of chromia
thin films deposited at different temperatures ranging from 300 to 450 ◦C using
2-propanol as solvent. As shown in Figure 6.2(a), the coating is cracked at 300
◦C. This can be attributed to the stresses that have been developed during the
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Figure 6.2 – SEM micrographs of the as-deposited layers using 2-propanol as
solvent at different temperatures: (a) 300; (b, e) 350; (c, f) 400
and (d) 450 ◦C.
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drying process of a large quantity of liquid on the substrate. Previous studies on
PbTiO3 [50] and zirconia [51] thin films fabricated with the same technique pre-
sented similar results and concluded that when the thickness of the film reaches
a critical limitation, cracks will occur due to the accumulation of solvent on the
surface of films deposited at lower temperatures. The crack formation mech-
anism was proposed by Chen et al. [52]. At too low substrate temperatures,
the solvent evaporation is slow and too much of it remains within the film,
but after its evaporation the cracks are formed due to mechanical stresses. In
Figure 6.2(b) it can be observed that the film deposited at 350 ◦C still presents
a dense bottom layer with some cracks (albeit smaller than those at 300 ◦C)
covered by a reticular network of particles. In addition agglomerated particles
are growing on top of this first layer (Figure 6.2e). When the temperature is
increased to 400 ◦C (Figure 6.2c) a smooth layer with good adhesion to the
substrate can be observed. The main point is that cracks have disappeared and
some agglomerates are growing on top of a relatively dense layer (Figure 6.2f).
At higher temperature the arriving droplets contain less solvent. Therefore, the
drying step is more homogeneous and cracks disappear. The deposited particles
agglomerate forming sponge-like structures that range in size between 200 nm
and 2 µm. The individual particles are smaller as shown in chapters 4 and 5
for other electrosprayed materials such as Fe2O3 / CuO and LiNi0.5Mn1.5O4,
respectively. Samples sprayed at 450 ◦C (Figure 6.2d) presented poor adhesion
to the substrate, similar to the samples where ethanol was used as solvent.

An interesting discussion is derived from the mathematical expression for
the approximate voltage, Von, needed to form a stable cone-jet, taken from the
scaling laws [53]:

Von ≈ 2× 105(γrc)
1/2ln(4d/rc) (6.3.2)

Where rc is the inner radius of the capillary, γ is the surface tension of the
liquid and d is the distance from nozzle to substrate.

With γ = 20.9 mN m−1 [54], rc = 0.00025 m and d = 0.02 m, the theoretical
minimum voltage to create a cone-spray would be around 8.3 kV, which lies very
well between the voltage window used. It is emphasized that this calculation
is a rough estimate of the voltage, since it is only based on the surface tension,
nozzle diameter and distance to the substrate, and no measuring errors were
taken into account. It is also possible that the dissolved precursor salts lower
the surface tension of 2-propanol, leading to a lower applied voltage.

In conclusion, the optimized settings for the production of a thin coating
of chromium oxide using the ESD method are: usage of 2-propanol as solvent
with a 0.1 M concentration of precursor salts in the precursor; a 2.0 cm nozzle-
to-substrate distance; 400 ◦C substrate temperature; a flow rate of 0.6 mL h−1;
and a voltage window between 6.5-8.5 kV.
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6.3.2 Structure of Cr2O3 films

XRD was performed on samples synthesized under the similar conditions to
those described before, but with a deposition time of 2 hours to increase thick-
ness and to reduce background noise of the stainless steel substrate. The thin
films obtained at 400 ◦C had a brown colour with a slight reddish hue, as can
be observed in the inset of Figure 6.3. X-ray analysis shows that the film is
amorphous (black pattern). Previous reports of chromium oxide films synthe-
sised with spray pyrolysis at 420 ◦C on glass give similar results in terms of
the colour of the layer. However, it is stated that reddish thin films are CrO3,
polycrystalline and orthorhombic in structure with no specific orientation. The
fact that we did not see these results in our experiments may be due to the
slight difference of the techniques used, and the difference in crystallographic
orientation and thermal expansion coefficient of the substrates. Nevertheless,
it has also been reported that polycrystalline phase of Cr2O3 is observed at
substrate temperatures higher than 400 ◦C when employing sputtering as de-
position technique [55]. Still, this temperature falls in the stage of thermal de-
composition between 300-420 ◦C, mentioned in the previous paragraph, where
chromium chromate is still present and the composition percentage of Cr+3 is
not prevalent [48].

Annealing was thus performed for 1 hour at a temperature of 500 ◦C
with a heating rate of 5◦C per minute under air. In both cases, annealed and
non-annealed, the thin films were quite uniform and hard. Figure 6.3 shows
the XRD result of the produced layer (red pattern). The colour of the layer
became greenish which is already a good indication for the formation of Cr2O3

(see inset in Figure 6.3). The obtained material has a crystalline Cr2O3 phase
with a preferential growth on the 110 crystallographic plane. It further showed
a rhombohedral structure belonging to the R-3c space group [56–58], which is
similar to that of corundum (α-Al2O3), and is composed of a regular octahedral
CrO6 group. The Cr2O3 structure is approximately a hexagonal close packed
array of Oxygen ions in which Cr3+ ions occupy two-thirds of the octahedral
holes. The structure can be visualized more easily using a larger hexagonal
unit cell [56].

Thermal gravimetric analysis of the non-annealed, amorphous chromium
oxide is shown in Figure 6.4. As observed, the weight loss detected between 50
and 130 ◦C ( 3%) is attributed to the release of adsorbed water. Furthermore,
from 300 to 430 ◦C there is a continuous loss of weight (18%) which can be asso-
ciated with the decomposition of chromium chromate to chromium (III) oxide
due to released oxygen. In fact, the mass of O2 loss (0.536 mg) matches closely
with that of the stoichiometric calculation (0.537 mg) suggested in equation
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Figure 6.3 – XRD patterns of films synthesised by ESD at 400 ◦C (inset with
pictures of the as-deposited materials). Black spectrum for the
non-annealed sample (dark brown layer with reddish hue) and
red pattern for the sample annealed at 500 ◦C (greenish layer).
The peaks marked with asterisks belong to the support material.
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6.3.1. The crystalline phase transition starts around 450 ◦C associated with
no further weight loss. This is a higher temperature than previously reported
for crystalline Cr2O3 nanoparticles synthesised by urea-methods [58, 59] and
sonochemical techniques [56], but in close agreement with nanostructured thin
films produced via spray pyrolysis [47] and RF-magnetron sputtering [55].

In conclusion, XRD and TGA analyses clearly show that the reaction at

Figure 6.4 – Thermogravimetric analysis (and its derivative in red) obtained
for the non-annealed sample synthesised at 400 ◦C

400 ◦C via the ESP method is not complete and an additional synthesis step
is required to form the thermodynamically stable chromium (III) oxide by an-
nealing the as-deposited film at 500 ◦C for 1 hour, so that the production of
crystalline α-Cr2O3 is completed.

6.3.3 Cr2O3 coating on LiNi0.5Mn1.5O4 thin films

The high voltage spinel layers were produced utilising the recipe described in
paragraph 5.3.4. For the partial covering of these films, Cr2O3 ‘islands’ were
then deposited using different spraying times, specifically 1, 5 and 10 minutes.
The spray parameters used were those defined in paragraphs 6.3.1 and 6.3.2,
namely: 2-propanol based precursor with a 0.1 M concentration; 2.0 cm nozzle-
to-substrate distance; 0.6 mL h−1 flow rate; 6.5-8.5 kV applied voltage; 400 ◦C
substrate temperature; post-annealing at 500 ◦C for 1 hour in air.

Figure 6.5 shows SEM micrographs of the resulting samples. The sponge-
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Figure 6.5 – SEM images of LiNi0.5Mn1.5O4 films (dense background) with a
Cr2O3 coatings (sponge-like on top) at different deposition times:
(a)1 minute; (b) 5 minutes; and (c) 10 minutes
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like nature of the Cr2O3 deposits can be observed over the flat and dense LNMO
layer. When the spray time is augmented there is a clear increase in the size of
the chromium oxide agglomerates, as well as on the density per area unit. In
fact, after 10 minutes of spray time (Figure 6.5c) there is almost full coverage
of the LNMO layer.

XRD analyses of the samples before and after coating, shown in Figure 6.6,

Figure 6.6 – XRD patterns of the non-coated and Cr2O3 partially-coated
LiNi0.5Mn1.5O4

exhibit reflection characteristics only of the LNMO cubic spinel structure for
all samples, indicating that there is no coating at all, that it is amorphous or
that the surface modification does not change the crystallographic structure
of the initial cathode. Similar results have been observed for the latter case
in previous studies where LiNi0.42Mn1.5Zn0.08O4 was coated with Al2O3, ZnO
and Bi2O3 [12].

In order to confirm the presence of the coating, SEM coupled with EDX
elemental mapping was performed. Figure 6.7 presents images of the Cr2O3-
coated LNMO. The sample shows a homogeneous distribution of chromium
throughout the surface of the LNMO film. This homogenous distibuted Cr
then, did not indicate any individual particle with an increased amount of Cr.
Clearly, Mn and Ni are well distributed all through the surface.

A recent study was performed by our group on Cr-coated and Cr-doped
LNMO powders [60] comprising the analysis of the electrochemical behaviour
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Figure 6.7 – (a) SEM image and corresponding EDX elemental mappings of (b)
Mn, (c) Ni, and (d) Cr for the 1 min Cr2O3-coated LiNi0.5Mn1.5O4
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during charge and discharge while in-situ monitoring the change of the oxida-
tion states of the various transition metal ions, the electronic structure and
the local symmetry via X-Ray Absorption Spectroscopy (XAS). Cr K-edge X-
ray Absorption Near Edge Structure (XANES) and O K-edge XANES were
measured at the BM26 (DUBBLE) EXAFS beamline at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France. It was found that the
edge energy in the XANES region is the same for both the corundum and the
surface modified LNMO spinel. To recall, the Cr2O3 coating was achieved by
dip-coating the LNMO powders in a solution of chromium nitrate and anneal-
ing at 600 ◦C for 8 h. This means that, in all cases, chromium remains in a
valence state of +3 throughout the electrochemical process. Furthermore, the
EXAFS range clearly shows a difference in the environments for the Cr3+ ion
in a corundum structure of the obtained coating. Actually, the Cr3+ ion envi-
ronment for the coating is the same as for the Cr3+ in the LNMO, indicating
that the Cr3+-ion is in a spinel type structure. Hence, these observations in
the XANES and the EXAFS regions, suggest that the chromium oxide forms a
spinel structure, where the oxygen anions are arranged in a cubic close-packed
lattice and the Cr cations occupy the octahedral sites in the lattice. Therefore
it is concluded that there is an epitaxial growth of the Cr2O3 on the surface
adopting the spinel structure of the underlying material, favouring the forma-
tion of this unusual phase.

6.3.4 Electrochemical behaviour

The various samples have been assembled in coin cells for electrochemical char-
acterization. The so-called half-cells consisted thus of Cr2O3-coated LiNi0.5Mn1.5O4

material directly deposited on CR2330-type coin cell caps with lithium metal
as counter electrode and commercial liquid electrolyte. Neither conductive
additive nor binder was included in the electrode preparation. A 1.5 cm−2

deposition area was selected by using a mask. The difference between cells
consisted only in the amount of Cr2O3 present due to the variation in spray
times, i.e. 1, 5 and 10 minutes.

Figure 6.8 compares the discharge profiles of LNMO at the highest dis-
charge capacity value before and after surface modification with Cr2O3. These
galvanostatic tests do not exhibit a well-defined plateau, analogous to what
was described in chapter 5, most likely due to the presence of amorphous [61]
or nano [62] domains. Thus, these pseudo plateaus -from now on, it will be
referred to them simply as ‘plateaus’- are indeed related to the reversible oxi-
dation reduction of Ni and Mn species combined with the presence of nanosized
active domains and the presence of a poorly crystalline structure. All profiles
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Figure 6.8 – Discharge curves of LiNi0.5Mn1.5O4 before and after coating with
Cr2O3. Discharge current density: 195 mA g−1

exhibit three discharge plateaus. While the two plateaus at 4.7 V are due
to the reduction of Ni4+ to Ni2+, that at 4.0 V results from the reduction of
Mn4+ to Mn3+. It is interesting to note that the capacity value in all samples is
practically the same. Moreover, the capacity of the 4 V plateau must basically
be the same for all samples as the underlying LNMO layer is made in the same
way. Although this might not be immediately seen as a result of the different
kinetics of the samples. This actually is the main reason for coating the layer
with Cr2O3, hence, to modify the charge transfer kinetics. In the case of the
one-minute coating, a pronounced 4 V plateau becomes obvious, showing the
improved kinetics, meaning charge transfer.

The obtained capacity depends basically on the internal resistance of the
cell, including the coating. As the surface of the LNMO contains larger amounts
of chromium, the obtained capacity decreases due to the thicker Cr2O3 insu-
lating coating.

Figure 6.9 exhibits continuous discharge curves of the bare- and partially-
coated LiNi0.5Mn1.5O4/Li cells by applying different current densities (1C=195
mA g−1) between 3.5 and 4.9 V versus Li. The cells were charged galvanostati-
cally with 0.1 C, and then discharged at different C rates. To illustrate the rate
capability, the discharge capacity values at various C rates are normalized to
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Figure 6.9 – Rate capability of Cr2O3 partial-coated and bare LiNi0.5Mn1.5O4
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the discharge capacity value at C/10 rate and plotted in Figure 6.10. Clearly,
the one minute-spray-time sample delivers higher capacity at all currents than
the pristine cathode and those sprayed for longer times.

Liu et. al. [12], performed surface modification of LiNi0.42Mn1.5Zn0.08O4

Figure 6.10 – Normalized discharge capacity values of LiNi0.5Mn1.5O4 samples
before and after surface modification at various C rates

by using Al2O3, ZnO and Bi2O3 as coatings and, after similar electrochemical
analyses, demonstrated an increase in rate capability as well as rate capability
retention for all cases. They suggest that the enhanced performance is due to
a significant reduction on the surface-layer resistance and the charge-transfer
resistance. The increase in charge transfer resistance upon cycling is related to
the development of a less conductive SEI layer on the cathode surface. Nor-
mally, surface oxide coating would degrade the kinetics of the charge transfer
reaction by partially blocking the surface of the material. However, they con-
cluded, the improved charge transfer kinetics of the coated cathodes is partly
due to the effective suppression of the SEI film growth on the cathode surface
by the coating oxides. Al2O3 coating showed the best performance most likely
due its stable surface chemistry suppressing or giving optimum SEI layers and
to its porous structure facilitating the lithium-ion diffusion.

As to the influence of all the above presented results on the improved elec-
trochemical behaviour of the Cr2O3-coated LNMO, in terms of faster ionic
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and electronic transport on the interface, it is well known that the isotropic
structure of spinel LNMO provides a 3D network for lithium-ion diffusion and,
hence, this material is suitable for fast lithium insertion and de-insertion reac-
tions [63–66]. Therefore an epitaxial growth of a Cr2O3 coating that adopts
the spinel structure of the underlying cathode would act as a catalyst for elec-
trochemical processes occurring at the interface [60] while, at the same time,
as it is inactive towards the organic species in the electrolyte, it hinders the
formation of an SEI layer improving the ionic exchange from the electrolyte
into the active material. Nevertheless, an optimum amount of Cr2O3 surface
modification must be present as a good relation is needed between its catalytic
activity (while, at the same time, helps at suppressing SEI layer formation) and
its insulating nature. Finally, a clear picture on the one minute partially

Figure 6.11 – Rate capability and rate capability retention of 1 min Cr2O3

partial-coated LiNi0.5Mn1.5O4. 1C=195 mA g−1

coated LNMO is shown in Figure 6.11. This sample delivers a capacity 140
mAh g−1 with a capacity retention of 98% in 30 cycles (Figure 6.11a) even
after subjecting it at high rates. Moreover, it presents rate capability retention
of 80% at 10C and 70% at 20C, as shown in Figure 6.11(b).

6.4 Conclusions

Electrostatic spray pyrolysis technique has been used to modify the surface of
the spinel cathode LNMO via coatings of Cr2O3. By tuning the spray time,
the covering of the underlying LNMO could be controlled and already after 10
minutes it presented almost full coverage of the cathode layer.

The structure of the samples before and after coating exhibit reflection
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characteristics only of the LNMO cubic spinel structure for all samples, in-
dicating that the surface modification does not change the crystallographic
structure of the initial cathode. However, Cr2O3 seems to be present homoge-
neously throughout the surface of the cathode film, as suggested by elemental
mapping, instead of the active sites initially intended. XRD and EDS results,
together with XAS information from similar experiments, suggest the forma-
tion of an epitaxial Cr2O3 spinel type coating.

As this coating seems to be homogeneous, it opens the possibility of using
LNMO-based cathodes with such modified surface together with conventional
electrolyte.

The above mentioned surface modifications influence the electrochemical
behaviour of the bare spinel cathode. Especially, the coating sprayed for 1
minute improves the rate capability and delivers a capacity of 140 mAh g−1

at C/10 rate and remarkably high capacities of 108 mAh g−1 at 10C and
90 mAh g−1 at 20C. The epitaxial growth of a Cr2O3 coating, that takes the
spinel structure of the underlying cathode, act as a catalyst for electrochemical
processes occurring at the interface while, at the same time, as it is inactive
towards the organic species in the electrolyte, it hinders the formation of an
SEI layer improving the ionic exchange from the electrolyte into the active ma-
terial enhancing the battery performance. Nevertheless, an optimum amount
of Cr2O3 surface modification must be present as a good relation is needed
between its catalytic activity (while, at the same time, helps at suppressing
SEI layer formation) and its insulating nature.
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Chapter 7

Modification of an Atomic
Force Microscope for
in-situ electrochemical
characterization of
Lithium-ion batteries

So long, and thanks for all the fish

Douglas Adams, The Hitchhiker’s Guide to the Galaxy, 1979

LiNi0.5Mn1.5O4 (LNMO) material is a cheap, non-toxic, high voltage alterna-
tive to the cathode material presently used. However, LNMO electrodes show
poor capacity retention at high charging rates. In order to improve the power
performance, surface modification via a catalytic partial coating, i.e. chromia,
can be used to increase the rate of lithium (de)intercalation at the interface, as
thoroughly described in Chapter 6.

The (de)intercalation at the electrode and coating are processes at the
nanometre scale, and would preferably be imaged at this level. Atomic Force
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Microscope (AFM) can image topography at the nanometre scale, and may,
theoretically, be modified to measure ion transport at this range. In this chap-
ter a brief description of some preliminary results will be given. In summary,
the project consists on the development of a modified AFM that allows in-
situ characterisation of lithium ion transfer at/from an electrode surface (i.e.
LNMO).

For this purpose, the AFM probe will be used as electrode, i.e. a silicon
probe is electrochemically (de)lithiated. The experimental setup consists of
an electrochemical cell in which the probe can be mounted, and which can be
attached to the AFM. Electrochemical experiments were performed using an
external bipotentiostat. Most of the initial experiments were aimed at learning
the electrochemical behaviour of the probe in the setup, with metallic lithium
as counter electrode. These experiments were carried out under controlled
argon atmosphere, and probes were later analyzed using Scanning Electron
Microscopy (SEM). Next to this, LNMO samples with a Cr2O3 partial coating
were topographically scanned in the AFM, at different conditions.

Preliminary results achieved include the possibility to control a two-electrode
setup consisting of a silicon probe vs. metallic lithium in an electrochemical
AFM cell; topographical scans of a LNMO sample in electrolyte; and scans of
the same sample with a lithiated probe in a dry environment. Moreover, an
adequate lithiation procedure was found, and some light on how to include an
LNMO sample in a three-electrode setup will be shed.

Even if the present status of the system is incomplete, mostly due to en-
gineering issues (i.e. connections, leakage of the electrochemical cell), we are
convinced that this technique can be further developed to obtain a modified
AFM for in-situ electrochemical experiments. Topographical data would be
collected in the first run of the sample by a non-lithated tip. A second run,
at a fixed distance from the surface with a lithiated tip, would then provide
data on the rate of ion transport. The combination of these data should open
the possibility to relate surface modifications, e.g. (partial) coatings, to locally
increased ionic conductivity.
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7.1 Introduction

A detailed description of LNMO as a very promising material was given in
Chapter 5, together with an in-depth discussion on its synthesis and character-
isation as a thin film for li-ion microbatteries. In Chapter 6, an account was
carried on the drawbacks this material presents in terms of fast charging while
preserving capacity and cycle life, and that lithium ion transport between elec-
trode and electrolyte is the limiting factor. Moreover, it was shown how li-ion
migration, and hence the kinetics, was increased by depositing active sites of
Cr2O3, in the form of nanoparticles, on top of the cathode layer.

It would be very interesting to measure these sort of enhanced lithium ion
transport kinetics of the surface, while making a topographic image of the inter-
face. This could help in understanding the surface charge transfer mechanisms
and could, for instance, image the type, and the coverage, of coating needed
to improve transfer. Such study could be done with a combination of Atomic
Force Microscopy (AFM) and Scanning Electrochemical Microscopy (SECM)
techniques. AFM gives high-resolution topographic information, and is able
to precisely control the distance between the sample and the probe, whereas
SECM can provide detailed information of local electrochemical activities due
to anodic and cathodic processes [1, 2]. The AFM probe is used as an electrode
and charge transfer can be monitored in situ. This combination of techniques is
being developed more often in the last decade, but modification for Lithium-ion
battery electrodes has never been reported to our best knowledge [3, 4].

In this research project, an attempt will be made at building a modified
AFM, for in situ electrochemical characterization of Lithium-ion battery elec-
trode surfaces. The ultimate goal of this research is to obtain a characterization
method with which it is possible to analyse the in situ kinetic performance of
Lithium-ion batteries on a nanometre scale. Specifically, it is of particular in-
terest to know if a partial chromium oxide coating on LNMO electrodes would
render faster charge transfer.

7.1.1 Theoretical background

Besides the promising studies that could be carried out with the suggested
in-situ AFM technique, there are several interface phenomena that are worth
mentioning which could also profit of such system.

Typically, once an electrode is exposed to an electrolyte a layer is formed
at the electrode/electrolyte interface. This layer is called a Solid Electrolyte
Interface (SEI) or Solid Permeable Interface (SPI), depending on its perme-
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ability. The layer and its behaviour is well studied for negative electrodes, but
much less for positive electrodes is known, so far. Often the layers SEI or SPI
are formed during the first cycle(s) and are constituted of different materials,
depending on the electrode, electrolyte and, in this case, coating materials.
The SEI or SPI usually is an insulating interphase1, blocking the migration of
charge carriers or molecules. However, it can therefore also block degradation
of the electrode materials. Such is the case for Mn dissolution of LiMn2O4

(LMO). Beides, for carbonaceous electrodes it is a prerequisite to ensure sig-
nificant Li-ion transfer. It is however also a barrier for lithium diffusion and
electronic conduction [5–7], as was described in Chapter 6.

For LMO electrodes a model has been proposed by Edstrom et al. for
the formation of different surface layers [7]. Both organic and inorganic layers
are formed due to degradation of both the electrolyte and the electrode. The
organic layer is mostly constituted of poly-ethylenecarbonate (PEC), which is
formed by the oxidative polymerization of ethylene carbonate (EC) upon high
voltage cycling [8]. Other organic solvents often used show less polymeriza-
tions, such as diethyl carbonate (DEC), ethyl-methyl carbonate (EMC) and
dimethyl carbonate (DMC).

Despite the large amount of information regarding doped and coated LNMO
and the discussions on the electrode/electrolyte interphase, no definite or clear
model is described for this. Moreover, in most articles there is no clear de-
scription regarding the morphology of the coating. Whether the coatings are
covering individual particles, agglomerates or just the interface is unclear, as is
whether the coating fully or partially covers the active species. This is partly
due to the unavailability of proper characterization techniques.

7.1.2 AFM, SECM and SECM-AFM combination

AFM is a type of Scanning Probe Microscopy (SPM) which can image the sur-
face of both insulating and conducting substrates. An AFM probe consists of a
sharp tip mounted on a flexible lever, fixed to a larger chip. The tip is scanned
across the sample surface by means of piezoelectric translators. The tip can be
in contact with the surface (contact mode), and then the force acting on the tip
changes according to the sample topography, resulting in a varying deflection
of the lever. The probe can also be vibrated at its resonance frequency by

1Note that once a material is exposed to any environment an interface region occurs
due to charge carrier redistribution so as to level the Fermi levels (or electrochemical
potential) of both. This then is actually called an interface. In the case this then will
lead to an additional phase, an interphase occurs simultaneously.
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means of a piezo oscillator, which is called tapping mode or semicontact mode
(depending on the AFM manufacturer). During this oscillation, the tip slightly
taps the sample surface and the amplitude signal is detected, which then can
be translated to topography data. The deflection of the lever or the amplitude
signal is detected by means of laser beam deflection induced by the cantilever
and subsequent detection with a double-segment photodiode [9].

The AFM is most commonly used to scan the topography of samples. Be-
cause of the sensitive measurement of the cantilever deflection, resolutions on
the order of fractions of a nanometer, in the direction orthogonal to the sample,
can be obtained. Silicon nitride and single-crystal silicon cantilevers are com-
monly used in commercial instruments. Ideally the tip would end in a single
atom, giving atomic resolution in both horizontal directions. However the tips
available have a radius of curvature around 10 nm. Possible artifacts have to
be considered when using this technique. These are for example convolution
of the surface topography with the tip geometry (e.g., structures sharper than
the tip result in an image of the tip) or destruction of sensitive samples by the
load of the probe [9]. An important potential of AFM for surface chemistry
is its capability to perform in-situ measurements under liquids and in air. This
allows direct observation of surface processes by operating the microscope with
a liquid cell. In this cell, both sample and cantilever can be immersed in the
liquid while measurements are made. Such studies can also be performed with
a bias voltage applied to the substrate, which opens up valuable opportunities
for electrochemical AFM (EC-AFM). For instance topographic measurements
of a cycling battery could be made using this technique [9, 10].

The AFM also has a number of configurations with which specific values of
a substrate can be measured. One of them is the conducting or current sensing
mode (C-AFM or CS-AFM). In this mode a metal-coated probe is scanned over
the surface in contact mode while a fixed bias voltage is applied between the
conductive probe and the substrate. This results in a local tip-surface current,
typically dominated by the electronic component, with a resolution of 1-10
pA [11]. This method is used to scan the electronic conductivity of substrates
and has been applied to LMO layers [12].

However, no AFM option exists to measure the ionic conductivity of sub-
strates by applying a voltage between the probe and substrate. In the present
research, a system is created to measure an electrochemical reaction in liquid
at a constant distance from the surface, with a bias voltage applied between
the probe and substrate. The probe would then be the counter electrode to the
substrate. C-AFM measures in air and has direct contact between the probe
and substrate which would, in the case of the system in interest, cause a short
circuit. EC-AFM can only allow a voltage between the substrate and a refer-
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ence electrode and not a voltage to the probe. But another SPM technique is
able to measure the ionic conductivity of a substrate, namely Scanning Electr-
chemical Microscopy(SECM) [13].

SECM can image the reactivity of a surface at a microscopic scale, using
an ultramicroelectrode (UME) instead of a cantilever for a probe. This probe
consists of a metal core covered by glass, where only the top of the metal is
exposed. A bias voltage is applied to the UME, resulting in a redox reaction at
the exposed metal. Both the substrate and the probe are immersed in a solu-
tion containing an oxidizable species R. When a sufficiently positive potential
is applied to the probe, R is oxidized to O, using electrons from the UME [1].

The current flow (it) resulting from the applied potential is time dependent.
It also depends on the tip diameter and decays to a steady-state value it,∞ at
distances far from the substrate. The steady-state current is governed by the
mass transfer of O to the UME and is given by Equation 7.1.1 where F is the
Faraday constant, [O] is the concentration of O in the solution, D the diffusion
coefficient and a the diameter of the tip. When the tip is closer to the surface’s
sample, the measured current is different from it. The current is then expressed
relative to it,∞ to obtain a normalized, time independent value [14].

it,∞ = 4n[O]FDa (7.1.1)

When the tip is brought within a few tip radii of a conductive surface the
O species formed in the reaction at the tip diffuses to the substrate where it
can be reduced back to R. This process produces an additional flux of R to the
tip and hence ‘positive feedback’, so the tip current increases. The shorter the
tip to substrate distance (d), the larger the tip current [1].

If the substrate is an inert electrical insulator, the tip generated species,
O, cannot react at its surface. At a small d the insulator blocks the diffusion
of species R to the tip surface, giving lower tip current or ‘negative feedback’.
Overall, the rate of the mediator (R) regeneration at the substrate determines
the magnitude of the tip current, which means the tip current vs. distance
dependence provides information on the kinetics of the process at the sub-
strate [1].

An SECM operates by scanning an electrode in a fixed plane without dis-
tance feedback. This means the UME tip can easily crash and the tip-substrate
separation is not well-defined or constant. Next to this, the sizes of UME tips
limit them to micrometer resolution. To obtain figures with sub-micrometer
resolution at a constant and well controlled height, a combination of an AFM
and SECM can be made [15].

The first SECM-AFM combination was described in 2000 by MacPherson
and Unwin [16], and since this moment there have been several approaches at
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combining these SPM methods [3, 4, 15]. They all involve specially designed
AFM probes mounted in an AFM and operated with a bipotentiostat. Probe
options include: 1) Hand-fabricated probes, made from an etched wire, not
insulated at all but the tip end. 2) A commercial silicon nitride probe, coated
in metal and an insulator, while using focused ion beam technology to reshape
the probe so as to expose the electrode. 3) Batch microfabricated probes, made
at the wafer level, which incorporate a triangular electrode at the very end of
the probe. 4) Nanoelectrode probes based on the use of single-walled carbon
nanotube bundles on AFM tips. All of these probe designs contain a small
electrode and one of their main uses has been to carry out high resolution to-
pographical and electrochemical imaging of surfaces [15].

For research in Lithium-ion batteries there is no need, in principle, for such
complicated special tips, because a standard silicon tip can act both as probe
and electrode. When lithiating it with enough lithium, the tip should remain
intact and the tip diameter should not increase considerably. Lithium ions can
then migrate from the tip to the surface, or the other way around, driven by an
applied voltage. The resulting current can be measured and indicates the ease
of lithium ion (de) intercalation on the substrate/electrolyte interface. This
method would then be very similar to existing SECM/AFM combinations. To
our knowledge, no one has attempted using standard silicon AFM probes for
Li-ion battery SECM characterization yet.

A dual-mode AFM/SECM method described by Davoodi et al. could be
used for collecting data. After a normal AFM linescan, to obtain a surface
profile in the first pass, the feedback was stopped and the tip withdrawn to a
desired distance from the surface. In the second pass, the probe followed the
surface profile in the second linescan with a constant lift-up distance, and col-
lected the local current. This distance should be optimized so the probe does
not touch the surface, although not be too far because it would decreases the
resolution [2]. An example of a combination of topographic and electrochemical
data being collected, although using tapping mode, has been reported [17].

The image resolution with an AFM probe could be as high as the tip diame-
ter, which ideally is small. Unfortunately, two aspects lead to strong limitations
to the image resolution. First, measurable forces concentrated in a few atoms
generate strong deformation of the tip and/or substrate. Secondly, long range
forces (e.g. electrostatic forces) are sensitive to the overall shape of the tip.
The second argument appears to be especially relevant in electrochemical sys-
tems in which variations of the applied potential may introduce substantial
changes in the charge of the diffuse layer [4]. The diffusion profile of ions
through the electrolyte should be taken into account as this strongly influences
the obtained pictures. Most diffusion profile models are for cases where the
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probe is insulated and only the tip is exposed [2, 18] only one model describes
the case for an non-insulated probe [15]. To limit the diffusion distance of
ions, short pulses were used here to obtain higher spatial resolution. In this
diffusion limited case a time lag of the order d2/2D was found for the response
(d=separation distance, D=diffusion constant). It is recommended that probes
should be insulated when imaging conductive substrates. However, it would be
more convenient if non-insulated probes can be used.

7.2 Experimental

In this section details of the experimental setup, materials and procedures
used in this project will be given. However, a description of the complete
electrochemical AFM combination (i.e. a system where morphological images
can be taken while performing in-situ electrochemical measurements) won’t be
given, as this functionality is not possible at present. Ideas on the final system
will be therefore discussed at the end of the results and discussion section.

7.2.1 AFM and Electrochemical Cell setups

The AFM used in this research is an NT-MDT Ntegra platform P9, controlled
by Nova px software. For electrochemical experiments the SMENA liquid head
was used. An optical microscope (Optem 2.0x mini) was available on top of
the AFM setup.

When measurements in liquid are required, the SMENA liquid head is
used instead of a standard AFM head. A picture of the electrochemical cell
(EC) in the AFM setup with the SMENA head attached to it, is shown in
Figure 7.1(a). By using the optical microscope (with a digital camera function)
placed above the head, images of the probe, positioned under a transparent
crystal, could be taken using mirrors. Such a picture of an immersed probe is
shown in Figure 7.1(b). During liquid AFM experiments, the laser intensity
is automatically lower because of absorption by the electrolyte and reflections
through the crystal. In these types of measurements, contact mode is preferred
as it is easier to carry out and the damage to the sample is less relevant.

For future application, there is the possibility to make a topographic line
scan first and then follow the same path with the probe in a second run at
a constant distance. This is the sort of strategy desired for electrochemical
measurements. An optimal distance can be found by making slow approach
curves and looking where the current starts to increase. Another option would
be to scan at different points and, while the feedback loop is turned to off, the
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probe is then retracted around 3 µm from the surface.
The full system and the connection layout are schematically shown in

Figure 7.1 – Electrochemical cell in the AFM setup with SMENA head at-
tached. (a) Side image and (b) digital microscope image (top) of
immersed probe.

Figure 7.2(a). The EC is designed for electrochemical measurements with the
Scanning Tunneling Microscope (STM) head of NT-MDT [13]. The sample
(1) is placed at the bottom of the cell’s chamber (5) which is filled with liquid
electrolyte (4). The sample or working electrode (WE) is connected to the
bipotentiostat (2). A reference electrode (3) is immersed in the electrolyte
close to the WE. Finally, the scanner (6) is connected to the probe port of the
bipotentiostat. The EC has three electrical connections, two of them are ports
placed in the diameter of the chamber, while the third one rests at the bottom.
An extra connection for the tip was added on top of the cell. The bipotentiostat
delivered with the NT-MDT electrochemical cell package was not used as it has
limited functionalities to what was needed, therefore a Maccor (model 2200) was
used to perform the electrochemical tests, as it will be described in Subsection
7.2.2. . Figure 7.2(b) shows a schematic drawing where the cross-section
of the EC and all the components are exposed.

A picture of the AFM probe holder can be seen in Figure 7.2(c). This
holder is attached to the AFM head by means of a magnetic ring (localized
at the top in Figure 7.2(b) and bottom in Figure 7.2(c)). A fork is used for
the correct handling of the probe holder and it also helps to keep a distance of
roughly 1 mm between the probe and the sample preventing tip crash. The fork
is taken off only when the probe holder is correctly attached to the head, as the
distance between probe and sample is then controlled by the AFM system. For
pressurizing the working area and to make sure the cell is airtight, the probe
holder is equipped with a silicon membrane. Between the membrane and the
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base, a copper wire was coupled to provide a connection between the probe and
the outside. The SMENA head has a crystal on the top through which the laser
can see the probe while it is immersed in a liquid. The AFM (silicon) tip is
placed on top of the crystal and will be used as an in-situ AFM electrochemical
probe and as counter electrode.

Figure 7.2(d) shows a picture of the EC base. A Teflon R©chamber, whose
inner part has a stainless steel cover, is then filled with the electrolyte solution.
The sample is placed on the bottom of the chamber and is mechanically held to
it by a brass L-shaped hook (visible in the right side, Figure 7.2(b)), which also
serves as a current collector. A second L-shaped brass hook, with a drilled hole
in the extreme which is immersed in the electrolyte, holds a piece of metallic
lithium that will act as reference electrode. These hooks fit in stainless steel
clips (as seen in Figure 7.2(b)), which are in contact with wires to allow the
connection with the bipotentiostat. The EC also features gas inlets.

7.2.2 Electrochemical procedures

All electrochemical measurements were done using the electrochemical cell.
Most of them were carried out in the glovebox, where built-in ports permitted
the connection to a Maccor S4000 cycler. For those electrochemical tests com-
bined with the AFM (performed outside the glovebox), a Maccor S2200 was
used.

Most of the experiments were in a two-electrode setup which consisted of
silicon (AFM probe) as working electrode and metallic lithium as reference and
counter electrode. The experiments performed are summarized in Table 7.1.
All experiments started with a galvanostatic discharge. Samples were then
either cycled further galvanostatically, or discharged potentiostatically. Gal-
vanostatic cycling was done to observe the behavior after the first cycle. As
mentioned in Subsection 7.1.3 a constant voltage is required. Therefore poten-
tiostatic discharge is the most probable mode to be used in the final system. To
prevent jumps in the voltage, the potentiostatic voltage has to be achieved by
galvanostatic charge or discharge. Three-electrode experiments were also
carried out, using LNMO (produced in the same as for Chapters 5 and 6) as
third electrode. The Reference Control functionality available for the Maccor
S4000, which gives the option of an auxiliary input, was used in this case. This
scheme provides voltage control between the WE and the RE, while the current
flows between the WE and CE. The channel output voltage is then WE vs. RE
and the auxiliary voltage output gives WE vs. CE.

During most electrochemical test performed, there was electrolyte evapora-
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Figure 7.2 – (a) Scheme of the electrochemical setup with layout of connec-
tions: (1) sample (working electrode); (2) current-collector;(3)
Li0 reference electrode;(4) electrolyte; (5) cell housing; (6) Silicon
SPM tip (counter electrode). (b) Cross-section schematic drawing
of the liquid cell for the AFM; images of (c) bottom part; and (d)
top part
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Table 7.1 – Summary of electrochemical experiments

Experiment Probe previously Applied Voltage Number of
number used current/voltage limits cycles

(µA / V) (V)

A Yes 10 0.05-1.5 5
B Yes 3 0.05-1.5 10
C Yes 3 0.05-1.5 1
D No 3 0.05-1.5 10
E No 3 0.01-1.5 1
F No 3 0.05 1 discharge
G No 1, 5, 1 0.05-1.5 30
H No 3 / 0.3 0.3 1 discharge

tion because of leakage in the electrochemical cell. As a result, the electrolyte
volume in the chamber was constantly changing during the reaction making it
difficult to know what part of the probe was actually immersed. This gives rise
to an intrinsic problem to calculate the C-rate as it is based on the electrode
weight. Therefore, a fixed current of 3 µA was chosen for most experiments (as
shown in Table 7.1) and will be more elaborately discussed in Subsection 7.3.1.

7.2.3 Materials Used

The AFM probes used were of the types NSG03 [19] and NSG30 [20]. These
are probes fabricated by NT-MDT meant for non contact or semicontact scan-
ning, but can also be used in liquid and in contact mode. They are made from
single crystalline silicon (n-type) doped with antimony, with a bulk resistivity
of 0.025 Ω cm. The chip sizes are 3.4 x 1.6 x 0.3 mm. The tips are 14-16 µm
high and have a typical curvature radius of 10 nm. The cantilever dimensions
are different for the two types of probe. For the NSG30 is 125±10 x 40±5 x
4.0±0.5 µm and for the NSG03 the size is 135±10 x 30±5 x 1.5±0.5 µm. The
volume and mass of every part of an NSG30 probe is given in Table 7.2, using
a density of 2.329 g cm−3. The mass ratio between the probe components is
given as well [19, 20].

Thin LNMO layers were electrosprayed, based on recipes described in
Chapter 5. Spray times of 10 minutes, with fixed flow rates and concentra-
tions, were chosen to achieve relatively flat layers. Aluminum foil and silicon
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Table 7.2 – Volume and mass of NSG30 probe components

Dimensions Volume Mass Mass ratio

Vchip 3.4 x 1.6 x 0.3 mm 1.6 mm3 3.8 mg 4 - 106

Vcantilever 125 x 40 x 4 µm 20 - 103 µm3 47 ng 50
Vtip 1/4 ∗ 15 x 10 x 11 µm 413 µm3 0.96 ng 1

wafers (thickness 0.8 mm) were used as substrates. Some LNMO samples were
coated with chromium oxide, following the details described in Chapter 6.

Experiments in the glovebox (MBraun) were performed under argon at-
mosphere. For most experiments outside the glovebox, the cell chamber was
constantly flushed with helium so as to create an inert environment. Metallic
lithium was used as negative electrode. The electrolyte solution used was 1.0 M
LiPF6 in ethylenecarbonate:dimethylcarbonate (EC:DMC) (1:1 by wt%). As
DMC evaporates quickly at room temperature and EC subsequently crystal-
lizes, DMC (Dimethylcarbonate, anhydrous, Merck) was often added to again
dissolve the electrolyte.

7.2.4 Probes storage and characterisation

In order to decrease the waiting time of the first probe discharge (lithium inser-
tion), using a probe which has been previously lithiated could be convenient.
Therefore an investigation of whether the probes changed after a certain stor-
age time was conducted. After the electrochemical experiments most probes
were rinsed with different solvents: with DMC in the glovebox, with ethanol
outside the glovebox, with both DMC and ethanol, and some were not rinsed
at all. These probes were then stored.

Stored probes were characterized using a Phillips XL20 scanning electron
microscope, operated at 15 kV. Moreover, a JEOL JSS-7500F SEM coupled
to a NORAN System SIX, was used for energy dispersive x-ray spectroscopy
(EDX) analysis.



192 Chapter 7

7.3 Results and Discussion

In this chapter the results of both the experiments and the ’development pro-
cess’ will be discussed. The first section covers the electrochemical experiments.
This is followed by some data on the storage of tips, and topographical images
in the AFM. In Section 7.4.1 a discussion on the setup problems will be carried
out and of some improvements that have either already been applied, or that
should be applied to continue with this research. Finally, an important part
will deal with how we think the modified AFM will look like, in the end.

7.3.1 Electrochemical experiments

Silicon probes were charged and discharged versus metallic lithium as described
in section 7.2.2. Figure 7.3 shows the second cycle, as the first cycle usually
involves SEI layer formation and also irreversible reduction of surface layers
formed on silicon (SiOx, Si-OR and Si-R) [21, 22]. The discharge plateau be-
tween 0.2 and 0.05 V and the charge plateau between 0.3 and 0.7 V gives a
similar electrochemical behaviour to what has been previously reported in the
literature [22]. From this electrochemical behaviour we can conclude that we
have a working battery of silicon vs. lithium, which proves that the silicon probe
can be lithiated. Some lithiated probes have been studied with Scanning
Electron Microscopy. In Figures 7.4(a and b), a probe is shown which has been
discharged to 0.05V (i.e. lithiated). When compared with the fresh tip in Fig-
ure 7.4(c), a change of the surface can be observed, although it is clear that the
shape of tip is still intact. A probe which was discharged to 0.01V and charged
again is shown in Figure 7.4(d). Here it is very clear that the deintercalation
of lithium caused the silicon host to crumble. As this crumbling destroys the
tip, making it unpractical for AFM measurements, the cut-off voltage for the
discharge should not be very low.

Discharge curves from some of the probes previously used (including those
shown in the SEM picture above) are shown in Figure 7.5. Probes A and C
had been cycled earlier, while probes D, E and F were pristine, as described in
Table 7.1. It can be immediately appreciated that the open circuit voltage of
pristine tips is between 2 and 3 V and probes previously used have an OCV
between 0.5 and 2 V. This is because of the reactions we see at higher voltages,
suggesting that surface layers are reduced and an SEI is formed, as discussed
in section 2.5. All probes show a voltage plateau at voltages between 0.5 and
0.05V, indicating lithium insertion in the silicon. The exact voltage levels and
lengths of the plateaus differ significantly however, even though the setups and
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Figure 7.3 – Charge and discharge of silicon probe vs. metallic lithium (exper-
iment B)

procedures are practically identical. In experiment A, a current of 10 µA in-
stead of 3 µA was used, but this does not influence the Voltage-Capacity curves.
Another noteworthy aspect is the noise and voltage jumps which are caused
by poor electrical connections. This will be discussed in more detail in section
7.4.1.

As mentioned in sections 7.1.2 and 7.2.2, it is necessary to identify which
voltage to use for potentiostatic measurements, in combination with the AFM.
This voltage should be stable, i.e. at a plateau, to be able to measure for a sig-
nificant amount of time at a constant voltage. However, it would be convenient
if this voltage is as high as possible so that there is as little as possible lithium
in the silicon in order to avoid too much volume expansion of the tip and, also,
to minimize the waiting time until the voltage is reached. Still, lithium should
be inserted at this voltage in any probe. Taking these above considerations
into account, it is decided that 0.3V is the highest possible voltage.

Usually, the applied current in galvanostatic measurements is based on the
electrode mass and expressed in C-rate. However, in this project a constant
current was used (see section 7.2.2) because the mass of active silicon varies
during the experiment as, due to electrolyte evaporation, the exposure of the
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Figure 7.4 – SEM pictures of NSG30 tips; a) once discharged tip(in exp. E);
b) once discharged tip and cantilever (in exp. E); c) pristine tip;
d)once discharged and charged tip (in exp. F)
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Figure 7.5 – Discharge curves of experiments A, C-F. Experiments E and F
correspond to SEM pictures above

AFM’s cantilever varies.
Potentiostatic experiments are preferred for the combination with the AFM,

as previously discussed in this subsection. To obtain the desired voltage of
0.3V, the cell is discharged galvanostatically at a current of 3 µA, as depicted
in Figure 7.6. When the voltage reaches 0.3V, 10 minutes of potentiostatic
discharge followed, after which the cell was turned to a rest stage. In this case
the voltage profile is flat, indicating perfect electrical connections. The current
slightly fluctuates around 3 µA, as it does in every galvanostatic experiment,
and decays in the potentiostatic mode. This is because there is a decreasing
amount of silicon which can be lithiated at this voltage. A similar effect is de-
scribed in section 7.1.2. An attempt was also made at doing three-electrode
measurements, where a third electrode of LNMO was added. As described in
Subsection 7.2.2,an auxiliary voltage input in the Reference Control mode of
the Maccor was used. In this case, LNMO was acting as the working electrode
(WE), Si as the counter electrode (CE) and Li as the reference electrode (RE).
This means that the reaction between LNMO vs. Li could be controlled, while
the current would actually run between LNMO and Si. Such measurement is
shown in Figure 7.7. A very slow charging of the LNMO can be seen, and a
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Figure 7.6 – Time profile of galvanostatic discharge (3 µA) to a voltage value
of 0.3 V, followed by 10 min potentiostatic discharge (experiment
H)

faster discharge of Si. The spike obtained at around 70 minutes is probably due
to loss of contact for a very short time, leading to fast relaxation of LNMO and
Si. Nevertheless, the system recovered and resumed charging and discharging.
Finally, the voltage of Si vs. Li drops below 0 V, which could only indicate
lithium plating on silicon. As the capacity of LNMO is higher than that of Si,
because of the big difference in active masses, the LNMO is not fully charged
while the Si is already fully discharged. Hence, the capacities should be better
matched, or the control should be with regards to silicon and not to LNMO.

The ideal setup would use the Maccor cycler to control LNMO vs Si and
Si vs Li simultaneously, as the probe is then constantly kept at the same level
of lithiation avoiding a decreasing current vs. time due to the probe delithiat-
ing. Unfortunately, with this system, in its present form, it was not possible to
perform such a measurement. This means that two devices have to be used for
voltage control, one recording the reaction between LNMO and Si (preferably
the Maccor), while the voltage of Si and Li could be kept stable by attaching,
for example, a Si vs. Li battery, which is at the same voltage, with a very large
capacity.
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Figure 7.7 – Three-electrode measurements of LNMO (WE) vs Si (CE) and Li
(RE)

7.3.2 Probe storage

The probes were stored at ambient conditions, so they could have reacted with
air and moisture. Figure 7.8 shows SEM pictures of NSG03 probes under
different circumstances. The tip and cantilever in Figure 7.8(a and b) are
the same as the tip in Figure 7.8(c), but after being stored for two months.
When comparing Figure 7.8(a) to Figure 7.8(c) the protrusion on the tip and
the ‘islands’ on the cantilever seem to have decreased in size. During this
time the lithium seems to insert further into the silicon, thereby distributing
more evenly. Besides, after this period of time, the cantilever bends as seen in
Figure 7.8(b). For a non-lithiated tip stored in exactly the same environment
as the lithiated one, no bending of the cantilever is observed (Figure 7.8(d)).
An explanation for this is that, most probably, lithium inserts further into the
cantilever increasing its volume in certain spots causing mechanical stresses
that makes it bend. This would mean that the bottom part of the cantilever
(when mounted in the setup) reacts with more lithium than the top part. Note
that in Figure 7.8 the tip is at the top in contrast to how it will be mounted
in the AFM set-up. If the cantilever is bended too much, the laser spot in the
AFM cannot be reflected in the right direction, leaving the probe useless.
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After some storage time has passed, crystals are formed if the probe was

Figure 7.8 – NSG03 probes; (a) lithiated tip stored for 2 months; (b) bended
cantilever, same as a; (c) same tip as a, directly after lithiation;
(d) stored pristine probe, with no bended cantilever

not rinsed before storing it. Most of these crystals are cubic, as can be seen
in Figure 7.9 and in the SEM micrographs shown in Figure 7.13, which will be
described later. EDX images of a stored cantillever are shown in Figure 7.9.
The tip is shown from above and a large crystal is laying next to it. In fact this
is the same probe as in Figure 7.4(a and b), although these EDX pictures are
made after a month of storage. The cantilever itself mostly consists of silicon,
as expected, with traces of oxygen, nitrogen and sodium. The crystal is clearly
formed from the electrolyte salt (LiPF6), because it is mainly constituted of
fluor and phospor.

7.3.3 Topographical AFM scanning of the sample

In order for the combined electrochemical AFM method to work, it should be
possible to scan with a lithiated probe, as discussed in section 7.1.2. To prove
that a lithiated probe can be controlled, a topographical scan in the contact
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Figure 7.9 – EDX pictures of a probe cantilever and tip, from experiment F,
taken one month after Figure 7.4(a and b). Color scales give the
counts of elements in the picturer
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mode was performed in a dry environment. Figure 7.10(a) shows an AFM im-
age performed with a pristine tip on a sample of LNMO partially coated with
chromium oxide, synthesized as described in Chapter 6. Figure 7.10(b), on its
turn, shows a clear topographic image carried out with a lithiated tip. Therefore
the feasibility of a scanned topography with a lithiated probe is demonstrated.
To obtain this image, a tip force of approximetaly twice the one used in regular
procedures was required.

Before the probe was used for AFM scanning it was observed under the

Figure 7.10 – AFM scan of LNMO with chromium oxide; (a) scanned with
a pristine probe (30x30 µm); (b) scanned with a lithiated
probe(30x30 µm)

SEM (Figure 7.11). The tip is shorter than the pristine one, which means it
‘broke’ during electrochemical measurements. However, for this purpose, it
broke in a convenient way as there is still a relatively sharp tip with an approx-
imate tip radius of 350 nm (Figure 7.11(b)). This corresponds quite well with
the smallest artifacts observed in Figure 7.10(b), which are of the same order
of magnitude, therefore the tip convolution is small enough. This probe had
been stored for two weeks, and as discussed in the previous subsection, crystal
formation of LiPF6 can be seen on the chip and cantilever.

It is the aim of this research to make a topographic scan using a pris-
tine (non-lithiated) tip in electrolyte, followed by a second scan made at a
constant distance from the surface with a lithiated tip (see Subsection 7.1.2).
Figure 7.12(a) shows an AFM scan done on a similar kind of smple as those
shown in Figure 7.10, only this time performed in liquid electrolyte with a pris-
tine tip. Scanning within the filled liquid cell is not straightforward, however,
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Figure 7.11 – Probe which was used to scan Figure 7.10(b); (a) cantilever (b)
tip end

as will be discussed more elaborately in the next subsection. Simultaneous to
AFM approaching and scanning, a voltage of 0.2V was applied between the
probe and lithium. Unfortunately, no stable current flow was measured as
shown by the voltage-and-current graph vs. time in Figure 7.12(b), most likely
because of poor electrical connections.

Figure 7.12 – (a) AFM scan of LNMO with chromium oxide, scanned in elec-
trolyte (40x40 µm); (b) Electrochemical behaviour of Si vs Li
during AFM scanning

7.4 Future research

As has been mentioned before, the techinique presents several unresolved is-
sues at present. Because of this, it was hard to achieve reproducibility in the
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experiments. Solutions have already been found and implemented for some
issues. For others, further research is needed in order to optimize the setup,
the technique and the procedure.

7.4.1 Setup improvement

The main problem in almost all the experiments was that the electrical con-
nections were not stable, as it is clearly observed from the shape of the graphs
in Figure 7.5, 7.7 and 7.12(b). In the schematic drawing of Figure 7.13 all the
electrical connection points of the cell are shown. The points of which there
were poor or no electrical connection are indicated in red circles.

• (1) The copper wire that is wound around the stainless steel crystal base
oxidizes and unwinds with time. This was partly solved by placing the
wire underneath the membrane ridge, preventing unwinding. It does,
however, increase the chance of gas leakage.

• (2) The brass hook does not apply enough pressure on the sample to
have a stable connection. Because of its shape, there is no mechanical
force applied on the hook by the clip, so it ‘floats’ in the setup.

• (3) The wire underneath the clip is the most troublesome connection.
The clip oxidizes with the electrochemical reactions, forming an insulat-
ing oxide layer. On top of this, the pressure the clip provides on the wire
is not high enough, giving mechanical instability. Finally, the wire is very
fragile and broke several times during the experiments. A solution for
the issue with oxidation is that the wire, clip and hook should preferebly
be made of platinum.

• (4) The electrolyte level drops during prolonged experiments, leaving the
probe unimmersed in the electrolyte. This is mainly because DMC evap-
orates quickly at room temperature. The remaining electrolyte solution,
EC, finally crystallizes (after more or less 10 h), as it does so at room
temperature. Experiments could be done with the probe in crystalline
electrolyte, however the cantilever would break when the cell was opened
to add more DMC in order to dilute it. This could be prevented by ar-
rying out short experiments in the cell ( 4 h). Moreover, low electrolyte
levels were also due to leakage through the bottom, the side connections
or the top, mainly caused by the constant (although needed) manipula-
tion of the cell during experiments.

Another important aspect in these types of measurements is that the reactions
should take place in an environment without moisture, oxygen or nitrogen.
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Figure 7.13 – Schematic of the faulty connections in the setup, half the cell is
shown

Therefore a stable environment with inert gas should be used and all the leaks
avoided.

• All the parts of the setup have to be dried, especially the AFM probe
when used in the AFM setup. If this is not done properly, bubble forma-
tion (probably H2) and layer formation (a LixNyOz compound) occurred
at the probe. Such artifacts can be seen in Figure 7.14. Beside reaction
contamination, the bubbles blocked the laser and the formed layer de-
creased the reflected laser intensity. This stopped the laser feedback and
the probe position could not be read or controlled by the AFM soft-
ware. When experiments were carried out in the glovebox, probes which
were not dried did not cause bubble or layer formation, therefore the
environment where the measurement takes place also plays an important
role.

• As the cell was not completely airtight, a balloon filled helium gas was
connected during measurements performed outside the glovebox, to com-
pensate for gas leakage. The main leak seemed to be at the top of the
cell, between the stainless steel base of the crystal and the membrane.
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Figure 7.14 – Contaminated cell. (a) probe with layer formation in cell; (b)
probe with bubbles and oxidized lithium foil.

7.4.2 Towards electrochemical experiments in a modified
AFM system

Based on all the previously discussed results, a description will be made on
how the modified AFM would work. For each step, a reference to the section
where that part is discussed in detail will be given.

In the glovebox, the cell will be assembled with an LNMO sample (or any
other active material) at the bottom, functioning as a working electrode (WE),
and metallic lithium foil at the side, working as a reference electrode (RE),
(Subsection 7.2.1). Before assembly, every part will be dried in the vacuum
oven, including the probe to be used (Subsection 7.4.1). The cell will then
be placed in the AFM. The gas flow and electrical connectors and the AFM
head will be installed (Subsections 7.2.1 and 7.4.1). At this time the AFM and
Maccor hardware/software are already operational.

A manual approach of the tip is done, followed by resonance and aiming
and finally the computer drives the last part of the approach to the substrate
(Subsection 7.2.1, Subsection 7.4.1). The probe will then make topographic
line scans of the substrate and is subsequently retracted from the surface, so
that it won’t short circuit the system (Subsections 7.2.1 and 7.4.1). Now the
probe can be prelithiated using the metallic lithium (RE), i.e. the cell of sili-
con vs. lithium will be discharged galvanostatically to 0.3V (Subsections 7.2.2
and 7.3.1). Right afterwards, the cell is switched to potentiostatic mode and
the voltage between silicon and lithium is kept at 0.3V (Subsections 7.2.2 and
7.3.1).

A three-electrode setup is then made, in which the voltage of silicon vs.
lithium is kept constant and LNMO can be cycled vs. silicon (Subsections
7.2.2 and 7.3.1). This could probably be done using the Maccor to control
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LNMO vs. silicon and using a large silicon/lithium battery to control the
probe voltage vs. lithium (Subsection 7.3.1). The tip can now repeat the scan
lines previously made, but at a certain distance from the substrate (Subsections
7.2.1 and 7.2.1). At the same time, the current between LNMO and Si is being
measured, as this provides information of the rate of lithium ion transfer in
the cell (Subsection 7.2.1). In this manner the whole sample can be scanned.
Afterwards the current data lines can be overlaid to obtain a 2D figure of the
current at all the locations (Subsection 7.2.1). This image could then be com-
pared to the topographic image to see if enhanced or reduced surface reactivity
is related to objects, e.g. catalysts, at the surface (7.2.1).

In an even more advanced system the AFM will be connected to an Elec-
trochemical Impedance Spectrometer.

7.5 Conclusions and Recommendations

In this research project, a silicon AFM probe was succesfully used as an elec-
trode in a Lithium-ion battery setup. This was proven by electrochemical
curves and SEM pictures. In two-electrode experiments of silicon vs. metallic
lithium, it was found that the capacity of the probe was very low, hence dis-
charge rates of 3 µA were used. A voltage of 0.3 V was chosen for potentiostatic
operation, because most probes show a pseudo-plateau (due to Li alloying) at
this voltage.

In AFM experiments, a three-electrode setup with a LNMO sample as
working electrode would be prefered. Ideally, simmultaneous control of both
LNMO vs. Si and Si vs. Li would be needed in this system. A working three-
electrode setup with LNMO as WE, Si as CE and Li asRE was achieved, using
the Reference Control mode of the Maccor (S4000) cycler.

It was found that it is possible to prelithiate probes and store them in am-
bient conditions, so as to use them in a later stage. However, for storage times
in the order of a month, SEM pictures do show bending of the cantilever and
formation of crystals on the probe.

The obtained electrochemical results were not very reproducible and showed
significant noise. This resulted from poor electrical connections of the AFM
cell. The initially observed side reactions with moisture and air could be pre-
vented by predrying all the setup parts, including the probe, and controlling
the environment with an inert gas.

A topographical scan of LNMO with a lithiated probe was also accom-
plished. This indicates that these probes can be used for further measurements.
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Moreover, it was also possible to scan a similar LNMO sample immersed in liq-
uid electrolyte with a normal (non-lithiated) probe in the AFM cell.

It is highly recommended to further improve the quality of the electrical
connections when continuing with this research with the electrochemical AFM
cell. This would make the results much more stable, reliable and reproducible.
In more detail, the side wires should then be replaced by a stronger wire or
metal strip. The hooks should be reshaped to apply more mechanical pressure
on the sample. The clips should be thoroughly cleaned to remove oxidation or,
better, new clips should be made. Ideally, all these parts should be made of
platinum to produce a robust and corrosion-free system.

The ideal way to combine topographic and electrochemical data is to make
topographic line scans and repeat these at a certain distance with a lithiated
tip. A convenient distance for this has to be found.

As further proof that this system works (as it is expected to), it would be
interesting to make an approach of Si vs. LNMO while measuring the current.
There should be an increase in the current for short separation distances. Also
it would be interesting to know what the electrochemical response is in the case
of short circuiting, by touching the surface with the probe, while applying a
voltage. This method can be used to study the safety of the various electrode
materials on a nanometer scale.

When the system will be ready to work, the next step would be to increase
the resolution. The tip size should remain as small as possible, while containing
enough lithium. It might also be necessary to coat the tip with an insulating
material, to obtain a better diffusion profile. Furthermore, it might be worth
considering placing the AFM inside a glovebox or to put a portable glovebox
around the AFM. This would significantly decrease the chance of contamina-
tion although, unfortunately, would make the handling of the system harder.

Nevertheless, we think it is possible to make a modified AFM for in situ
electrochemical characterization. Topographical data would be collected in the
first run of the sample by a non-lithated tip. A second run at fixed distance
from the surface with a lithiated tip would then provide data on the rate of ion
transport. By combining these data, we strongly believe it should be possible
to relate surface artifacts, e.g. a coating, to increase the ionic conductivity.
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Summary

The remarkable physicist Richard P. Feynman once said, more than fifty years
ago: ”the principles of physics, as far as I can see, do not speak against the
possibility of maneuvering things atom by atom. It is not an attempt to violate
any laws; it is something, in principle, that can be done; but in practice, it has
not been done because we are too big”. Since then (1959), human creativity
and innovation have led to a paramount number of developments, opening the
possibility to study, design and fabricate novel materials not only with top-
down techniques, but also with bottom-up methods.

Nanostructured materials and their applications to various technological
fields (i.e. thin film production) are literally booming during the last decades.
This is not surprising, because the search for new materials with special proper-
ties is a key point to overcome the limitations posed by conventional materials
and their current technological use. Nanostructures are interesting systems,
since their properties often vary strongly from those of the bulk. Their reduced
size influences the physical and chemical properties of the original materials.

This thesis focuses on the deposition and (electro) chemical characterisation
of electrode films synthesised via an aerosol-assisted route, based on electro-
spraying liquid precursors. Electrospray, also referred to as Electrospraying
or Electrohydrodynamic Atomization (EHDA), is a versatile technique for the
production of nearly-monodispersed, highly-charged droplets that, when cou-
pled with a reaction mechanisms (i.e. pyrolysis), allows the production of a
wide variety of nanostructured functional films and materials. When pyrolysis
is used as reaction mechanism, the technique is usually referred to in the liter-
ature as Electrostatic Spray Pyrolysis (ESP) or Deposition (ESD), terms that
will be used interchangeably throughout this thesis. Therefore, the main focus
of this thesis is related to the synthesis and deposition of nanostructured thin
films as electrode materials in Li-ion batteries. It will also deal with various
aspects, including the effects of the deposition parameters on the properties of
the deposited layers.
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The structure of the thesis consists of seven chapters that describe the main
ideas developed in this work, being the experimental ones (Chapters 4, 5, 6 and
7) the ones that form the heart of this thesis. They are all summarized below.

The aim of Chapter one is to put the research topic studied here into per-
spective. Thus, it presents some thoughts on sustainable energy in general and
energy storage systems in particular, as well as where do they fit in the big
picture of renewable energies. This discussion opens room to a brief histor-
ical overview of batteries, after which some generalities are explained and a
comparison of the current available battery technologies are given. Finally, an
introduction to the main topic of this thesis, namely thin film Li-ion batteries
is discussed and some examples of materials readily available at the moment
are highlighted. Chapter two describes the general theory of electrospray-
ing and its modes of operation. The attractive features of generating charged,
nearly-monodispersed droplets with tunable sizes, as well as the challenges re-
lated to the increase of their production rate are discussed. This chapter intends
to show the interest in industrial and laboratory applications with regard to
this technique, which allows the generation of sub-micrometric droplets while
working in the cone-jet and multi-jet modes. The goal of this review is to
provide a summary of electrospray applications in thin solid film deposition,
as well as in the field of Li-ion batteries, i.e. cathode, anode and electrolyte
materials.

One of the conclusions of this review, is that the temperature of the sub-
strate, besides being needed as a synthesis parameter to obtain the desired
material (i.e. by means of pyrolysis), is critical for the control of the layer
uniformity and porosity. The porosity is a result of fast evaporation of the
solvent, and increases with the substrate temperature. Optimal tuning of the
temperature so as to obtain the desired structure without compromising the
layer quality can be achieved by choosing a solvent with higher boiling temper-
ature or by mixing several solvents.

It is clear that electrospray presents advantages of uniform coating of large
areas, inexpensive equipment, operation at atmospheric conditions, and easy
control of deposition rate and film thickness by adjusting voltage and flow rate.
Utilisation of this technique in the field of thin film battery production will
surely continue to rise, and new achievements in this field can be expected in
the near future.

Chapter three provides an account of the different electrospray equipment
used for the experiments that are described throughout this thesis, as well as
which are their main differences. Moreover, a short description of a new exper-
imental setup designed with the purpose of handling big substrates, i.e. silicon
wafers, is illustrated.
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Chapter four focuses on the synthesis and deposition of Fe2O3 and CuO
nanostructured electrodes in one step via Electrostatic Spray Pyrolysis (ESP).
It also offers some insight on possible shortcomings deriving from the con-
ventional electrode fabrication, where the active materials (i.e. nanopowders)
need to be processed in multi-step processes with polymeric binders/additives
in order to cast laminated electrodes. During the processing, solutions con-
taining precursor metal salts dissolved together with Polyvinylidene Fluoride
(PVdF) binder are electrosprayed on a heated substrate where the generated
submicron-sized droplets undergo pyrolysis. The oxide nanoparticles generated
via pyrolysis of the metal precursors are in intimate contact with the binder
contained in the emitted droplets during the electrospray process. The reacted
droplets are at the same time directly driven on selected areas to form nanocom-
posite coated electrodes. The even inter-dispersion of the polymer binder on the
nanoscale promotes the mutual adhesion of the nanoparticles in the deposits,
acting at the same time as a barrier against their growth and agglomeration
during both the synthesis process (i.e., inside the reacting droplets) and the
electrochemical cycling, thus reinforcing the electrode and the overall contact
with the current collector. Electrochemical tests demonstrate that the conver-
sion reactions in these electrodes enable large initial discharge capacities, as
high as 800 mAhg−1 and 1550 mAhg−1 for CuO and Fe2O3, respectively, but
also reveal that capacity retention needs further improvements. It is, therefore,
proposed that it is a viable approach to synthesize and assemble in one step
thin nanocomposite coatings of negative electrodes at low temperature. Nev-
ertheless, when thicker electrodes are required, it is likely necessary to include
a conductive additive in the preparation, especially in presence of active mate-
rials that are poor e− conductors.

One important remark from this chapter relate to the known shortcomings
of conversion materials, e.g., initial irreversibility, limited capacity retention
and slow reaction kinetics in bulk powders, can be addressed by proper elec-
trode preparation via ESP. Indeed, one can select dedicated precursor solu-
tions/suspensions containing all the needed components and control the com-
position, morphology, texture and thickness of the deposited composite layers
with the active nanoparticles. The large voltage hysteresis between charge and
discharge displayed by conversion materials is an intrinsic drawback that has
been related to the energy barrier which must be overcome to break the M-X
bonds (where X can be: F, O, S, or P). As a matter of fact, this phenomenon is
particularly pronounced for fluorides and oxides, while sulfides and phosphides
suffer less from it. Therefore, substituting oxygen with phosphine in the pro-
posed synthesis process could be a possible approach to address this main issue.
Moreover, the process is simple and can be conveniently optimized.
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Finally, it should be mentioned that this procedure, which has been carried
out here on a lab scale (i.e. deposition on coin cell cans), has the potential
to be implemented into a continuous, larger scale process for full fabrication
of advanced nanocomposite electrodes in a roll-to-roll process by convenient
outscaling of electrospray via multiple nozzle systems or equivalent equipments
like the one employed for the experiments described in Chapter 5. Chapter
five examines the results obtained during a large European project which con-
sisted on the synthesis and deposition of thin film cathodes of high voltage
LiNi0.5Mn1.5O4 on especially customized silicon wafers for the development of
a novel 3D Li-ion microbattery. ESP, which is employed as synthesis and de-
position technique, allows the production of layers with capacities up to the
required capacity per square centimeter, by adjusting its thickness. Besides,
when having a three-dimensional substrate surface, the thickness can be signif-
icantly reduced, according to the actual received surface area. The method in
that respect also show acceptable homogeneity within the ”holes” or ”grooves”
of an etched Si wafer and demonstrates its potential in the production of 3D
all solid state Li-ion batteries. The influence of the synthesis parameters on
the structure, texture and electrochemical behaviour of the produced electrode
is investigated using different characterisation techniques.

For the production of all-solid-state-microbatteries, a specific requirement
of smooth, dense layers is needed. As an important conclusion in this chapter,
it is found that it is not trivial to obtain an optimum set of parameters, as they
all present correlation between each other. At larger distances from nozzle to
substrate (2.5 - 3 cm) the stability of the spraying was better, permitting the
production of a more monodisperse jet. This parameter, together with a low
flow rate and a low concentration, allows the wettability of the surface so as to
obtain more density of the film. Annealing of the deposited layers at 450 Â◦C
improves both the cristallinity of the deposited films and the corresponding elec-
trochemical behaviour. After this process, galvanostatic measurement yielded
that the contribution to the capacity from the low voltage Mn3+/Mn4+ redox
couple is reduced, while the contribution from the high voltage Ni2+/Ni4+ is
increased. Even if the spinel can be formed at low temperature, high pyroly-
sis and/or annealing temperatures are needed to enhance the material crystal
structure and thus its electrochemical behaviour.

Chapter six proposes the synthesis of pure LiNi0.5Mn1.5O4 thin films fol-
lowed by the application of surface modification in the form of Cr2O3 catalytic
active sites, or ‘islands’. ESP is used as synthesis technique for both materials.
By tuning the spray time, the covering of the underlying LiNi0.5Mn1.5O4 could
be controlled and already after 10 minutes it presented almost full coverage
of the cathode layer. The film morphology and structural characterisation is
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discussed and special attention is given to the electrochemical performance.
These measurements demonstrate that, although the coating does not alter the
initial spinel structure of LiNi0.5Mn1.5O4, it influences the electrochemical be-
haviour of the bare spinel cathode as it act as a catalyst for electrochemical
processes occurring at the interface while, at the same time, improves the ionic
exchange from the electrolyte into the active material enhancing the battery
performance.

Structural analysis of the samples before and after coating exhibit reflec-
tion characteristics only of the LNMO cubic spinel structure for all samples,
indicating that the surface modification does not change the crystallographic
structure of the initial cathode. However, Cr2O3 seems to be present homoge-
neously throughout the surface of the cathode film, as suggested by elemental
mapping, instead of the active sites initially intended. XRD and EDS results,
together with XAS information from similar experiments, suggest the forma-
tion of an epitaxial Cr2O3 spinel type coating. As this coating seems to be
homogeneous, it opens the possibility of using LNMO-based cathodes with
such modified surface together with conventional electrolyte

The above mentioned surface modifications influence the electrochemical
behaviour of the bare spinel cathode. Especially, the coating sprayed for 1
minute improves the rate capability and delivers a capacity of 140 mAh g−1

at C/10 rate and remarkably high capacities of 108 mAh g−1 at 10C and
90 mAh g−1 at 20C. The epitaxial growth of a Cr2O3 coating, that takes the
spinel structure of the underlying cathode, act as a catalyst for electrochemical
processes occurring at the interface while, at the same time, as it is inactive
towards the organic species in the electrolyte, it hinders the formation of an
SEI layer improving the ionic exchange from the electrolyte into the active ma-
terial enhancing the battery performance. Nevertheless, an optimum amount
of Cr2O3 surface modification must be present as a good relation is needed
between its catalytic activity (while, at the same time, helps at suppressing
SEI layer formation) and its insulating nature. Chapter seven describes
some preliminary results at building a modified AFM for in situ electrochem-
ical characterisation of Lithium-ion battery electrode surfaces on a nanometre
scale. A specific application of such technique is to know if a catalytic active
site on battery electrodes, like the ones that are described in Chapter six, would
render faster charge transfer.

Although the machine is still far from its final aim, partial results include:

• The succesful implementation of a silicon AFM probe as an electrode in
a Lithium-ion battery setup. This was proven by electrochemical curves
and SEM pictures.
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• In AFM experiments, a three-electrode setup with a LNMO sample as
working electrode would be prefered. Ideally, simmultaneous control of
both LNMO vs. Si and Si vs. Li would be needed in this system. A
working three-electrode setup with LNMO as WE, Si as CE and Li as
RE was achieved.

• It is possible to prelithiate probes and store them in ambient conditions,
so as to use them in a later stage. However, for storage times in the
order of a month, SEM pictures do show bending of the cantilever and
formation of crystals on the probe.

• A topographical scan of LNMO with a lithiated probe was also accom-
plished. This indicates that these probes can be used for further measure-
ments. Moreover, it was also possible to scan a similar LNMO sample
immersed in liquid electrolyte with a normal (non-lithiated) probe in the
AFM cell.

On the other hand, a series of suggestions in order to improve the system
include:

• As the obtained electrochemical results were not very reproducible and
showed significant noise, it is highly recommended to further improve the
quality of the electrical connections.

• The initially observed side reactions with moisture and air could be pre-
vented by predrying all the setup parts, including the probe, and con-
trolling the environment with an inert gas.

• The ideal way to combine topographic and electrochemical data is to
make topographic line scans and repeat these at a certain distance with
a lithiated tip. A convenient distance for this has to be found.

It is thought, nevertheless, that it is possible to make a modified AFM for in
situ electrochemical characterization. In such a setup topographical data would
be collected in the first run of the sample by a non-lithated tip. A second run
at a fixed distance from the surface with a lithiated tip would then provide
data on the rate of ion transport. By combining these data, it is believed it
should be possible to relate surface artifacts, e.g. a coating, to increase in ionic
conductivity.



Samenvatting

De welbekende natuurkundige Richard P. Feynman zei reeds 50 jaar geleden:
“Voor zover ik kan overzien, kunnen de wetten van de natuurkunde de mo-
gelijkheid om dingen atoom voor atoom te verplaatsen niet weerleggen. Let
wel, dit is geen poging om deze wetten te ontkrachten, het is gewoon weg een
principe dat de mogelijkheid bevestigd. Dat het nog nooit gedaan is komt
simpelweg doordat wij zelf te groot denken.”. Nadien (1959) heeft ’s mens cre-
ativiteit en innovatie geleid tot enorme ontwikkelingen, waarbij mogelijkheden
zijn ontstaan om nieuwe materialen te bestuderen, te ontwikkelen en te pro-
duceren met behulp van zowel top-down als bottum-up processen.

Gedurende da laatste decennia is het veld van de nano-technologie, zoals
bijvoorbeeld dunne-laag technologie, een booming markt. Dit is niet verbaz-
ingwekkend gezien de speurtocht naar nieuwe materialen met specifieke eigen-
schappen die met de standaard materialen niet bereikt kunnen worden. Nano-
structuren zijn interessante systemen aangezien ze eigenschappen bezitten die
veelal sterk verschillen van dezelfde materialen in bulkvorm, dit geldt zowel
voor de chemische als fysische eigenschappen.

Dit proefschrift gaat in op de depositie en (elektro)chemische karakteris-
ering van dunne-laag elektrodes gemaakt via een aerosol route, gebaseerd op
het vernevelen van vloeibare uitgangsstoffen met behulp van een elektrische po-
tential. De beoogde methode is Elektrospayen, ook wel “Electrohydrodynamic
Atomization (EHDA)” genaamd. Het is een breed inzetbare techniek voor de
productie van vrijwel-homogeen verdeelde, hoog-geladen druppeltjes, en indien
gekoppeld aan een chemische reactie (pyrolyse) het mogelijk maakt om een
breed scala aan nano-gestructureerde functionele dunne lagen en materialen te
produceren. Bij gebruik van de combinatie met pyrolyse wordt de techniek
Electrostatic Spray Pyrolysis (ESP) of Deposition (ESD) in de literatuur ge-
noemd. Deze namen worden evenwel in dit proefschrift door elkaar gebruikt.
De focus van het werk is de synthese en depositie van nano-gestructureerde
dunne lagen voor gebruik als elektrodematerialen in Li-ionbatterijen. Tevens
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wordt ingegaan op de invloed die de verschillende procesparameters hebben op
de uiteindelijke eigenschappen van de elektrodes.

Het proefschrift bevat zeven hoofdstukken, waarbij de hoofdstukken 4-7 het
experimentele gedeelte vormen en daarmee het hart vormen van het uiteindeli-
jke werk. Hieronder worden alle hoofdstukken voorts kort toegelicht.

In hoofdstuk 1 zal besproken worden op waar het onderzoek in brede con-
text staat. Hierbij wordt ingegaan op de plaats van het werk binnen duurzame
energie en meer specifiek binnen energie-opslag en daarmee hoe het ingepast
kan worden in het bredere perspectief van hernieuwbare energievormen. Hier-
bij wordt allereerst een historisch beeld gegeven van herlaadbare batterijsyste-
men, alvorens wordt ingegaan op de algemene principes van de huidige batter-
ijen. Het hoofdstuk eindigt met een discussie aangaande het werk betreffende
dunne-laag Li-ionbatterijen, en daaraan gekoppeld de materialen die daarvoor
ontwikkeld zijn en worden.

Hoofdstuk 2 beschrijft de algemene theorie van elektrosprayen en de ver-
schillende sprayvormen. Hierbij worden de attractieve mogelijkheden beschreven
die gepaard gaan met het genereren van de vrijwel-homogeen verdeelde drup-
peltjes met controleerbare grootte, maar ook de uitdagingen die het verhogen
van de productiesnelheid met zich meebrengt. Het hoofdstuk heeft ten doel
om de potentie te laten zien voor industriële als ook laboratorium toepassingen
Hierbij wordt gebruik gemaakt van een spray van submicron druppels in de
zogenaamde cone-jet of multi-jet mode. Voorst geeft het een breed overzicht
van de publicaties en mogelijkheden voor toepassingen aangaande vaste-stof
dunne-laag depositie met name voor gebruik van deze lagen als elektrodes en
elektrolyten voor Li-ionbatterijen.

Een van de conclusies uit dit overzicht is dat de temperatuur van het sub-
straat de meest kritische parameter is voor de vorming van de micro- en/of
nano-structuur van de laag en daarmee de porositeit en uniformiteit. De
porositeit is een gevolg van de wijze en de snelheid waarop het oplosmiddel
verdampt en wordt daarmee voornamelijk bepaald door de substraattemper-
atuur. Voor optimalisatie van de gewenste structuur van de elektrodes zal een
adequaat oplosmiddel met een juist kookpunt gevonden moeten worden.

Een groot voordeel van deze vorm van elektrosprayen is dat gebruik maakt
van eenvoudige en goedkope apparatuur waarmee uniforme lagen te maken
valt over grote oppervlakken, waarbij de morfologie, de laagdikte, de deposi-
tiesnelheid, eenvoudig is te sturen door aanpassen van de procesparameters,
zoals temperatuur, hoogspanning en vloeistofstroomsnelheid. Het uitnutten
van deze techniek zal zeker groeien in het veld van Li-ionbatterijen, waarbij in
de toekomst nieuwe resultaten zeker verwacht kunnen worden.

Hoofdstuk 3 laat de verschillede opstellingen zien die gebruikt zijn voor



Samenvatting 219

de vorming van de dunne lagen voor dit proefschrift. Het gaat verder in op
de verschillen tussen de opstellingen. Tevens wordt een nieuw en geavanceerd
system beschreven voor het coaten van grote oppervlakken, zoals 10 inch sili-
ciumwafers.

Hoofdstuk 4 beschrijft de depositie middels ESP in een eenstaps-proces van
Fe2O3 en CuO nano-gestructureerde elektrodes. Daarbij laat dit hoofdstuk een
aantal tekortkomingen zien bij de productie van commerciële elektrodes, waar-
bij de actieve componenten, zoals nano-poeders, in een multistaps-proces met
bindermateriaal en additieven moeten worden gemengd en gelamineerd om de
uiteindelijke elektrodes te vergaren. Gedurende het ESP proces worden de
uitgangsstoffen, veelal zouten, tezamen met de binder Polyvinylidenefluoride
(PVdF) gesproeid op een verwarmd substraat, waarbij de zouten in de microng-
rootte druppels worden gepyrolyseerd. De gevormde metaaloxide nano-deeltjes
zijn hierbij in direct contact met de binder en de additieven die reeds in dezelfde
druppel aanwezig waren. Dit leidt uiteindelijk tot een nano-composiet coating
op het substraat. Het blijkt verder dat de toevoeging van bindermateriaal de
groei en clustering van de nano-deeltjes tegengaat. Dit heeft een positief effect
op de elektrochemische activiteit van de dunne laag. Testen laten dit duidelijk
zien, waarbij de conversiereactie hoge initiële capaciteiten opleveren van 800
mAhg−1 en 1550 mAhg−1 voor respectievelijk CuO en Fe2O3. Het geeft tevens
een sterke verbetering van de reversibele opslagcapaciteit. Het blijkt dus dat
deze benadering leidt tot een dunne nano-composietlaag die geproduceerd kan
worden in een stap bij relatief lage temperaturen. Even wel kan bij dikkere
lagen worden uitgeweken naar extra toevoegingen van bijvoorbeeld een gelei-
der zoals grafiet, met name indien we te maken hebben met slecht geleidende
elektrodematerialen.

Een bijkomend resultaat is dat door een optimale elektrodepositie met ESP,
een aantal problemen die bij bulkpoeders van conversiematerialen optreden,
vermeden kan worden, zoals het initiële capaciteitsverlies, limitering van laad-
en ontlaadcapaciteit en de langzame reactiekinetiek. Daarvoor is het nodig om
de juiste oplosmiddelen met de gewenste uitgangsstoffen te kiezen samen met
optimale procescondities om zo de samenstelling, morfologie, textuur en dikte
van de lagen te controleren. Als gevolg van de energiebarrière die overwonnen
moet worden om de verschillende M-X bindingen te verbreken, waarbij M het
metaal is en X een van de elementen F, O, S of P, ontstaat een enorm hys-
teresegedrag tussen de laad- en ontlaadpotentiaal. Dit is met name het geval
voor fluor en zuurstof en in mindere mate voor zwavel en fosfor. Om die re-
den zou introductie van fosfine in het reactieproces een mogelijkheid bieden
om de hoeveelheid zuurstof in de materialen te verlagen. Al met al hebben we
te maken met een eenvoudige productiemethode die daarbij ook nog simpel te
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optimaliseren valt.
Hierbij zij aangetekend dat het werk alhier is beschreven voor laboratori-

umschaal met elektrodes ter grootte van knoopcellen. In hoofdstuk 5 zal verder
ingegaan worden op de mogelijkheid om een roll-to-roll systeem te maken met
meerdere parallelle sproeimonden om zo een continueproces te creëren het de-
positieoppervlak te verbreden en de productiesnelheid te verhogen.

Hoofdstuk 5 beschrijft de resultaten met betrekking tot een Europees project,
waarbij de synthese en karakterisering van dunne-laag hoog-voltage elektrode-
materialen zoals LiNi0.5Mn1.5O4 op specifieke siliciumwafers wordt onderzocht
om zo een 3-dimensionale Li-ionmicrobatterij te fabriceren. ESP wordt hierbij
gebruikt om zo een adequate capaciteit per oppervlak te verkrijgen van het
gekozen kathodemateriaal door sturing van de laagdikte. Door tevens gebruik
te maken van op voorhand aangeleverde 3-dimensionale siliciumoppervlakken
van het substraat, waarin ofwel gaten dan wel sleuven zijn aangebracht in
het silicium, kan de capaciteit per geometrisch oppervlak behoorlijk vergroot
worden. Uiteindelijk zijn van deze systemen de structuur, de textuur en het
elektrochemisch gedrag bepaald als functie van de depositieparameters.

Voor de productie van een volledige vaste-stof microbatterij worden spec-
ifieke eisen gesteld met betrekking tot de dichtheld en textuur van de lagen.
Een belangrijke uitkomst van dit werk is dat het moeilijk is om een vaste set
aan parameters te bepalen, aangezien ze allen met elkaar in verband staan. Bij
grotere sproeimond tot substraatafstand (2.5 - 3 cm) wordt de stabiliteit van de
spray beter. Deze afstand tezamen met een lage vloeistofstroomsnelheid met
lage concentratie uitgangstoffen zorgt ervoor dat gedurende het sproeien het
substraat bevochtigd blijft, zodat een dichte film verwacht mag worden. Het
nadien uitstoken van de gevormde laag bij 450 ◦C verbetert voorts de kristal-
lijniteit van de lagen en tevens het elektrochemische gedrag. Galvanostatische
metingen tonen aan dat de contributie van het Mn3+/Mn4+ redox niveau sig-
nificant wordt verlaagd terwijl dat van Ni2+/Ni4+ wordt verhoogd. Er wordt
in dit hoofdstuk eveneens getoond dat een laag, gevormd bij lage depositietem-
peratuur, pertinent een uitstookprocedure zal moeten ondergaan om de juiste
kristalstructuur en optimaal elektrochemisch gedrag te verkrijgen.

In hoofdstuk 6 worden dunne lagen van LiNi0.5Mn1.5O4 gemaakt waarop
een coating van Cr2O3 wordt afgezet met behulp van ESP, waarbij dit Cr2O3

gebruikt zal worden als katalytisch actieve plekken. De depositie van deze
Cr2O3 lagen wordt geoptimaliseerd en na reeds 10 minuten is het mogelijk om
een volledige coating te verkrijgen. Vervolgens worden van deze “dubbel”lagen
de morfologie en structuur als ook het elektrochemisch gedrag geanalyseerd.
Er blijkt dat de opslagcapaciteit van het materiaal niet wordt verhoogd, maar
dat er wel een duidelijke verbetering optreedt in het vermogensgedrag van de
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lagen. Dit betekent dat de additionele Cr2O3 laag niet deelneemt aan het in-
tercalatieproces, maar wel zorgt dat het intercalatieproces wordt versneld en
dat het materiaal een beschermende coating krijgt om degradatie in de elek-
trolyt tegen te gaan. Röntgendiffractieanalyse van de samples voor en na afloop
van Cr2O3-coating laten geen verschil zien in de LNMO-laag, wat aangeeft dat
er gedurende de vorming van de Cr2O3-coating geen verandering optreed met
betrekking tot de LNMO-laag. Uit elementanalysemetingen van de Cr2O3-
coating gemeten over het oppervlak, blijkt dat het gevormde Cr2O3 homogeen
verdeeld is over de LNMO-laag en geen eilndjes van Cr2O3 vormt. Uiteindelijk
kan geconcludeerd worden dat de gevormde Cr2O3-coating epiaxiaal gegroeid
is op de LNMO-laag, wat mogelijkheden biedt om de LNMO-laag volledig te
beschermen tegen nevenreacties met de elektrolyt.

De gevormde Cr2O3 coating beinvloed sterk het elektrochemisch gedrag
van het LNMO. Met name in het geval van een coating aangebracht in een
minuut sproeien levert een sterk verhoogd maximaal vermogen op van LNMO,
waarbij tevens een hoge lithiumopslagcapaciteit wordt behaald. Deze resul-
taten laten waarden zien van een capaciteit van 140 mAhg−1, 108 mAhg−1 en
90 mAhg−1 bij ontlaadsnelheden van respectievelijk C/10, 10C en 20C. Klaar-
blijkelijk werkt de epitaxiale Cr2O3-coating als katalysator om de ionen en
elektronen versneld de LNMO-laag in en uit te krijgen, Daarbij beschermt het
tevens de LNMO-laag voor vorming van een blokkerende zogenaamde Solid-
Electrolyte Inteface. Optimalisatie van de laagdikte van de Cr2O3-coating is
hierbij nog steeds van belang.

Hoofdstuk 7 beschrijft enkele initiële resultaten aangaande de gemodificeerde
AFM opstelling voor in-situ elektrochemische analyse op nanometerschaal van
Li-ionbatterij-elektrodes. De opstelling is zodanig opgezet om lokaal op nanome-
terschaal katalytische werking te zien van oppervlaktedeeltjes, zoals beschreven
in hoofdstuk 6.

Ondanks dat het apparaat verre van optimal is, kan een aantal resultaten
hier reeds vermeld worden:

• succesvolle implementatie van een silicium AFM-tip, zoals getoond met
behulp van elektrochemische metingen en elektronmicroscoop-foto’s.

• voor AFM experimenten is een drie-elektrode opstelling te prefereren.
In het ideale geval is controle over zowel de werkelektrode als de silici-
umtip mogelijk. In dat licht is een drie-elektrode system ontwikkeld met
als werkelektrode LNMO, silicium als tegenelektrode en scanning tip en
lithium als referentie-elektrode.

• het is mogelijk gebleken dat geprelithieerde sliciumtips een redelijke houd-
baarheidsdatum hebben, zelfs onder normale omgevingcondities. Echter
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bij langdurige opslag langer dan een maand verbuigen de cantilevers.

• topografisch scannen van LNMO met een gelithieerde tip is mogelijk, zo-
dat de methode verder gebruikt kan worden voor vervolgstudies. Daar-
naast was het mogelijk om evenzo een scan te maken van LNMO on-
dergedompeld in vloeibare elektrolyt met een niet-gelithieerde tip.

Naast de gerealiseerde resultaten wordt een aantal suggesties gedaan om het
system verder te verbeteren, zoals:

• verbeteren van de elektrische aansluitingen, aangezien een aantal resul-
taten matig reproduceerbaar waren.

• controle over de gasatmosfeer tijdens de assemblage van de cel en het
goed drogen van de onderdelen ervan, alvorens de cel in elkaar te zetten.
Evenzo zal de gasatmosfeer gedurende de metingen gecontroleerd moeten
worden.

• het opnemen van een topografische line-scan met een gelithieerde tip,
indien topografische en elektrochemische metingen gekoppeld worden en
herhaal deze meting bij verschillende tip-elektrode afstanden om zo de
optimale afstand te bepalen.

Er wordt hoe dan ook niet getwijfeld aan het feit dat het mogelijk is om met
deze gemodificeerde AFM methode in-situ elektrochemische metingen te doen.
In zo’n topografische meting worden allereerst gegevens verzameld zonder een
gelithieerde tip. In een tweede meting kan dan bij gefixeerde afstand van de tip
tot de elektrode een elektrochemische meting gestart worden voor analyse van
het lithiumtransport. Door combinatie van deze gegevens moet het mogelijk
zijn om posities te bepalen die afwijkend elektrochemisch gedrag vertonen in
ofwel positieve dan wel in negatieve zin.
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;) ), cómo olvidar las comidas, cumpleaños, iditas a bailar salsa, empanadas,
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Holanda (tal y como hicieron con muchos otros compatriotas) y su casa siem-
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milia crećıa con el tiempo. Les deseo el mejor de los futuros!

Al “Combo Nuevo” de Colombianos, hicieron de este último año algo in-
olvidable. En momentos en los que queŕıa tirar todo por la borda y salir
corriendo, ustedes me distrajeron (influenciaron negativamente??) con sus in-
vitaciones (in)oportunas a picnics, almuerzos, cenas, tomar cervecita, Bowpub,
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Medical Applications, Medelĺın, Colombia. March 11-13, 2013. Pre-
senter: “Synthesis of nanostructured thin films for Li-ion battery mate-
rials by means of Electrospray”

• 2012 ECS/PRIME’12, Honolulu, HI, United States. October 7-12,
2012. Presenter: “Effect of Cr-Oxide Partial Coating on the Electro-
chemical Behaviour of Thin Film HV-Spinel”

• IMLB’12, Jeju, South Korea. June 17-22, 2012

• IMLB’10, Montreal, Canada. June 27-July 2, 2010. Presenter: “Elec-
trochemical Performance of Nanocomposite Fe2O3 and CuO Negative
Electrodes for Li-ion Batteries” and “Synthesis and Deposition of Nanos-
tructured Lithium Nickel Manganese Film as material for 3D micro-
batteries”.



Publications

• U. Lafont, A. Anastasopol, E. Garćıa-Tamayo, E.M. Kelder. Electro-
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