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Figure 1.3. Weight and volume percentages of the different components in a typical
LIB. Data gathered from [4, 7].

Typical weight and volume percentages of the various battery components are shown for
a standard LIB in Figure 1.3. As shown, the active materials account for only 57.4% of
the total weight and 30% of the total volume, while the cell packaging, electrolyte, and
other inactive materials account for 42.6% of the weight and 70% of the volume. In
TFBs, a solid-state electrolyte is typically used, which can contribute to reducing both the
weight and volume of the electrolyte and eliminating the need for a separator and
excessive packaging to properly contain a liquid electrolyte. Thus, the total loading
percentage of active materials is increased, resulting in higher volumetric and gravimetric

energy densities, as shown in Figure 1.4.

Although the energy density can be improved by using TFBs, a number of challenges still
exist. A shorter distance between electrodes makes the battery more likely to short
circuit, a major safety concern [8]; the use of a solid-state electrolyte can prevent this
problem, but results in lower lithium-ion diffusion rates. And mechanical stresses during
cycling of the battery may cause the layers to separate from one another, resulting in poor
cycle life [9, 10]. The fabrication of TFBs can also pose a problem due to adhesion issues
between the various layers as well as the temperature limits of the substrate [11].
Conventional methods for fabricating full TFBs or thin film electrodes for TFBs mainly
include sputtering [12, 13], chemical vapor deposition [14, 15], pulsed laser deposition
[16, 17], spin coating [18], and sol-gel methods [19, 20]. However, these can require



expensive equipment, high temperatures, and/or post-annealing treatments that can
damage the films and the substrate. Therefore, a facile and cost-efficient method of thin
film electrode fabrication for LIBs is in high demand. Standard fabrication methods for

LIBs and thin film LIBs are discussed in more detail in section 1.3.
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Figure 1.4. Volumetric and gravimetric energy densities of different types of
batteries [4].

1.1.3 Anode Materials for Lithium-lon Batteries

Graphite has been the most common anode material for LIBs over the past two decades
due to its decent specific capacity, long cycle life, chemical stability, low cost, and flat
working potential. However, as LIBs are used for new applications requiring high energy
outputs, particularly electric vehicles and household energy storage, a number of
problems with graphite anodes have arisen. First, the theoretical capacity of graphite (372
mAh g?) is not sufficient to achieve the high energy densities required for future
demands. Second, graphite’s relatively low lithium-ion diffusion rate limits its cycling
performance at high current densities and therefore its power density [21]. And third,
when a LIB is fully charged, the graphite anode becomes lithiated and has a similar

reactivity to lithium metal [22]. Upon catastrophic failure of the cell, a highly exothermic



reaction can take place, leading to ignition of the flammable electrolyte and a possible
explosion, which is a major safety concern. Therefore, new anode materials with higher

specific capacities, higher rate capabilities, and improved safety are needed.

A number of alternative anode materials have been intensively developed and studied
over the past decade, and are shown in Figure 1.5. The anode’s specific capacity and
working potential are both important to developing cells with high energy density. We
want to maximize the capacities of the anode and cathode as well as the potential
difference between them to maximize the energy density. However, these are not the only
considerations when choosing an electrode material. Cycle life, rate capability, cost, and
safety must also be taken into account. For example, lithium metal has a very high
theoretical specific capacity of 3860 mAh g™. However, dendrite formation, chemical
reactivity, and safety concerns have so far prevented its widespread adoption in

rechargeable batteries.
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Figure 1.5. The specific capacities and operating voltages of various anode materials
for LIBs.

The criteria for LIB anode materials are summarized as follows:

(1) High specific capacity. This results in a higher energy density of the cell.



(2) Low working potential. A greater difference between the anode and cathode
working potentials leads to higher energy density of the cell.

(3) Long cycling life (high Coulombic efficiency). The capacity must not fade too
rapidly during cycling to ensure the cell can be charged/discharged for hundreds
or thousands of cycles.

(4) High rate capability. The cell must be able to be charged and discharged in a
reasonable amount of time

(5) Chemical stability. The anode material should not continuously react with the
electrolyte or undergo other side reactions within the electrochemical window of
the cell.

(6) Low cost. For commercial purposes, the cost of the material and processing must
be justified by the cell’s performance.

(7) Safety. The anode material should have low toxicity and not react violently when
exposed to the atmosphere.

The definitions of “high specific capacity” or “long cycling life”, for example, depend on
the particular application and there are typically trade-offs between these criteria. As
examples, cycling at higher rates tends to decrease the cycling life, and safer anode
materials usually operate at higher potentials. It is important to understand the needs of
the specific application when choosing or developing an anode material.

In this thesis, two promising candidates for next-generation LIB anodes are investigated
by inkjet printing fabrication technology: silicon and titanium dioxide. The advantages

and challenges of using these alternative anode materials in LIBs are introduced here.

1.1.3.1.1 Silicon Anodes

Silicon shows great potential to be used as an anode material for LIBs in the near future.
It possesses a very high theoretical capacity of 4200 mAh g, due to its ability to alloy
with up to 4.4 lithium atoms per silicon atom. Silicon also has a long discharge plateau at

a low operating voltage, providing a stable voltage while discharging. In addition, it is



nontoxic and is one of the most abundant elements in the earth’s crust, making it an

economical choice for LIB anodes.

Unlike graphite and titanium dioxide, silicon forms alloys with lithium at different stages

of the charging and discharging processes. The half-reaction at the anode is given by:
Si+xLit + xe” & Li,Si (1.4)

where x is the molar ratio of lithium to silicon and varies from O to 4.4. The forward
direction is charging and the reverse direction is discharging. Silicon forms four distinct
alloys with lithium during electrochemical cycling, which are given in Table 1.1 along

with their respective unit cell volumes.

Table 1.1. Alloys of silicon and lithium with their respective unit cell volumes. Data
gathered from [23].

Compound Crystal Structure Unit Cell Volume (A3)
Si Cubic 160.2
Li1»Si7 (Li1.71Si) Orthorhomic 243.6
Li14Sig (Liz.33Si) Rhombohedral 308.9
Li13Siz (Liz.25Si) Orthorhomic 538.4
Li25Sis (Lis.4Si) Cubic 659.2

As can be seen, the alloying process leads to a volume expansion up to 400% of the
initial volume of silicon upon full lithiation. This creates larges internal stresses in the
silicon particles, leading to pulverization of the electrode and loss of electrical contact
due to repeated volume expansion and contraction during cycling. This ultimately results
in very short lifetimes for silicon anodes and has so far prevented their widespread
adoption. A lot of research has focused on developing novel nanostructured silicon
electrodes, such as nanowires [24], nanotubes [25], hollow nanospheres [26], and core-

shell structures [27, 28] to overcome the poor cycling stability of silicon.




Thin film silicon electrodes may alleviate this problem by limiting the total volume
expansion of the electrode and increasing the critical fracture stress, according to the
Griffith-Irwin equation [29]:

_ K (1.5)
Ofracture — T—
Vrh

where ofacure 1S the critical fracture stress, Ky is the fracture toughness of the material,
and h is the thickness of the film. Based on this, thinner films require greater stress to

fracture and therefore have better cycling stability than thicker films.

In the design of LIBs, limiting the specific capacity to a lower depth of discharge (DOD)
in order to increase the cycle life is acceptable. In fact, above a certain point, increasing
the capacity of the anode does not increase the capacity of the full cell significantly.
Figure 1.6 shows the theoretical capacity of a full cell with a silicon anode and LiCoO,
cathode as a function of the capacity of the silicon anode. From this graph, it is clear that
only minor gains are made by increasing the capacity of the silicon negative electrode
above about 1000 mAh g™. Therefore, limiting the anode’s capacity to increase the
lifetime will not significantly reduce the cell’s overall capacity. Until higher capacity
cathodes are developed, this should be considered an acceptable tradeoff. For these

reasons, silicon is considered a very promising candidate for the next generation of LIBs.
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Figure 1.6. Plot showing how the full cell theoretical specific capacity is related to

the capacity of the anode, for a cell with a silicon anode and LiCoO, cathode [30].
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1.1.3.1.2 Titanium Dioxide Anodes

Titanium dioxide (TiOy) is another promising anode material for LIBs in applications
where safety is a primary concern or where high current densities are required. This is
because TiO, anodes have a high working potential (1.5-1.8 V vs. Li/Li"), meaning that
side reactions with the electrolyte and lithium deposition on the Cu current collector are
avoided, unlike with graphite anodes. Furthermore, during lithium insertion TiO;
undergoes a volume change of only 4% [31], making it very stable at high cycling rates

and results in long cycle lives.

TiO; is an intercalation-type compound, in which lithium ions can insert into and be

stored in its crystal structure. The half-reaction at the anode is given by:
TiO, + xLi* + xe™ & Li,TiO, (1.6)

where X is the insertion coefficient. The forward direction is charging and the reverse
direction is discharging. In theory, TiO, can host up to 1 mole of lithium per mole of
TiO,, corresponding to a theoretical capacity of 335 mAh g™. However, experimentally
lower insertion coefficients are measured, due to anisotropic and slow lithium-ion
diffusion rates in lithiated TiO; [32].

There are four different crystal structures of TiO, that have been used as LIB anode
materials (Figure 1.7). For bulk anatase and rutile TiO,, which are the most studied for
LIBs, the maximum insertion coefficients are 0.5 and 0.1, respectively [34]. These values
correspond to capacities of 167.5 mAh g™ and 33.5 mAh g™, respectively, which are
much lower than that of graphite. However, the capacity dramatically increases when
TiO, is made into nanostructures, due to a larger electrode/electrolyte interfacial area and
shorter electron and lithium ion diffusion lengths in nano-sized TiO, [33]. Nanoparticles
of anatase and rutile TiO, are reported to have maximum capacities of 285 and 251 mAh

g™, respectively.
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Figure 1.7. Crystal structures of TiO, polymorphs commonly used for LIB anodes
[33].

At first glance, it may appear that the low capacity of TiO, makes it an unattractive anode
material for LIBs. However, its low volume expansion, high stability, and the ability to
easily tailor its structure make it a great candidate for long-life and high-rate LIBs, which
cannot be achieved with other anode materials.

1.2 Introduction to Printing Technologies

The fundamental principles of four major printing technologies are introduced here.
Inkjet printing is by far the most common of these techniques for depositing
nanomaterials onto substrates of varying size, surface energy, and flexibility. Screen
printing and transfer printing are popular for specific applications (e.g. in the textile
industry and for flexible electronics), while 3D printing is an emerging technology with

the potential to replace many conventional prototyping and manufacturing processes.
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1.2.1 Principles of Inkjet Printing

Inkjet printing is an additive technique for patterning two-dimensional structures onto a
substrate. It precisely deposits ink droplets at desired locations without pre-patterning the
substrate, making it simple to use while minimizing wasted material. It has been widely
adopted in industry as a rapid fabrication technique that can be used on a variety of

substrates, with applications ranging from advertisements to printed circuit boards.

Inkjet printing has also been successfully applied to fabricating energy storage and
conversion devices, such as battery electrodes [35-40], supercapacitors [41-45], and solar
cells [46-50]. It can be used to fabricate thin films or patterns of uniform thickness, which
can be controlled by the number of layers printed on top of one another. Inkjet printing
technology has many advantages over other fabrication techniques, including cost-
effectiveness, ease of use, minimal wasted material, scalability, and the ability to deposit

designed patterns.

Principally, inkjet printing can be divided into continuous inkjet (C1J) and drop-on-
demand (DOD) methods. CIJ printing involves pumping liquid ink through a nozzle
where a continuous stream of droplets is formed by a vibrating piezoelectric crystal.
Some droplets are charged by passing them through an electric field, which can be varied
to control the degree of charging. The droplets then pass through another electric field,
with the more highly charged droplets deflecting more than those with a lesser charge. In
this way an image can be produced, with unused ink being collected in a gutter and
recycled. On the other hand, DOD printers eject material only when required. This
involves forcing ink out of a series of nozzles mounted on a print head. Because DOD
printers do not recycle ink, which may result in degradation upon exposure to
atmosphere, they are the standard choice for printing functional materials. In addition,
DOD printing generally wastes less material; it is therefore a more suitable technique for

printing expensive materials.

The three main stages of inkjet printing are illustrated in Figure 1.8: droplet ejection,
droplet spreading, and droplet solidification. The print head is first moved to the desired

position, where droplets are ejected through the nozzle and travel to the substrate. Upon
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impact, they spread along the surface and join with other droplets, forming a thin film of
liquid ink. Finally, the solvent evaporates, leaving the solid contents of the ink remaining

on the substrate.

To achieve droplet ejection in DOD printers, there are two main types of inkjet print
heads: thermal and piezoelectric. Thermal print heads contain a resistor inside the ink
chamber which, upon an applied voltage, will superheat the ink above the bubble
nucleation temperature. The bubble expands, forcing ink out of the chamber and through
the nozzle. Once the ink is ejected, the chamber rapidly cools, allowing more ink to refill
the chamber. This entire process occurs within a few microseconds [51]. Piezoelectric
inkjet print heads, on the other hand, contain a piezoelectric element that pulsates upon
electrical excitation, which forms a pressure wave that forces ink out of the chamber. The
vibration of the piezoelectric material can be precisely tuned to control droplet ejection
from the nozzle. Typically, inkjet print heads comprise of hundreds of ink chambers and
nozzles to achieve high throughput. A higher number of nozzles allows for printing of
higher resolution patterns in shorter time frames, an important metric for large-scale
production.

moving direction

— inkjet print head

nozzle orifice

/V
droplet ejection

spreading and

uniting of inkjet
printed droplets
solvent vapor dried film
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Figure 1.8. Schematic illustration of the inkjet printing process [47].

Thermal print heads are generally cheaper and require less maintenance than
piezoelectric print heads because they contain no moving parts. The cartridge on which

the print heads are mounted can simply be replaced by the user for relatively low cost if
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the nozzles become clogged or broken. Piezoelectric print heads, however, typically
require more expensive maintenance procedures by a technician if their piezoelectric
crystals become damaged. On the other hand, piezoelectric print heads are preferable for
printing a wide range of functional materials since they do not require any heating of the
ink, which can result in degradation of active material in the ink. In addition, a wider
range of solvents can be used with the piezoelectric systems, including water, oils, and
organic solvents; thermal print heads are generally limited to aqueous inks due to the
nucleation temperature required for droplet ejection Also, the viscosity, surface tension,
and density of the ink must be more precisely controlled when using thermal print heads.
Typically the ink viscosity should be approximately 10 cP [52, 53]. Therefore,
piezoelectric print heads are more commonly used for inkjet printing of nanomaterials

due to their versatility in terms of the ink’s composition and physical properties.

For both types of print head, droplet ejection is dependent on the viscosity, surface
tension, and density of the ink, the shape and size of the nozzle, and the ejection velocity
of the droplet. These parameters are described by the Reynolds (Re), Weber (We), and
Ohnesorge (Oh) numbers. As shown in Figure 1.9a, there is a region in which Re, We,
and Oh are optimized for ideal jetting. In the figure, Z is defined as the reciprocal of the
Ohnesorge number, 1/0Oh. Generally, high Z fluids (high viscosity, low surface tension)
will be unable to form droplets that can eject from the nozzle, whereas low Z inks (low
viscosity, high surface tension) will result in the formation of satellite droplets. Satellite
droplets lead to blurred line edges and misplaced drops, ultimately leading to lower
resolution. Therefore, when developing an ink formulation it is important to control these
physical properties with the addition of surfactants, thickeners, stabilizers, and other

additives.

The second stage of inkjet printing is droplet spreading, which is dependent on the
interactions between the ink and the substrate. When the droplet contacts the surface of
the substrate, inertial and capillary forces will influence the spreading behaviour, while
gravitational forces can be neglected [54]. Again, these forces are related by Re, We, and
Oh, as shown in Figure 1.9b. These parameters determine the surface energy and contact

angle of the liquid droplets on the substrate and can be controlled by varying the
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viscosity, surface tension, and density of the ink, as well as the morphology, composition,
and temperature of the substrate. Generally, the simplest method to ensure good
spreading behaviour, and therefore high resolution of the printing process, is a surface

treatment on the substrate prior to printing [55].
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Figure 1.9. Influence of ink properties on (a) droplet formation [57] and (b) droplet
spreading [58]. The shaded area in (b) is the region of high quality inkjet printing.

Inkjet solutions for printing functional materials are usually comprised of a nanomaterial
dispersed in a solvent, often with a surfactant. As an approximation, the size of the solids
in the ink should be less than one-fiftieth the size of the print head nozzles. Typically,

inkjet printer nozzles have diameters on the order of tens of microns, so the
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nanomaterials should have dimensions less than a few hundred nanometers to prevent
clogging of the nozzles [56]. Agglomeration of the solids can also lead to clogging;
therefore, the choice of solvent is very important to achieve a uniform dispersion. When
the printer is not in use the solvent around the nozzles will evaporate, increasing the local
viscosity and disrupting ideal droplet formation. The time for this gelation to occur is
referred to as the latency time of the ink and is one of the major challenges of developing
inks for inkjet printing [49]. Inkjet printer inks must have relatively low viscosity,

compared to other techniques such as screen printing and 3D printing.

During and after spreading, the solvent evaporates and leaves behind a solid film.
Solidification is dependent on the solvent used and the temperature of the substrate.
During solvent evaporation there is usually a significant decrease in volume, especially
when the solid loading concentration is low, as is generally the case when printing
nanomaterials. This can be problematic if the ink is not well dispersed, as agglomeration
of the solid content may occur, resulting in the formation of disconnected islands. The
coffee-ring effect is another commonly encountered problem, in which the concentration
of solids becomes higher at the droplet perimeter compared to in the centre upon drying
[59]. This can lead to fluctuations in the conductivity within a printed pattern and
complications in device operation. A number of techniques have been shown to reduce
this coffee-ring effect [60-64]. More detailed explanations of the major stages involved in

inkjet printing can be found in references [57] and [58].

1.2.2 Other Printing Technologies

Three additional printing technologies are discussed here: screen printing, transfer
printing, and 3D printing. While inkjet printing is the most commonly-used technique for
printing nanomaterials, these other technologies have their own unique advantages and
are becoming increasingly popular for printing functional materials, especially 3D

printing.
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Screen printing is a technique using a mesh mask to deposit ink onto a substrate in a
given pattern. The ink is placed on top of a thin plastic or metal screen that contains open
areas that the ink is forced through with a squeegee (Figure 1.10). Screen printing is
commonly used to apply patterns to textiles, wood, and glass. However, researchers have
also used it to fabricate electronic devices, such as transistors [65, 66], battery electrodes
[39, 67, 68], solar cells [69-72], and fuel cells [73-75].

Screen printing differs from inkjet printing in that it is not an additive process, so there is
more wasted material and generally less control of film thickness. However, it can be
simpler to make films as the ink can be of a wider range of viscosities and surface
tensions, whereas these parameters must be tightly controlled in the inkjet printing
process. Usually screen-printed films are much thicker than inkjet-printed films. Similar
to inkjet printing, screen printing uses inks composed of solids dispersed in a solvent.
However, for screen printing, the inks have a higher viscosity and are less volatile. The
solvent usually consists of water or an organic compound that is more stable at room
temperature, making the drying process slower than for inkjet printing. Due to the
required high viscosity and low volatility, the use of screen printing has been somewhat
limited in the field of energy storage and conversion. However, low solid concentration
and the coffee-ring effect are not problems when screen printing due to the high pressures
used and the fact that the ink is not deposited as droplets. Additionally, screen printing
can be adapted to roll-to-roll processing [69], meaning it may soon be a suitable
fabrication technique for large-scale production of batteries, supercapacitors, fuel cells,

and solar cells.
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Figure 1.10. Schematic illustration of screen printing [46].

A third printing technique, transfer printing, involves patterning a material onto one
substrate initially and then moving it to a second substrate. It has recently become a
popular technique for printing a wide variety of materials, including graphene [76],
carbon nanotubes [77], quantum dots [78], DNA [79], and metal nanostructures [80].
While inkjet and screen printing are limited to resolutions of approximately 12 um and 40
um [57, 81], respectively, transfer printing can be used to pattern features below 100 nm
[82, 83].

The transfer printing process is shown schematically in Figure 1.11. First the material to
be transferred is synthesized or patterned on its initial substrate. It is then brought into
contact with the transfer substrate, generally a flexible elastomeric polymer, and peeled
off from the first substrate. Then the transfer substrate with the transfer material is
applied to the final substrate. In these last two steps, the temperature and pressure must
be tightly controlled in order to get defect-free transfers. Lastly, the transfer substrate is

removed and the transfer material remains.

Device fabrication can be performed separately from the assembly stage, which is
beneficial for a number of materials and applications, especially graphene and flexible
electronics. High quality graphene is usually synthesized by chemical vapour deposition

(CVD) at high temperature, which is limited to only a few substrates such as silicon or
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copper. However, many applications cannot use graphene in this form and it must
therefore be transferred to a second substrate without introducing defects and
compromising its quality. This is especially critical for flexible device fabrication, which
are assembled on low melting point polymers, usually polyethylene terephthalate (PET).
Transfer printing can accomplish this process without exposing the material to any

chemicals or solvents that may damage it.
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Figure 1.11. Schematic illustration of the transfer printing process [84].

Lastly, 3D printing is a rapidly growing printing technique and is finding applications in
an increasing number of fields. Recently it has been used to assemble a 3D battery [85],
supercapacitor electrodes [86], tissue engineering scaffolds [87], strain sensors [88], and

reduced graphene oxide nanowires [89].

3D printing of functional materials involves extruding material through a nozzle onto a
substrate. The pattern is passed over multiple times to build up a three-dimensional
structure. Similar to inkjet and screen printing, 3D printing uses an ink comprised of
solids dispersed in a solvent that dries upon contact with the substrate. By optimizing the
ink’s rheological properties, features below 10 pm have been achieved [90]. 3D printing
will be especially effective for energy storage and conversion device fabrication. For



