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Abstract

With climate change occurring because of greenhouse gas emissions, the demand for emission
free transportation has led to the development of electric vehicles. Improving the batteries’
cycling stability, capacity and safety have been the leading challenges to compete with gasoline
and diesel engines. With advances in thin-film deposition techniques via atomic and molecular
layer deposition, ultrathin films can be deposited to control the surface chemistry of the
battery’s active materials. This thesis aims to understand two main aspects of molecular layer
deposition. First, how it can influence solid electrolyte interface formation on the graphite
surface during cycling in a lithium-ion battery. Utilizing physical and electrochemical testing
it is shown that a conformal coating can be deposited on the graphite electrode, and graphite’s
characteristic capacity decay can be eliminated increasing the battery’s longevity. Second, how
the organic chain length in the hybrid organic-inorganic thin-films can influence the thin films
structure after annealing in an oxygen rich atmosphere. Utilizing chemical and physical

characterization techniques it is shown that a controllable surface area can be achieved.
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1 Introduction and Literature Review

1.1 Lithium-ion Batteries

The rechargeable lithium-ion battery (LIB) was first commercialized by Sony in 1991 [1],
quickly overtaking portable nickel-metal-hydride and nickel-cadmium batteries [2],
becoming the leading rechargeable battery system. This is due to its high energy density,
high power density, long life-time, low self-discharge, and relative environmental
friendliness [1], [3]. These properties also make LIBs a viable alternative to fossil fuels for
electric vehicles. There has been a recent shift towards using sustainable energy to reduce
greenhouse gas emissions. Transportation was Canada’s second largest greenhouse gas
contributor in 2012, accounting for 24% the total greenhouse gas emissions [4]. To reduce
and eliminate transportation emissions a portable energy storage system is essential, an
excellent application for LIBs. Nevertheless, despite their aforementioned advantages,
when utilized in electric vehicles and compared to a conventional combustion engine, LIBs
still have to address a number of issues including energy density, safety, durability,

uniformity and cost [3].

1.1.1 Fundamentals of Lithium-ion Batteries

LIBs are electrochemical cells, which are composed of three main components: the
cathode, anode, and an intermediary electrolyte, that can be connected in series or parallel
to create a LIB pack. During charging of the battery, electrons are removed from the
cathode, which is oxidized, and travel through the external circuit to the anode, which is
reduced (Figure 1.1). Meanwhile, Li-ions travel across the electrolyte from the cathode to
the anode to complete the electric circuit. Once the anode is fully reduced, and/or the
cathode fully oxidized, the battery is fully charged. When the cell is connected to an
external load, the electron-rich anode oxidizes and the resulting electrons flow through the
external load producing electric current. Again, the lithium ions travel across the electrolyte

from the anode to the cathode completing the circuit.
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Figure 1.1. Schematic depicting the charge and discharge of a LIB [5].

In commercial LIBs, the anode and cathode are both composed of layered intercalation
compounds which have been shown to be safe with a high cyclability [1]. A metal oxide is

normally used as the cathode material with the half reaction:

Li;_ MO, + xLi* + xe™ & LiMO, (1.2)
And graphite as the anode with the half reaction:
xLiCq & xLi™ + xe™ + xCq (1.2)
Resulting in the overall reaction:
LiMO, + C¢ & Liy_,MO, + xLiCg (1.3)

The difference of the potentials between reactions 1.1 and 1.2 determines the maximum
energy density which can be delivered from the LIB. Ideally all of the electrochemical
energy from these reactions would convert to electrical energy, however, this is not the

case. Energy is lost within the cell as a result of the following factors:

(1) The charge transfer overpotential. The energy needed to be overcome for the
reactions to occur at the electrodes’ surfaces.
(2) The concentration polarization. A result of a concentration gradient of products

and reactants at the electrode surface and bulk due to limited mass transfer.



(3) Internal resistances in the cell. Includes any resistance through the current
collectors, interface resistance between the current collectors and the active

material, etc.

Connecting the cell to an external load R results in a voltage of:

E=Ey—[(Mc)a+ Mcdal = [(er)e + (M) ] — iRy = iR (1.4)
Where  E, = open-circuit voltage of cell
Met)a (Mee) e = charge transfer overvoltage at anode and cathode
(Met)a (ne) e = concentration polarization at anode and cathode
i = operating current of cell on load

R; = internal resistances of the cell

These resistances follow Ohm’s law and result in a linear relationship between the battery’s
output current and resulting voltage drop. Therefore, at higher current densities the voltage

drop of LIBs will be more pronounced.

A number of different battery configurations have developed for LIBs since their
introduction. The most popular commercial designs used today are made from wound Li-
ion cells [1]. In these cells, a porous polyolefin polymer separates the anode and cathode,
which are wound to the desired configuration. This method is used to create cylindrical
cells (Figure 1.2a), prismatic cells and pouch cells (both of which are folded in a flat
configuration). The cathode and anode current collectors, typically aluminum and copper
foil respectively, are coated on each side by the battery’s active material. Tabs are attached
to the current collectors to connect to the battery’s terminals. This configuration maximizes
the relative mass of the battery’s active materials increasing the overall specific capacity.
The wound lithium-ion cell design is advantageous in minimizing the mass of the battery
housing and enhancing safety features. Looking at the mass distribution of commercial
cells from Sony in Figure 1.2b, it can be seen that the active anode and cathode electrode
materials compromise a majority of the battery’s total mass. Pouch cells, those typically
used for smart-phones and other mobile devices, use a thin plastic/aluminum casing instead

of a hard metal casing decreasing the relative mass of the packaging even further [6]. For



further improvement of the specific capacity of the battery it is evident that the specific

capacity of the active materials (positive and negative electrodes) must be improved.

Cathode Cover Cuthode Leed
a o [ Saety Vent b
e B Sl
Gasket PTC g S ony
oot Electrolyte
Separator 5 5¢, Can

4.4% 242%

Header

.. 3.4%
Positive ¢

Electrode

Negative
39.4%

Electrode
23.0%

Figure 1.2. (a) Schematic [7] and (b) mass distribution of different components [1] in

a commercial cylindrical cell.

The demand for smaller LIBs is increasing for a number of wireless consumer and medical
products [8]. Despite the above efforts, the wound LIB design becomes impractical when
miniaturized as the relative packaging mass increases [9]. The packaging is responsible for
the containment of the liquid electrolyte, ensuring its safety. Therefore, over the past
several decades a number of studies have focused on the development of practical micro-
batteries without a liquid electrolyte [8]. The thin-film LIB was developed from these
works which is an all-solid-state battery composed of several electrochemical cells that are
connected in series and/or parallel with each other. These batteries are deposited via thin
film techniques over a substrate with a total thickness of less than 15 um [9]. A typical
schematic of such a thin-film battery configuration can be seen in Figure 1.3. In this
configuration the mass of the packaging makes up an even smaller portion of the total mass,
therefore, the battery performance is even more dependent upon the active anode and

cathode materials.
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Figure 1.3: Configuration of an all-solid-state thin-film battery.

This thesis focuses on improving the cycling capacity of graphite, the commercial lithium-
ion battery anode material, to improve the overall specific capacity of the battery. The
decreasing specific capacity can be attributed to instabilities of the graphite-electrolyte
interface. Conventional techniques to improve the interface stability are introduced here as
their understanding is critical to developing a superior method to address this issue. To
improve the stability this thesis focuses on utilizing a thin film technique which is
introduced in detail in Chapter 1.2.

1.1.2 Graphite for Lithium-ion Batteries

Pure lithium anodes were briefly commercialized in the early 1980s but this was short
lived. They proved highly dangerous due to lithium’s high volatility as well as lithium
dendrite formation, which could short the battery causing thermal runaway [10]. An anode
material which lithiated and delithiated safely and consistently was needed. Graphite was
found to be a possible lithium intercalation compound in the 1970s [11], however, this was
typically done via crude techniques such as mixing lithium with graphite, and not achieved
electrochemically. It wasn’t until 1983 that Yazami demonstrated that, with a solid
electrolyte, graphite could be intercalated electrochemically [12]. This lead to increasing
research interest in graphite as a LIB anode material despite its impractical cyclability, it
only exhibited 10% of its initial capacity after 5 cycles [10]. It wasn’t until 1991 when
Sony announced a battery claiming to have greater than 1200 cycles that graphite’s
practicality was demonstrated [10]. This high cyclability is attributed to graphite’s distinct
intercalation properties and is enabled by the use of an organic electrolyte discussed further

in this chapter.



Intercalation of lithium into graphite is periodic, that is, when fully lithiated every layer is
lithiated, at half lithiation every second layer is lithiated, etc (Figure 1.4). These different
stages exhibit different reduction potentials due to slightly different energies needed for its
reduction. These voltage plateaus in which the phase change occurs have been well
documented and occur at a low voltage vs Li/Li+, ideal for a LIB anode material [12], [13].
Fully lithiating the graphite to stage one results in a final composition of LiCs with a

theoretical capacity of 372 mAh/g.
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Figure 1.4. Schematic of phases graphite forms during delithiation [14].

What makes the pairing of graphite with a carbonate-based electrolyte so unique is that the
potential of the graphite is above the voltage window of the electrolyte. In an ideal battery
configuration (Figure 1.5a) the potential of the anode would be below that of the
electrolyte’s potential window, therefore, reduction of the electrolyte is avoided. In the
graphite-carbonate based system, the higher graphite potential enables reduction of the
electrolyte on the graphite’s surface (Figure 1.5b). This process occurs on the cathode as
well due to the cathode oxidizing the electrolyte. The products formed from these reactions
create a thin, solid coating on the electrodes’ surfaces called the solid-electrolyte-
interphase (SEI).
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Figure 1.5. Voltage window of (a) a desired electrolyte and (b) a carbonate based

electrolyte paired with a graphite/LiCoOz2 system [15].

The SEI between the graphite and electrolyte is the key to graphite’s practicality. The

requirements for the SEI are as follows:

(1) An electron transference number of zero. There must be no electrons allowed
through the SEI, otherwise reduction of the electrolyte would continuously
occur.

(2) High lithium-ion conductivity. Allows the diffusion of lithium-ions to
intercalate/deintercalate easily to/from the graphite.

(3) Uniform morphology and chemical composition. Enables a uniform current
distribution.

(4) Good adhesion to the graphite’s surface. Deters delamination, which would
expose and reduce fresh electrolyte on the graphite’s surface.

(5) Good mechanical strength and flexibility. Allows the expansion and
contraction of the graphite during lithiation and delithiation.

(6) Low electrolyte solubility. Stops the continuous dissolution of the SEI into the

electrolyte.

Early reports used propylene carbonate (PC) as an electrolyte [16] which resulted in a
poorly adhering SEI which led to continuous decomposition of the electrolyte. It wasn’t

until an ethylene carbonate (EC) containing electrolyte was developed that a stable SEI



was achieved [17]. The SEI created by EC based electrolytes met the requirements listed

above for practical use, leading to a large amount of research into its composition [18].

Despite graphite’s high reduction potential, the electron transfer from the graphite to the
electrolyte is not favourable without the aid of (1) lithium-ions and (2) an applied voltage
[19]. The decreased reduction potential for popular carbonates is depicted in Figure 1.6a,
where lithium is shown to decrease the energy needed for the reduction process in all cases.
It should be noted that the oxidation potential on the cathode is similarly oxidized as a
result of the anions. The reduction of the electrolyte is complex, involving the solvent as
well as lithium-salt anions and has been summarized by Yan et al [20] describing over 30
reactions occurring in the graphite-LiPFs/EC/DMC (dimethyl carbonate) system. This
decomposition results in a number of both lithium and carbon based products as depicted
in Figure 1.6b. Depth profiling on the SEI has revealed that the outermost surface is mainly

composed of organic species in contrast to the inner surface’s inorganic composition [21].
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Figure 1.6. (a) Reduction and oxidation potentials of polypropylene carbonate,
ethylene carbonate and dimethyl carbonate and (b) SEI composition after reduction
of the electrolyte [22], [23].



The resulting SEI’s ability to meet the aforementioned requirements will impact the
battery’s performance, therefore, researchers have focused on controlling the composition

of the SEI, which can be approached in three main ways:

(1) Choosing the electrolyte and salt composition. The development of an EC based
electrolyte enabled graphite’s use as a practical anode material.

(2) Using additives in the electrolyte. This method typically differs from (1) in that
the additives typically make up no more than 5% (weight or volume) of the
electrolyte [24].

(3) Surface treatment of graphite. The additional surface functional groups on the

graphite impact the resulting SEI formation.

This thesis focuses on the use of ultrathin films on graphite deposited via atomic layer
deposition and molecular layer deposition (introduced in Chapter 1.2); therefore, a
thorough understanding of these methods will reveal the requirements of the deposited
films. The development of the carbonate-based electrolyte was thoroughly explained
through the development of graphite for LIBs, however, graphite still exhibits a
characteristic capacity decay and the side reactions which occur during SEI formation and
consumes a large amount of electrolyte and lithium. The following sections focus on the
use of additives and surface treatments to address these issues. This will provide insight as

to what thin-film compositions may create the most stable SEI.

1.1.2.1 Additives to Control the SEI on Graphite

The reduction of the electrolyte typically occurs in two steps [25]. The first step occurs at
a low reduction potential, before the potential is high enough for the insertion of lithium
ions. During this step an unstable inorganic film formulates which can produce gaseous
products. The second step, on the other hand, occurs at a potential similar to the insertion
of lithium ions into graphite and produces a stable polymeric film which has a high lithium
conductivity. Therefore, focus has been on using additives which will produce a
continuous, stable organic film at a low reduction potential, before the inorganic film has

the opportunity to be created. These SEI improving additives include: those which
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polymerize upon reduction, those which improve the adhesion to the graphite’s surface and

those which combine with final products formed by the reduction process.

Research of various additives which polymerize at a low reduction potential led to the
development of vinylene carbonate (VC) which was found to improve the SEI [26]. The
polymerization of this compound is attributed to the reduction of the double bond found in

the vinyl group (-CH=CHy) described by the following general reaction:

(1.5)

This polymerization could be extended to other vinyl containing compounds and led to a
number of works on these types of additives [24]. Furan derivatives, which contain two
double carbon bonds, are reported to follow a similar polymerization reaction [27]. These
additives promote polymerization via promoted electrons from the graphite’s surface,

however, the polymers produced must also adhere well to the surface of the graphite.

To improve the adherence of the reduced products to the surface of the graphite, reductive
agents have been developed. Once reduced these additives adhere to the graphite’s surface
and create sites with high affinity for the polymeric compounds. Reductive agents typically
are composed of sulfur based compounds [28]-[30], though, a number of other additives
have been shown to increase the SEI’s adhesion including nitrogen based groups [31]-[33]
and halogenated groups (chlorine and fluorine typically) [34]-[37]. With the addition of
these additives batteries were found to have lower carbonate consumption as well as a
higher lithium ion conductivity. This can be attributed to a reduction of the first step in
electrolyte reduction, due to the improved adhesion of the polymer formed by the additives.

Additives which stabilize and improve the ionic conduction of the SEI, by scavenging
radical anions and intermediate compounds, have been an important aspect of the

development of a stable SEI. Added carbon dioxide was first found to help this process
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[33], [38] as it was shown to react both with EC radicals as well as with the reduction

products via the following reactions :
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Reacting with these radical anions stops further electrolyte decomposition and has been
shown to produce a thinner more compact SEI which decreases the gas evolution in the
cell, increases the SEI’s ionic conductivity and increases the battery life [39]. Various other
additives have demonstrated to be able to stabilize the radicals, typically composed of a

well conjugated structure to distribute the radical [40], [41].

Additives have been shown to be a powerful tool in improving the performance of LIBs.
Despite only being a small portion of the electrolyte these additives can increase the
stability of the SEI, suppress electrolyte decomposition, decrease gas evolution and
improve the SEI’s ionic conductivity. Furthermore, other additives have been shown to
bring many other benefits to the LIB such as protecting the cathode [42], stabilizing the
lithium salt [43] as well as increasing the safety of the battery [44]. Table 1.1 shows a
summary of the techniques used specifically to enhance the graphite-electrolyte interface
and demonstrates their breadth of use. However, despite these advantages, the additives in
the electrolyte can produce undesired effects on the cathode or even within the electrolyte
itself [24]. Therefore, this thesis focuses on designing the SEI and improving its

performance while avoiding these potential disadvantages.
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Table 1.1. Application of additives for the graphite-electrolyte interface.

Additive Goal Mechanism Additive Compounds

Vinyl derivatives [26],

C=C bond is reduced promoting [45]-[47], furan

Produce stable SEI o
polymerization

derivatives[27]
Increase adhesion of Reduces and adsorbs onto Sulfur derivatives [28]-
reduction products graphite active sites attracting [30], [48], nitrogen
P reduction products derivatives [33], [48]

CO: [38], CO2 producing

Scavenges radical anions from compounds [49], highly-

Stabilize reduction .
reduction products or

products intermediate compounds conjugated C[ZT]pounds [40],
. Strongly adheres to graphite Halogenated compounds
A?Qg&i:i%gr:;?eilte reduction sites reducing [34], silicon derivatives
electrolyte reduction [50], [51]

Introduces boron into the SEI
which has been shown to
improve its performance

Boron containing
compounds [52]-[54]

Improve SEI
performance

1.1.2.2 Control of SEI via Surface Modification of Graphite

Another technique that has been used to control the SEI of the graphite-electrolyte interface
is the surface treatment of graphite before battery fabrication. By controlling the surface of
the graphite its reactivity and morphology can be controlled, ultimately tuning the resulting
SEI to improve its ionic conductivity, stability and electrolyte compatibility. Graphite’s
layered structure creates an anisotropic surface composed of basal and edge planes. This
results in variance in both the reactivity and ionic conductivity on the planes. Due to the
edge planes having hanging bonds the carbon atoms on the edge plane have been shown to
be more reactive compared to those on the surface of the basal plane [55]. Furthermore, the
lithium ions enter between the graphite layers through the edge plane [56], therefore, the

composition of this plane is important.

To control the reactivity and surface morphology of graphite a number of different
techniques have been used. This includes mild oxidation [57], surface modification with

metals and metal oxides [58]-[60], polymeric coatings [61] and coating with amorphous
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carbon [62]. Table 1.2 summarizes the various methods used. Typically, these methods
attempt to physically or chemically bond to the active sites on the graphite to decrease its
activity. Furthermore, in some cases the films increase the capacity of the graphite due to
the film having lithium storage capabilities as well. This is the case with Sn, which is a
well-known alloying anode material [63], and amorphous carbon which has been shown to
contain pores in which lithium storage occurs [64]. Overall, surface treatment has been
shown to be a viable method to increase the performance of the graphite-electrolyte
interface and unlike the use of additives it has a higher selectivity, avoiding any impact on
the electrolyte or cathode. This thesis focuses on coating the surface of the graphite with

an ultrathin film, effectively changing the surface chemistry of the graphite anode.

Table 1.2. Methods to treat graphite to improve the graphite-electrolyte interface.

Method Aim Technique/Compounds
Create a dense layer of oxides on Thermal oxidation [65],
Mild oxidation graphite’s surface to decrease chemical oxidation [66]—
reactivity [69]

Block electrolyte exposure to

active sites Ni [70], Ag, Sn, Zn [58]

Metal coating

Metal oxide coating Increase ionic conductivity and | SnO [60], SnO2 [60], CuO,

battery capacity NiO, FeO, PbO [59]
Suppression of electrolyte Polyacrylic acid,

Polvmeric coatin decomposition and solvent polymethacrylic acid,

y g intercalation and increase polyvinyl alchol [61],

capacity polyethylene oxide [71]
Decrease electrolyte Heating polymer coatings

Carbon coating decomposition and increase [71], thermal vapour

capacity deposition [62]

1.2 Atomic and Molecular Layer Deposition

1.2.1 Atomic Layer Deposition

Moore’s Law, a simple observation made by Gordon Moore in 1965 stated that the density
of the transistor of an integrated circuit would double at regular intervals and continue to

do so in the future [72]. Largely, this has held true, due to the development of new methods
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that have enabled the continuous miniaturization of the transistor. In the search for
techniques to create smaller features, focus shifted towards atomic layer deposition (ALD).
ALD is a thin film deposition technique in which chemicals are sequentially exposed to a
surface which was referred to as atomic layer epitaxy in early reports [73]. Early
application of ALD was focused on the creation of dielectric ZnS thin for thin film display
devices leading to the commercialization of a number of electroluminescent devices in
Finland in the 1980s [74]. This technique demonstrated a unique ability to have highly
precise control of the thin-film’s thickness as well as an unmatched conformity on high
aspect structures. These unique abilities made ALD a very attractive technique to deposit
dielectrics for transistors and resulted in a large increase in research interest starting in the

late 80s to present.

ALD stemmed from chemical vapour deposition (CVD), a thin film deposition technique
in which chemical gases chemically react on a substrates surface. CVD overcomes issues
found with physical deposition (PVD) techniques, namely, it is not restricted to line-of-site
deposition, a characteristic of sputtering, evaporation and other PVD techniques (Figure
1.7a). Despite this, CVD has several drawbacks, particularly when applied to high aspect
structures: it is mass transport-limited which can cause a thicker coating to develop in
regions with higher chemical concentration (Figure 1.7b) and the thickness of the film is
difficult to control on the angstrom level [75], [76]. ALD is a method, which overcomes
these limitations providing a uniform coating on high aspect structures with excellent
thickness control (Figure 1.7c¢). In addition, ALD typically has a growth temperature below
400 °C which is much lower than a typical CVD deposition (normally 600-1000 °C) [77],
allowing deposition on a wider range of substrates.

A == mm == sm b C

Figure 1.7. Thin films formed on high aspect substrates via (a) a line of sight

method, (b) chemical vapour deposition and (c) atomic layer deposition.
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As previously mentioned, ALD overcomes the limitations of CVD via the sequential
exposure of precursor gases to the surface. In this process, the exposed precursor reacts
with the surface groups fully saturating the surface, creating a new layer. The ALD process

follows four main steps:

(1) Introduction of the first precursor (Reactant A), which reacts with the surface
in a self-terminating manner.

(2) Purge system to remove remaining reactant and gaseous by-products.

(3) Introduction of the second precursor (Reactant B), which reacts with the surface
in a self-terminating manner.

(4) Purge system to remove remaining reactant and gaseous by-product from

second precursor.

Repeating steps 1-4 creates a stepwise growth of the thin film. An ALD reaction cycle

produces a single layer of the resulting thin film as depicted in

Figure 1.8. Often times steps 1 and 3 are described as half reactions [78] and are highly

dependent on the surface chemistry of the substrate.

& ReactantA o ReactantB @ By-product

@ o ® @ $
®ooh B % 6 Y o o 8
0000000000000 GRAOHPIAOPOEP  GRAPPIIRee w FIPFINFIP w FEPF83588
Substrate before  Step 1 Step 2 Step 3 Step 4
deposition Reactant A Purge Reactant B Purge

1 |
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Figure 1.8. Schematic of typical steps in an ALD reaction cycle.

Due to its excellent dielectric properties, aluminum oxide has been intensively studied for
semiconductor applications [79] and is a good example of the ALD process. For the
deposition of aluminum oxide, exposure of trimethylaluminum (TMA) induces reactions

with the surface groups as per the following half reaction:

AlOH x + Al(CHs)s > ALOAL(CHS), * + CH, (1.8)
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Following the TMA exposure, the system is purged to remove any remaining precursor
and by-product. Once purged the complementary oxidizing precursor, water, is introduced

to react with the surface groups producing the following reaction:
AlCH; * + H,0 > AlOH * + CH, (1.9)

Upon the completion of the aluminum’s oxidation, the system is purged again to remove
any remaining precursors or by-products. This completes the first ALD cycle, which can

be repeated indefinitely. The complete reaction of the system is:
2 Al(CH3); + 3 H,0 > Al,0; + 6 CH, (1.10)

By controlling the number of cycles precise control of the film thickness is achieved. For
example, the thickness of ALD deposited aluminum oxide grows in the range of 1.1 — 1.2
angstroms per cycle [80], [81]. These films are highly conformal and can be created at

temperatures as low as room temperature [80]-[82].

The ALD process is dependent upon a number of different aspects, including the precursor
used, temperature, pressure, exposure time and purge time. In selecting a precursor for an
ALD process, it must fulfil a number of requirements. The requirements of the precursors

are as follows:

(1) Sufficient volatility at the deposition temperature. The precursor must be in
gaseous form for the process to occur.

(2) Cannot self-decompose or self-react at deposition temperature. Self-
decomposition or self-reactions result in an uncontrollable CVD process.

(3) Must be able to react with surface sites. This allows initial deposition of the
precursor on the surface of the substrate.

(4) Must react with the complementary precursors. This allows sequential reactions
allowing growth of the thin film.

(5) Does not etch the substrate or film. This also applies to the by-products of the
reactions; which one must account for.

(6) Reasonably priced.
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(7) Safe handling and preferably non-toxic. Typically, highly reactive precursors are

dangerous and one must handle them with care and with a number of safety guards.

Due to these strict requirements, precursor design has become a large area of interest with
many precursors specifically designed for ALD [79], [81]. Generally, researchers have
developed and classified ALD precursors as inorganic and organometallic. Inorganic
precursors normally provide low-cost methods for numerous ALD processes, which
include elemental precursors [83], halide precursors [84]-[87], oxygen-coordinated
compounds [88], [89], nitrogen-coordinated compounds [90], [91] as well as precursors
coordinated through other inorganic elements [92]. The well-known volatility and
reactivity of organometallic precursors has enabled their application for ALD. These
compounds, such as TMA, typically contain a metal-carbon bond and include metal alkyls
[93], cyclopentadienyl-type compounds [94], [95], as well as other similar structures [96].

During the ALD process, a number of different parameters are controlled to influence the
resulting reaction. This includes the pressure, temperature and exposure time during the
deposition. Typically, ALD reactors are composed of a lateral flow system with the
precursors upstream from the deposition chamber, an inert carrier gas, and a high vacuum
pump creating a low pressure environment [73]. An inert gas carries the precursors as well
as helps remove remaining precursors and by-products during the purging steps. Utilizing
a high vacuum allows the use of precursors with less volatility, creates a higher probability
of precursor—substrate interaction and aids in complete removal of the remaining precursor
and by-products during the purging steps. For the practical use of most ALD precursors
the optimum pressure for this type of reactor is around ~1 Torr [81], however, atmospheric
pressure ALD systems have been demonstrated given the precursor has a sufficient vapour
pressure [73].

The ALD growth rate is dependent upon the deposition temperature; however, there is a
temperature range, known as the ALD “window” in which the deposition rate is constant
(Figure 1.9). Below the ALD window, the reaction may not have enough energy to
complete resulting in a decrease of the reaction rate, or if the precursor vapour has a high

affinity for the substrate’s surface, condensation can occur creating a higher deposition
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rate. Similarly, above the ALD window the rate may decrease as the precursor has too
much energy and desorbs from the surface, or the rate may increase as the gaseous
precursor decomposes onto the surface of the substrate. Staying within this window ensures
linear ALD growth. Other important parameters include the precursor exposure time and
the purge time. The exposure time must be sufficient to allow full saturation of the surface
and the purge time must be sufficient to completely remove any remaining precursor and
by-product from the system. Special care must be taken with the purge time during low
temperature deposition [97]. Due to the lower temperature surface, the precursor is more

prone to physical absorption and condensation, therefore, a longer purge time is used.

Condensation Decomposition
Growth \ /
Rate / ALD Window \
Incomplete Desorption/Loss of
Reaction Surface Species
Temperature i

Figure 1.9. Temperature dependence of ALD growth.

ALD has become well established for its use in the semiconductor industry to create high-
k oxides. In this realm, Al.O3, ZrO, and HfO2 have been the most intently studied due to
their dielectric properties [98]. These thin films have been used for a number of products
including magnetic recording heads, metal oxide semiconductor field effect transistors
(MOSFETS), dynamic random access memory (DRAM) capacitors, nonvolatile
ferroeletric memories as well as a number of other applications [82]. With ALD’s ability
to deposit highly uniform films on high aspect structures with excellent thickness precision
a number of promising applications have been recently investigated including those in
biomedical devices [99], [100], nanodevices [101], sensors [102], nanophotovoltaics [102]

as well as lithium-ion batteries [77]. This thesis focuses on the comparison of ALD and
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molecular layer deposition thin-films influence on the SEI layer of graphite anodes.

Molecular layer deposition is discussed in the following section.

1.2.2 Molecular Layer Deposition

Further research in ALD in the 1990s led to the development of various types of precursors,
including larger functionalized molecules. For this, investigations utilized many techniques
from polymerization chemistry, in which complementary molecules reacted with one
another to create a polymer chain with an ABAB structure. By heating of the monomer
precursors, a sufficient vapour pressure could be created to follow an ALD type process.
The thin film deposition process, deposited molecule by molecule, was referred to as
alternating vapour deposition polymerization (AVDP) [103], as well as molecular layer
deposition (MLD) [104], [105], however, MLD eventually became the accepted
nomenclature. Early work resulted in the development of a number of polymers including
polyimides [104], [105], alkyl polyamide [103], nylon 66 [106] and more complex nylon
structures [107]. This technique exploited many of the advantages of ALD including

conformal growth on high aspect structures as well as excellent thickness control.

Due to the larger molecules used for MLD a number of different phenomena occur in
comparison to ALD. The first and most distinguishing difference between the two apart
from their respective compositions is their growth rates. Due to the larger molecules being
deposited via MLD growth rates can vary from 2-6A/cycle in comparison to ~1A/cycle for
Al>O3 via ALD [108], [109]. This growth rate, however, is lower than anticipated and is
normally lower than the length of the monomer units. This is due to two phenomena that
occur due to the larger molecules. First, the added bulk from the molecules sterically hinder
each other. This can result in molecules on the surface blocking reaction sites as seen Figure
1.10 [110]. Second, due to the flexibility of the monomer units, the reactant may react twice
with the surface as seen in Figure 1.10, terminating the growth of the chain. As a result of
the steric hindrance and double reactions, the films formed by the MLD deposition can be

highly porous resulting in densities much lower thin-films from ALD [97], [111].
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Figure 1.10. Schematic of ideal MLD deposition, double bonding and steric

hindrance.

Purely organic MLD films were developed through the 1990s and the early 2000 and in
the late 2000s the techniques of MLD and ALD were combined to create organic-inorganic
hybrid films [111]-[114]. These films allowed the combination of the flexibility from the
organic component as well as the electrically insulating properties of the inorganic
constituent. In addition, hybrid organic-inorganic films have demonstrated electrical
properties completely unique than those found individually with the inorganic or organic
portions [115]. Most of this work has involved aluminum-based hybrid systems called
alucone [116]-[120], however, studies also have included those of titanicone [121], [122],
zincone [123], [124], and zircone [125].

Development of alucone has led to the capability to control the carbon content of the film
[126]. This was achieved with the use of TMA, ethylene glycol (EG) and terphthalyoyl
chloride (TC), as seen in Figure 1.11. By alternating TMA-EG for a number of subcycles
the aluminum content could be increased, and alternatively, the carbon content could be
increased by alternating TC-EG subcycles. The combination of each subcycle is called a
supercycle which were shown to be able to tune the electrical conductivity after pyrolysis

of the films in an inert atmosphere.
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Figure 1.11. Process to develop alucone films with controlled carbon content [126].

Though ALD and MLD are very similar in technique, they have several subtle differences
that helps distinguish them. A summary of these differences can be seen in Table 1.3. The
most obvious difference between the two is the resulting composition of the thin films.
ALD produces exclusively inorganic thin-films. These thin-films are typically composed
of metal oxides and metal nitrides, however, elimination chemistry has allowed the
development of pure metals. MLD on the other hand utilizes larger organic molecules as

precursors resulting in either a purely organic or a hybrid organic-inorganic thin-film.

Due to the different precursors and chemistries, ALD and MLD vary in deposition
temperature as well. Typically, higher temperatures are used in ALD than MLD due to the
required energy for the reactions to occur. Furthermore, the larger MLD molecules used in
MLD desorb more rapidly at higher temperature, resulting in lower growth rates.
Therefore, MLD typically uses deposition temperatures <200 °C. As ALD occurs atom by
atom the growth rate is in the angstrom range, whereas MLD growth can occur in the
nanometer scale. Despite this, many MLD growth rates have been shown to be similar to
ALD growth rates. This is due to the reactive groups on the larger MLD molecules having
a lower probability of reacting with the surface, steric hindrance between the molecules
and double reactions. As a result of the larger MLD molecules having higher van der Waals
forces a larger purge time is normally needed to remove physisorbed molecules from the

surface of the substrate.
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Table 1.3. Comparison of various differences between ALD and MLD. Information

gathered from sources in reviews [81] and [108].

ALD MLD
- Metal-oxides, metal Organic, hybrid organic-
Composition o ] )
nitrides, metals inorganic
Deposition temperature (°C) 25-425 25-400
Deposition rate (A/cycle) 0.2-3 0.1-25
Purge time (s) 0.5-15 5-120

1.2.3 ALD and MLD for LIB electrodes

As research into various applications for ALD & MLD has developed beyond the
semiconductor industry, it has become clear that these techniques are excellent for
electrodes in LIBs. In particular, ALD & MLD’s application for surface coatings on the
LIB’s electrodes to control SEI formation has gained increasing traction over the past
decade. This is due to these techniques offering a number of advantages specifically

applicable to the LIB electrodes, including:

(1) Low temperature deposition. This allows deposition on electrode-binder
(polymer) composites, after electrode fabrication.

(2) High conformity. The high aspect ratio and porous nature of LIB electrodes
requires a conformal coating, otherwise exposed surfaces will react during cycling.

(3) Highly precise thickness control. The SEI which forms on the electrodes are in
the order of nanometers [55], the range in which ALD & MLD films are developed.

(4) Stoichiometric control. The breadth of compositions developed via ALD & MLD
allow tuning of the SEI.

These features have resulted in research on utilizing ALD for the protection of the cathode
[127]-[129], anode [127], [130]-[133], and future battery electrode materials [134]-[138].
The deposition of electrode and solid-state-electrolyte materials via ALD is also an
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interesting focus which may have application in future thin film batteries [134], [139]-
[142].

The use of ALD for the LIB cathode focuses on addressing a number of key issues. In
cobalt based cathode materials such as LiCoO2 and LiNiyzsMny3Co1/302 cobalt is subject
to dissolution due to attack from HF species in the electrolyte (a side product of H>O and
LiPFe) [143]. By using ALD of a thin Al.Oz layer, HF attack on the bulk material was
reduced improving the cycling performance [127], [129], [143]. An increase in the rate
performance was also found with the ALD coating suggesting improvement in the SEI
formation [143]. Furthermore, the resulting electrochemical performance from ALD
coatings on the composite electrode was compared to that of an electrode with an ALD
coating directly on the powder [133]. A large over-potential, in addition to a decreased
capacity occurred with the direct deposition of the ALD thin film on the powder. This was
attributed to poor contact between the active electrode particles and the added electron-
conducting agents as seen in Figure 1.12. Due to the composite containing a polymeric
binder as well as the copper current collector oxidizing at high temperatures, this technique
shows the excellent low temperature capabilities of ALD for the LIB electrode.

ALD on powder Direct ALD on electrode

Figure 1.12. Schematic of electrical conduction with ALD coating on powder vs
ALD coating on the electrode [133].

ALD of Al203 [127], [132], [133] and TiO2 [144] on graphite LIB anodes has also been
investigated to improve the SEI formation and decrease electrolyte decomposition. It was
shown that, similarly to deposition on the cathode, that the performance of the anode with
ALD deposition on the composite was superior to that on the powder [133]. The electrode
with ALD deposition on the composite showed an improved cycling performance as well

as an increase in Coulombic efficiency during the first charge-discharge cycle [127]. This
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suggests that the ALD coating decreases the number of side reactions to create the SEI,
resulting in less electrolyte and lithium loss. The SEI of the bare and coated graphite was
also analyzed after cycling and revealed that a thinner SEI was produced when the graphite
was coated with an ALD thin film [127]. The SEI produced with an ALD coating also
showed a decreased formation of LiF and Li>O, both inorganic compounds that impede the
SEI’s performance. The resulting improvements in the SEI demonstrates the practical use

of ALD for coating the LIB’s anode.

Investigation of MLD to control the surface chemistry of LIB electrode materials has only
recently begun. Silicon, a high capacity anode material, was shown to have an increased
stability with an alucone coating [145]. This increase in stability was largely attributed to
the alucone coating expanding and contracting with the silicon nanoparticles during
lithiation and delithiation. This flexibility allowed the alucone to keep contact between the
silicon and conducting agents maintaining conductivity throughout the electrode
composite. Our group has recently shown that MLD can be further applied to sulfur
cathodes to stabilize their cycling performance [146], [147]. In this work the stability of
the alucone coated cathode was superior to the ALD Al>O3 coated cathode. Furthermore,
the alucone coating enabled cycling of the sulfur cathodes in a carbonate electrolyte. This
capability allows the cycling of the batteries at high temperatures, something not possible
with the previously used ether based electrolyte. One final study, by Loebl et al,
investigated the effect of ALD and MLD coatings on carbon nanofibers [131]. At the end
of their study they found the MLD coatings decreased the cycling capacity of the
electrodes, however, the stability increased. No work has been done to date on the use of
an MLD thin-film alucone coating for the present day commercial anode material, graphite.
This thesis focuses on utilizing MLD to change the composition of the coating on the

graphite and investigate the resulting electrochemical performance.

1.2.4 Porous thin-films via MLD

Microporous materials are attractive due to their high surface area to volume ratio. Due to
this property, they have potential use for applications such as catalysis, gas-adsorption
technologies and gas sensors [148], [149]. For the development of many porous metal

oxides, a hybrid metal oxide — organic structure is calcined to remove the organic linker
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resulting in the porous metal oxide [149]. This technique has been extended to the
development of porous thin-films via the sol-gel coating method. This consists of dipping
the substrate in a solution where a hydrolysis reaction produces a metal oxide product,
which deposits on the substrate’s surface. Evaporating the remaining solvent from the thin-
film results in a porous metal oxide coating. This method has been demonstrated to have a
wide range of possible applications including selectivity [150], anti-corrosion [151], anti-
reflection [152] and drug encapsulation [153]. From these works, it is clear that a thin-film
with a conformal thickness and porosity has numerous applications. Furthermore, it may
prove beneficial to be used as an electrode coating, as the porous structure would promote

lithium ion diffusion pathways.

Research on ALD materials has led to the development of porous thin-films. Work by Qin
et al [154] investigated the effect of annealing copper nanowires which were coated with
an ALD Al>Oz3 thin-film. From their work they discovered that by annealing the coated
nanowires in air the copper migrated through the Al2Os to the outer surface of the ALD
coating as seen in Figure 1.13a. This unique phenomenon was speculated to be due to high
stresses developing as the copper oxidized and formed Cu>O. To minimize energy in the
system during this oxidation process the copper oxide diffused through the Al.O3 coating
resulting in a hollow core, thereby Al>Os nanotubes. This method, albeit novel and
interesting, is not possible on other substrates as it requires the diffusion of copper through
the thin film. Therefore, researchers have investigated more direct and universal methods

to produce porous thin-films, leading to investigations involving MLD.
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Figure 1.13. TEM images of (a) a porous Al203 nanotube with Cu nanoparticles on
the surface [154], (b) a porous ZnO nanotube [155] and (c) a porous Al20s thin-film

on an SiO2 nanoparticle [156].

To create porous thin-films, regardless of the substrate, an interesting method involves the
treatment of hybrid organic-inorganic MLD thin-films. To accomplish this the hybrid thin-
films are deposited followed by either a water treatment or thermal treatment to remove its
organic component. In both cases a porous metal oxide structure remains, however,
delamination of the thin-film from the substrate has been shown to occur during the water
treatment. Therefore, for a conformal thin-film coating an annealing treatment is ideal and
was shown to produce a microporous thin-film with a narrow pore size distribution. This
has been achieved for both alucone [156] and zincone [155] thin films as seen in Figure
1.13. Unlike work with bulk microporous materials, no method has been found to control
the porosity or surface area of these thin-films. This thesis focuses on controlling the
surface area of porous thin-films derived by MLD by varying the organic chain-length in
the MLD thin-film structure.

1.2.5 Physical Vapour Deposition Techniques

A number of chemical and physical vapour deposition techniques have been applied to
lithium-ion battery development including chemical vapor deposition (CVD) [157],
electrodeposition [158], pulsed laser deposition (PLD) [159] and sputtering [8]. Sputtering,
in particular, is a popular thin-film deposition technique, which has been used for thin-film

LIBs. A full understanding of this technique is necessary in understanding the advantages
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and limitations of ALD/MLD. Furthermore, this section provides insight as to the various

applications in LIBs that sputtering can provide.

1.2.5.1 Sputter Deposition

Sputtering is a process in which high energy particles bombard a solid material’s surface
to eject particles from the surface [160]. Sputtering of atoms via ionic bombardment has
been long investigated, as it created undesired deterioration of the anodic surface, with
early reports of this phenomena occurring over 100 years ago [161]. It wasn’t until the late
1900s that this phenomena was taken advantage of utilizing the ejected particles as a thin
film deposition technique, thereby sputter deposition [162]. This technique has been shown
to have a number of coating applications including: improvement of the mechanical wear
resistance of metals [163], improvement of the corrosion resistance of metals [164],
coatings for computer disc drives [165], as well as a the deposition of a number of materials
for integrated circuits [166]. Sputter deposition’s ability to create a uniform, thin film with
a controlled thickness and stoichiometry at a low temperature [167], has allowed its

commercialization.

In a typical direct current (DC) sputter deposition configuration an anode and cathode are
positioned to allow an inert gas pass between them (such as Ar or Xe [166]), as seen in
Figure 1.14a. Applying a voltage across the electrodes results in gas molecules ionizing,
however, the ionization efficiency is very low in an electrode only system which is
dependent upon ion collisions [167]. A higher pressure and voltage is needed in this case,
which results in poor film formation [160], therefore, a method to increase the local ion
density is needed. By using magnets, ions and electrons are constrained to the magnetic
field, as depicted by the dashed lines in Figure 1.14a, creating a high-density region of ions,
producing a plasma. A lower pressure is required to maintain the plasma (10~ mbar vs 10°
2 mbar) and a lower voltage is needed to accelerate the ions as well (500 V vs 2-3 kV)
[162]. The higher ionic density results in a higher flux of ions accelerating towards the
anode. Placing a target in front of the anode enables accelerated ions to bombard its surface,
sputtering off the target material. Placing the substrate in line with the target allows the
deposition of the target material onto the substrate. The thickness of the deposited film on

the substrate can be directly controlled by the voltage applied, time and ion density
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(pressure) [166]. By creating a cathode with an open hole through which the target can be
ejected (Figure 1.14b), a sputtering configuration can be produced in which the cathode is
not behind the substrate, called a sputtering gun [168]. In this case the cathode-anode
distance is much shorter, therefore, a much lower voltage needs to be applied to result in
the same electric field strength. Interestingly, researchers are investigating this

configuration without a gas, which is an interesting avenue for space propulsion [169].
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Figure 1.14: Schematic of (a) typical sputter deposition configuration and (b) a

sputtering gun configuration.

Any charges building on the target are normally dispersed when a conductive target is used,
however, these charges accumulate if one desires to use an insulating target material [166].
Furthermore, the accumulation of the charges will produce a layer of ionic species on the
surface decreasing the deposition rate. To allow the sputtering of insulating targets, radio-
frequency (RF) sputtering was developed. In this method an alternating voltage is applied
to the electrodes, normally with a frequency of 13.56 MHz [162]. The alternating voltage
allows the sputtering of the insulating material, however, this is at the expense of a reduced
deposition rate (typically in the order of um/h) [170]. By utilizing an RF — magnetron
sputtering system, virtually any material can be deposited in a uniform manner, at a low

temperature and with a controlled thickness.

1.2.5.2 Sputtering Lithium-ion Battery Electrolyte Thin Films

Sputtering has become a fundamental component in the development of thin-film LIBs due

to the capabilities of RF-magnetron sputtering. Producing conformal thin films of any
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composition with a tuned thickness has enabled deposition of anode materials [171], [172],
solid-electrolyte materials [173]-[175] and cathode materials [176]-[178]. Sputtered
anode and cathode materials have been shown to have comparable performances to their
bulk LIB counterparts, however, the performance of a solid electrolyte is far below its

organic liquid counterpart.

The investigation of solid-state electrolytes has led to the development of both crystalline
and amorphous lithium-ion conducting thin films. Amorphous materials have
demonstrated their practical use and have been developed for commercial thin film
batteries [8]. One of the most promising materials, lithium phosphorous oxynitride
(LIPON), has been heavily investigated for its use as a thin film solid electrolyte via
sputtering [175], [179], [180]. This is due to its ionic conductivity of 2.3 x 107¢ S cm?,
superior to other amorphous materials, however, this is still over 4 magnitudes lower than
the conductivity of a liquid electrolyte. Due to its low ionic conductivity researchers have
looked into crystalline materials as they exhibit ionic conductivities considerably higher

than amorphous materials.

Crystalline materials are of particular interest as their ionic conductivity approaches that of
a liquid electrolyte. Garnet based structures and sulfide based structures have demonstrated
ionic conductivities approaching that of liquid electrolytes (10°[181] and 103 S cm™ [182]
respectively). This is due to their crystalline structure forming lithium ion conducting

channels as seen in Figure 1.15.
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Figure 1.15:Schematic depicting the crystalline structure of (a) garnet [183] and (b)

sulfide [181] crystalline structures.

Studies have demonstrated deposition of these compositions via sputtering [184], [185],
however, this has been achieved with some limitations. To achieve a crystalline thin film
the materials must be sputtered at a high temperature (~700 °C [184]), however, to deposit
on active electrode materials a much lower temperature must be used to avoid 1) side
reactions with the active material and 2) oxidation of the current collector 3) cracks forming
from varying thermal expansion coefficients of the materials. The resulting amorphous thin
film has a much lower conductivity than its crystalline counterpart. Nonetheless, if this
limitation can be addressed, sputtered thin-film crystalline electrolytes are promising

candidates for thin film batteries.

Sputtering has proven to be a powerful tool in depositing thin-films for LIBs, however, it
differs from ALD and MLD drastically. Sputtering is a line-of-site method, therefore, it is
not practical to be used on high aspect or porous structures. In addition, sputtering achieves
a lower control of thickness and conformity. This is due to inconsistencies in the system
including variances in the electric field strength, ion concentrations and impurities on the
surface of the substrate. Therefore, for developing thin-films for LIB interfaces ALD and

MLD are highly advantageous.
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1.3 Thesis Objectives

MLD is a powerful tool that has gained popularity in recent years, however, its application
and capabilities are still yet to be fully realized. Due to its ability to create homogenous,
ultrathin films, with excellent control of thickness, MLD provides an excellent avenue to
coat highly porous structures. In addition, excellent control of the stoichiometry of the thin-
films provides a possibility to further control various other physical aspects. However,
investigation of the application and capabilities of MLD thin-films have just begun leaving

much for exploration.

Therefore, the main objectives of this thesis revolved around (1) the application and (2) the
capabilities of the MLD technique. First, the ultrathin SEI that forms on the LIB’s graphite
anode heavily depends on the graphite’s surface chemistry and can be improved by metal
oxide coatings via ALD. This, however, fails to address a number of requirements for a
stable SEI, particularly good flexibility, making it difficult for the thin-film to expand and
contract with the graphite during charge and discharge. The added flexibility of the
organic-inorganic MLD thin-films would provide an excellent avenue to improve the

graphite coating.

Secondly, controlling the organic content of MLD thin-films is a well-documented method
to control the resulting conductivity of the thin-films after an annealing treatment in argon.
In addition, porous thin-films result when the MLD coatings are annealed in air, effectively
burning out the organic content of the films leaving behind a porous metal oxide film. By
annealing MLD thin-films in air which have a controlled organic content there arises a
possibility to control the surface area of the remaining metal oxide thin-film. Therefore,

the objectives of this thesis are as follows:

(1) Demonstrate that MLD is superior to ALD as a coating method to improve the

stability of graphite anodes in LIBs

This is achieved in two steps. The first is the confirmation that the MLD and ALD thin-
films followed step-wise growth on the graphite electrodes. By combining QCM and EDX

characterization techniques, it is possible to confirm conformal and continuous growth of
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the thin-films. Furthermore, it is important to confirm that the thin-film techniques do not
affect the morphology of the electrode, particularly the binding polymer, which has a
relatively low melting temperature. Therefore, a comparison of the morphology of the
electrodes before and after deposition was performed via SEM characterization.

Secondly, electrochemical investigation of the coated graphite electrodes was performed.
By utilizing a relatively high charge-discharge cycling rate, | hoped to examine the
characteristic capacity decay of the graphite and how the thin-film coatings influenced its
performance. Furthermore, | hoped to gain insight into the ionic resistances created by the
thin-films on the electrodes. This is accomplished by analysis of the lithiation and

delithiation voltage plateaus as well as EIS measurements.

(2) Develop a MLD derived porous thin-film with a controlled surface area by

controlling the thin-film’s inorganic-organic ratio

This is achieved in two main steps. The first is the development of an MLD sequence in
which the organic content could be controlled. By using both an organic and inorganic
exposure sequence the number of organic sequences could be increased to increase the
organic content of the thin-films. Step-wise growth could be confirmed by QCM, and
thickness measurements could be achieved via TEM. Furthermore, confirmation of the
increasing carbon content is necessary. This is accomplished by a combination of TGA and

FTIR methods, which allows direct analysis of the organic content of the coatings.

The second major step is the surface area analysis of the films after their annealing process
in air. Gas sorption is an excellent technique as it sheds insight to the surface morphology
of the thin-films. Additionally, confirmation of the removal of the organic content is
necessary to confirm little effect on the remaining metal oxide structure. From this, I hoped
to demonstrate the increasing organic content results in a higher surface area of the thin-

films.

1.4 Thesis Organization

This thesis contains five chapters organized in an integrated article format: an introduction,

a summary of the experimental methods, two articles, and a concluding chapter. It is
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organized in accordance to the Thesis Regulation Guide from the School of Graduate and

Postdoctoral Studies at Western University. The outline of each chapter is as follows:

Chapter 1 is an introduction to the fundamentals of LIBs including the workings of
graphite, the LIB’s commercial anode material with a detailed review of previous methods
to stabilize graphite’s performance. This is followed by a detailed introduction to ALD and
MLD, the uses of ALD and MLD for LIBs as well as the development of porous thin-films
derived from MLD thin-films are explored. Finally, ALD and MLD are compared to other
thin-film deposition techniques.

Chapter 2 provides a detailed description of the experimental methods for the ALD and
MLD processes to produce the thin-films and details the fabrication process to produce
LIBs. This is followed by a description of the physical, chemical and electrochemical
characterization methods used for testing of the thin-films and battery materials.

Chapter 3 reports on the development of graphite anodes with ALD and MLD thin-film
coatings. Specifically, Al.O3 and alucone thin-films are deposited via ALD and MLD
respectively with 10 and 20 deposition cycles. Several characterization methods are used
to confirm their deposition and that the ALD and MLD coating process does not affect the
morphology of the electrodes. The effect of the different coatings on the electrodes

electrochemical performance are examined in detail.

Chapter 4 investigates the use of hybrid organic-inorganic MLD thin-films to produce
high surface area thin-films. This is accomplished by utilizing 20 cycles composed of a
single inorganic deposition sub-cycle followed by 1, 3 and 5 organic sub-cycles.
Characterization reveals the increasing organic content of the thin-films and the films are
annealed under air to burn out the organic content. Further surface area measurements of

the annealed thin-films demonstrate an increasing surface area with organic content.

Chapter 5 discusses the objectives of the thesis and summarizes the results presented in
Chapters 3 and 4. The capabilities of MLD as a thin-film technique to improve LIB
electrode material as well as its ability to produce porous thin-films are discussed and

future work based on this thesis is suggested.
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2 Experimental and Characterization Methods

This chapter describes the methods for fabrication and characterization of the electrodes
and ALD/MLD thin-films described in this thesis. Due to the nanometer-scale thickness of
the thin-films, a number of different characterization techniques allow their
characterization. This includes methods such as scanning electron microscopy (SEM),
energy-dispersive X-ray (EDX) spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC), as well as quartz crystal microbalance (QCM) mass measurements. Furthermore,
for the electrochemical characterization of the electrode materials techniques including
galvanostatic charge-discharge cycling, cyclic voltammetry (CV) and electroimpedance
spectroscopy (EIS) can be used. This chapter provides a general overview of the fabrication
and characterization methods, however, specific details of the studies are found in the

methods section of their respective chapter.

2.1 Fabrication Methods
2.1.1 ALD and MLD Deposition

A Gemstar Arradiance 8 tool was used for the ALD and MLD thin film coatings. Substrates
were placed in the reaction chamber, which was pumped down to ~0.6 mTorr and heated
to the desired temperature. Precursor bottles and the manifold (the valves leading to the
reaction chamber) were heated to their respective temperatures. An argon gas flow was
passed through the manifolds and the chamber and the system was left to stabilize for 1
hour before deposition.

A typical precursor exposure involved the following steps: (1) pulsing of the precursor into
the system and closing the pump to “bathe” the substrate in the precursor, (2) opening the
pump and purging the system with argon gas to remove the remaining precursor and
reactants, (3) decreasing argon gas flow and allowing the system to stabilize. Once the
pressure in the chamber stabilized, repeating the process with the complementary precursor
completed a single deposition cycle. Discussion of the parameters for the ALD/MLD thin-

film deposition are in detail in their respective sections.
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Figure 2.1. Photo of the Gemstar Arradiance 8 atomic layer deposition tool.

2.1.2 Electrode Preparation

Electrode slurries were prepared with three main components: (1) the active material, (2)
a conducting agent and (3) a polymeric binder. Asbury Carbons HPM850 natural flake
graphite was used as the electroactive material with a mean particle size of 5 um and a
surface area of 18.0 m?/g. Cabot Black Pearls® 2000 (BP2000) conductive carbon black
was used as the conducting agent and Alpha Aesar polyvinylidene fluoride (PVdF) was
used as the binder. The graphite, carbon black, PVdF mixture ratio used was 8:1:1

respectively as seen in Figure 2.2a.

The mixture was dry ground for 5 minutes to disperse the particles followed by the addition
of 3 hours of wet grinding in n-methyl-2pyrrolidone (NMP), to create the slurry (Figure
2.2b). The NMP was added in a 25:1 w/w ratio to the carbon black. The slurry was tape
cast with two pieces of tape onto the copper foil collector (Figure 2.2c) and dried overnight

at 60 °C under vacuum.
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Figure 2.2. Photos of (a) the materials used for electrode fabrication, (b) wet

grinding of the slurry and (c) slurry tape cast onto copper foil.

2.2 Characterization Methods

2.2.1 Physical Characterization Methods

A number of techniques were used to characterize the coated battery materials and thin
film coatings. This included quartz crystal microbalance (QCM) mass measurements,
scanning electron microscopy (SEM), transmission electron microscopy (TEM),

thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy (FTIR).

To confirm ALD and MLD growth during the thin-film deposition process a Colnatec
quartz crystal microbalance (QCM) measured the mass gain per cycle in the deposition
chamber. This method relies on the use of a quartz crystal, which has excellent piezoelectric
properties. In this system, the quartz crystal resonates at its resonance frequency. Any mass
variation on the surface of the quartz crystal results in a change in its frequency. As the
frequency is highly sensitive to any mass change, this method is exceptionally accurate at
measuring mass changes. The dependence of the frequency on the mass change is in

accordance with the equation:
_2fgam

Af = -2 = —Cam 2.1)

Where Af is the resonant frequency change of the quartz crystal, f, is the fundamental
frequency of the bare quartz crystal, Am is the mass change, A is the surface area, u is the

shear modulus of the quartz crystal, and p is the density of the quartz. As f,, 4, i, and p
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are constants in the system they can be summarized as the constant C. Rearranging

Equation 2.1 to solve for the mass change results in the equation:

am=-L 2.2)

Hz cm?

Colnatec provided a value of C of 0.22605 for the system when Af is in units of Hz

ng
resulting in units of ng/cm? for Am. This system has a resolution of 0.001 Hz or 0.0044
ng/cm?, which is well below the mass of a monolayer. Figure 2.3 shows the Colnatec QCM
interface used with the Gemstar Arradiance 8 tool. The arms of the system allowed the
QCM to be directly above the sample in the center of the chamber to ensure the precursor
concentrations and temperature between the QCM and the sample were as close as

possible.

1. Sensor head 2. Crystal monitoring cables 3. Flange 4. Cooling Tubes 5. Thermocouple
Houses quartz Transmits monitoring data Air-tight barrier sealing Circulates forced Measures temp
crystal (QCM) between sensor and monitoring crystal holder inside airthrough crystal around crystal

electronics chamber holder head holder head

Figure 2.3. An image of the different components of a Colnatec QCM interface [1].

Scanning electron microscopy (SEM) is a powerful tool to characterize the surface
morphology of materials with a resolution far exceeding optical microscopy. Due to
particle-wave duality, this superior resolution is due to the wavelength of a particle being
inversely related to the mass of the particle. This association can be expressed by the

following equation:

A=2=" (2.3)
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where A is the de Broglie wavelength, h is Planck’s constant, c is the speed of light, and p
IS momentum. hc is a constant with the value 1239.85 eV - nm. For a photon with E =
leV,and knowing pc = E,pc = 1 eV, therefore, A = 1240 nm. In the case of an electron

with a higher mass the energy of the electron can be described by the equation:

E = \/p%c? + mic* (2.4)

where mg is the rest mass of the electron, a constant, and can be approximated to:

pc ~ /2 X KE X myc? (2.5)

where A is the de Broglie wavelength, h is Planck’s constant and p iS momentum.
Therefore, an electron with 1 eV of energy, and a rest mass energy of 0.511 MeV, would
have a de Broglie wavelength of 1.23 nm, approximately three orders of magnitude less
than a photon of the same wavelength. As the resolution of an image is directly related to
the wavelength of the particle, electron microscopy provides an enormous advantage over
optical microscopy. To take advantage of this phenomenon an SEM utilizes an electron
gun which emits a large flux of electrons. The emitted electrons are aligned, condensed
and redirected onto the sample as seen in Figure 2.4. By scanning the sample and measuring

the intensity of the secondary electrons off of the sample a detailed image can be created.
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Figure 2.4. (a) A typical configuration of an SEM [2] and (b) SEM Photo of the

Hitachi S-4800 scanning electron microscope.

A Hitachi S-4800 high resolution SEM was used to characterize the surface morphology
and perform elemental analysis of the materials (Figure 2.4b). An acceleration voltage of
5.0 kV with a working distance of 5 mm was used for collecting the SEM images. In
secondary mode, the SEM produced a resolution of ~2 nm. For elemental analysis, an x-
ray detector was used for energy-dispersive X-ray spectroscopy (EDX). In this
configuration, an acceleration voltage of 20.0 kV with a working distance of 15 mm was

employed.

Like SEM transmission electron microscopy (TEM) takes advantage of the high resolution
electrons can provide. However, a TEM relies on analyzing electrons which transmit
through the sample of interest. If the sample is on the nanometer scale such as a powder it
can be dispersed on a copper grid for imaging. Otherwise, a slice of the sample must be cut
via focused ion beam (FIB) milling. Similar to SEM a TEM utilizes an electron gun and a

series of focusing techniques to create an electron beam to image the sample. As seen in
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Figure 2.5a a TEM differs from SEM in the positioning of the detector. Unlike an SEM,
which detects the secondary electrons from the sample, a TEM images the primary

electrons, which transmit through the sample.
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Figure 2.5. (a) A typical schematic of the components of a TEM [3] and (b) photo of

the Hitachi H-7000 transmission electron microscope.

To obtain cross sections of the thin films a Hitachi H-7000 TEM was used (Figure 2.5b).
An acceleration voltage of 100 kV produced a resolution of ~0.4 nm. Deposition of the
MLD thin films onto nanoparticles allowed the imaging of the core particles and the thin

film coating for thickness and conformity measurements.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) are
simple, yet powerful tools to gain insight into the composition of a sample. These methods
involve the heating of a sample, either under a regular or inert atmosphere. TGA records
the mass of the sample during this process whereas DSC records the amount of energy
required to heat the sample by 1 °C. This allows the ability to determine the temperature
dependence on features such as phase changes and reactions. For mass analysis of MLD
thin films during annealing a SDT Q600 was used (Figure 2.6). Using this system allowed
the measurement of the mass and heat flux during the annealing process of the porous thin
films. Furthermore, the amount of time needed to complete the annealing process and a

stable composition could be determined with this method.
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Figure 2.6. Photo of the TA Instruments Q600-SDT thermogravimetric analysis
system.

Gas-sorption is a powerful technique to measure the surface area of materials by analyzing
the physical adsorption of gas molecules onto the material’s surface. In this technique, a
sample is placed in a vacuum chamber. A gas is slowly introduced in a controlled quantity
to allow the comparison of the measured pressure of the chamber and the expected
pressure. As some of the gas adsorbs on the surface of the sample the measured pressure is
lower than the expected pressure. In Langmuir theory, a single monolayer of gas adsorbs
on the surface, however, in reality many layers typically adsorb on the surface. First
published in 1938, the method to understand multilayer adsorption is popularly referred to
by the authors names as the Brunaur, Emmet and Teller (BET) method [4]. BET has three

main assumptions:

(1) infinite layers of the gas molecules adsorb onto a solid surface;
(2) no interaction occurs between the two adsorption layers; and

(3) each layer can be described by Langmuir theory.

From this the BET equation can be derived as:

p__ 1  cdp (2.6)

v(po—p) B UmC  VmCPo

where p is the equilibrium pressure, p, is the saturation pressure at the temperature of
adsorption, v is the adsorbed gas quantity, v,, is the monolayer adsorbed gas quantity. c is
the BET constant:
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C=e RT 2.7)

where E; is the heat of adsorption for the first layer and E; is the heat of liquefaction for

the second layer and up. Plotting ﬁ and pﬁ normally reveals a linear relationship. From
0o~ 0

this C;i can be calculated as the slope and v—lc can be calculated as the y-intercept to

Um m

calculate v, and c. Finally, the equation to calculate the surface area is:

UmNas
Va

(2.8)

Sger =

where N, is Avogadro’s number, s is the adsorption cross-section of the adsorbing species,

IV is the molar volume of the adsorbate gas and a is the mass of the sample.

For BET surface area analysis of the porous thin films a Micrometrics Tristar 1, surface
area and porosity measurement tool was used (Figure 2.7). Samples were first prepared by
removing any moisture or contamination on the surface. This was achieved by placing the
samples in an inert argon atmosphere and heating the sample to 90 °C for one hour followed
by three hours at 300 °C. The samples masses were measured and they were placed in the
porosity measurement chamber. The chamber was subjected to a vacuum and the
temperature was dropped to 77K, by surrounding the chamber with liquid nitrogen.
Nitrogen gas was allowed into the chamber at a controlled rate while the pressure was
closely monitored. Further details of the sample degas conditions can be found in their

respective chapters.
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Figure 2.7. Photo of the Micrometrics TriStar Il Surface Area and Porosity tool.

Fourier transform infrared spectroscopy (FTIR) is a chemical analysis technique which is
used to obtain the infrared spectrum of a sample. In this technique a light beam which
contains a large number of frequencies of light is shone onto the sample. The transmitted
light is then collected and analyzed. By utilizing a Fourier transform, the intensities of the
various wavelengths of the light can be deduced. The adsorption of these wavelengths
depend on the resonant frequencies of the chemical bonds in the sample. Many different
types of resonances can occur including antisymmetric stretching, scissoring, rocking,
wagging and twisting. These vibrations create a change in the dipole of the molecular
structure allowing them to be IR active. As many vibration modes have become well
documented the IR spectra can provide a detailed understanding of the chemical makeup

of a sample.

Infrared active organic materials were measured via a Thermo Scientific Nicolet 380 FT-
IR system (Figure 2.8). Thin films deposited on powders were mixed with infrared inactive
KBr. To minimize moisture, the powders and KBr were dried under vacuum at 60 °C for
24 hours before measurements. The powder was pressed into a pellet and transmission
FTIR measurements were taken. Furthermore, films were deposited on double polished n-

type (100) silicon for FTIR spectroscopy.
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Figure 2.8. Photo of the Thermo Scientific Nicolet 380 FT-IR system.

2.2.2 Electrochemical Characterization Methods

For electrochemical tests, CR-2032 coin cells were prepared in an argon-filled glove box.
To ensure no moisture content on the electrodes, the material was dried overnight in a
vacuum oven at 60°C. Circular discs were cut from the electrodes with a diameter of 9/16
inches (1.429 cm) and pressed for 3 minutes at 5600 Ib to increase the contact between the
active material and conducting agent. The electrodes’ masses were measured before
placing them under vacuum in the glove box transfer chamber to remove any remaining
moisture. After one hour in the transfer chamber, the electrodes were transferred into the

glove box to assemble the CR-2032 coin cells.

CR-2032 half cells were assembled with the graphite electrode, a lithium reference/counter
electrode, a polypropylene separator (Celgard 2400) and a carbonate electrolyte composed
of 1 M LiPFe in an ethylene carbonate, diethyl carbonate and ethylene carbonate solvent
(EC:DEC:EMC, 1:1:1 by volume). The cells were fabricated in the following order: the
anode cap, two springs, two 0.5 mm spacers, the lithium counter electrode, three drops of
electrolyte, the separator, two additional drops of electrolyte, the graphite electrode and a
cathode cap (Figure 2.9a). The cells were sealed by crimping them at 50 psi and were left

overnight to ensure the electrolyte wetted the separator and electrode.
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Figure 2.9. (a) Internal components of (b) a CR-2032 coin cell battery.

The CR-2032 half-cells were subjected to galvanostatic charge-discharge, CV and EIS for
electrochemical testing. Galvanostatic charge-discharge utilizes a constant current and
measures the resulting capacity and voltage of the battery. Once a cut-off voltage is
reached, the cells are left to rest for 5 minutes after-which the current is reversed. An Arbin
Instruments BT2000 battery testing system was used for galvanostatic testing as seen in
Figure 2.10.

Figure 2.10. Photo of the Arbin Instruments BT-2000 battery testing system.
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The current highly affects the resulting capacity of the battery and the amount of time for
the batteries to charge/discharge. The current is typically referred to in units of Cs which
is the inverse of the amount of time it would take to charge the battery in hours. A C-rate
of 1 would be the equivalent of a 1 hour charge and 1 hour discharge whereas a C-rate of
0.1 would be the equivalent of a 10 hour charge and 10 hour discharge. To calculate the C-
rate for the graphite electrode material the theoretical specific capacity (q) is first

determined via the following equation:

q=-= (2.9)

MW

Where x is the number of electrons used in the chemical reaction, F is Faraday’s constant,
and MW is the molecular weight of the active material required for the reduction to
proceed. Equation 1.2 shows that six carbon allows the consumption of one electron,
therefore, the theoretical capacity of graphite can thus be determined as:

1x26 8014AR mAR
_ mol
Q=g = 372" (2.10)

Therefore, a current of 372 mA/g will theoretically charge a graphite electrode in one hour.
Specific charge/discharge rates are specified in in their respective sections.

CV and EIS measurements were taken using a Bio-Logic Multi Potentiostat VMP3. CV
performs a voltage sweep across the cells and measures the resulting current. Once a
voltage cut-off is reached, the voltage sweep is reversed to replicate the charge-discharge
cycles of the cell. Voltages at which SEI formation occurs as well as at which lithium
intercalation/deintercalation occurs are of particular interest in this thesis as well as the

current densities in these regions.

EIS measurements are performed by subjecting the graphite half-cell to a low-current, low-
voltage alternating current (AC). As the different components of the battery have a small
capacitive nature a phase shift can be found in the output sinusoidal wave. Measuring this

phase shift at different frequencies allows the decoupling of the various impedances and
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quantitative analysis of the separate components of the cell. This thesis focuses on the

impedance created due to SEI formation on the graphite surface.

Figure 2.11. Photo of the Bio-Logic Multi Potentiostat VMP3.
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3 Atomic and Molecular Layer Deposition Coated Graphite
Anodes for Li-ion Batteries

Graphite has been the leading anode material for lithium-ion batteries since its first
commercialization in the early 1990s. Its electrochemical reversibility is enabled by the in-
situ formation of an ultrathin solid film during the discharge process on the battery’s first
cycle, which is called the solid electrolyte interface (SEI), as a result of the decomposition
of the electrolyte. The SEI must fulfil a number of requirements to maintain graphite’s
stability during cycling, however, its composition is difficult to control due to the highly
reducing nature of the graphite’s surface. To gain a more precise control of the SEI film,
we investigated the deposition ultrathin film coatings via atomic and molecular layer
deposition (ALD and MLD) onto the graphite electrode. Using a MLD hybrid organic-
inorganic alucone thin film, we demonstrated an improved energy efficiency by reducing
the lithium loss due to decomposition of the electrolyte and formation of the SEI, as well

as an increased electrode stability over 150 charge-discharge cycles.

3.1 Introduction

An energy storage system, which aims to replace gasoline and diesel engines in
transportation vehicles, is gaining demand to decrease greenhouse gas emissions from the
transportation sector. Lithium-ion batteries (LIBs) have become the leading rechargeable
battery technology in recent years for consumer electronics and have potential to be mass
produced for electric vehicles. This is due to their high energy density, high power density,
long life-time, low self-discharge and environmental friendliness in comparison to other
battery technologies [1], [2]. Despite these advantages, LIBs must overcome a number of
issues to compete with gas/diesel engines including their energy density, safety, service

life-time, uniformity and cost [1].

Since Sony’s introduction of the LIB in 1991 [3], a number of different materials have been
used as the cathode material. This includes lithium nickel manganese cobalt oxide (NMC),
nickel cobalt aluminum oxide (NCA) and iron phosphate (LFP) [4], meanwhile, graphite
and its derivatives have been long used as the commercial anode material throughout the

battery’s development. This is due to graphite’s ability to allow lithium insertion and
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removal in and out of its layered structure, without obvious structural changes and with
little strain. This allows graphite to lithiate and delithiate consistently, quickly and safely
[5]. Furthermore, graphite has a specific capacity of 372 mAh/g, much higher than the
capacity of commercial cathode materials, which typically exhibit capacities lower than
200 mAh/g.

Early reports showed that graphite exhibited a poor cycling performance due to the
electrolyte solvent, propylene carbonate’s (PC), continuous decomposition on its surface
[6]. It became apparent that stopping the decomposition of the electrolyte would enable the
practical use of graphite in LIBs. This led to the discovery that ethylene carbonate (EC),
which only differs from PC by one methyl group, decomposes on the graphite surface, but
forms a protective thin film stopping further electrolyte decomposition [7]. This protective
thin film, commonly referred to as the solid electrolyte interface (SEI) has become a
fundamental aspect in improving graphite’s electrochemical performance. By controlling
the composition and thickness of the SEI researchers have tried to maximize its ionic
conductivity, electronic resistivity, stability, and adhesion to the surface via a number of
methods. This has included controlling the composition of the electrolyte [8], additives in

the electrolyte [9], as well as pre-treatment of the graphite [10].

Nevertheless, up to now, few works have focused on thin-film surface coatings on the
electrode rather than the active material particles to control SEI formation. This is due to
two main factors: (1) the electrode contains a polymeric binder which would be destroyed
by high temperature methods such as chemical vapour deposition (CVD) and (2) the
electrode is highly porous, therefore, line of site methods are not possible as the coating
must be conformal, which is challenging for conventional PVD methods. Atomic layer
deposition (ALD) provides a way to deposit highly conformal thin-films at low
temperatures. Previous studies report that ALD of Al>Os [11]-[13] and TiO- [13], [14] on
graphite can improve its cycling capabilities. Moreover, previous work on utilizing
additives in the electrolyte has shown that an organic SEI allows a more flexible and robust
SEl increasing the stability of the graphite’s surface [9]. Molecular layer deposition (MLD)

is a thin-film deposition method similar to ALD, however, it has the capability to create
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hybrid organic-inorganic thin film coating. Therefore, it can be expected that MLD can

build a more favorable organic-inorganic SEI for graphite than ALD.

In this study, we prepared ALD and MLD coated graphite electrodes and compared their
electrochemical performances. ALD Al2Os films were deposited via alternating exposure
of trimethyl aluminum (TMA) and H20 and MLD “alucone” thin films were deposited via
alternating exposure of trimethylaluminum and ethylene glycol. A quartz crystal
microbalance (QCM) was used to measure the growth of the thin films and energy-
dispersive X-ray spectroscopy (EDX) mapping was used to confirm their conformal nature.
Scanning electron microscopy (SEM) determined the coating process had little effect on
the micro-scale morphology of the electrodes showing the advantage of the low-
temperature ALD and MLD techniques. Analysis of the voltage curves and electrochemical
impedance spectroscopy (EIS) measurements of the half-cells helped shed insight to the
formation of the SEI. We demonstrate that the deposition of a hybrid organic-inorganic
thin-film by MLD results in a superior cycling performance over both the bare and ALD
Al>O3 coated graphite electrodes. Furthermore, the thin film coatings decreased the degree
of side reactions during the cells initial charge-discharge cycles. Methods

3.1.1 Deposition of MLD and ALD Thin-Film Coatings

Deposition of the alucone and aluminum oxide thin films was performed using a Gemstar
Arradiance 8 ALD tool. Trimethyl aluminum (TMA, Al(CHa)s, Strem, 98%) was used as
the aluminum precursor in both films and ethylene glycol (EG, HO(CH:).OH, Sigma-
Aldrich, 99.8%) and deionized water were used as the oxidants for the MLD and ALD
films respectively. 10 and 20 cycles of each coating was performed with the parameters as
seen in Table 3.1. A base argon flow rate of 20 sccm was used with a purge rate of 100

sccm.
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Parameter TMA and Ethylene Glycol TMA and H20
Chamber Temperature 80 °C 80 °C
Manifold Temperature 115°C 115°C

Reductant Temperature

Room Temperature

Room Temperature

Oxidant Temperature

115°C

Room Temperature

Reductant Pulse Time

50 milliseconds

50 milliseconds

Time

Reductant Hold Time 3 seconds 3 seconds
Reductant Purge Time 10 seconds 10 seconds
Reductant Stabilization 15 seconds 15 seconds

Oxidant Pulse Time

50 milliseconds

150 milliseconds

Time

Oxidant Hold Time 3 seconds 3 seconds
Oxidant Purge Time 10 seconds 10 seconds
Oxidant Stabilization 10 seconds 20 econds

3.1.2 Electrode and Coin Cell Preparation

The electrode slurry was prepared by mixing graphite (5 pm, Asbury Carbons HPM850),

carbon black (BP2000), and a polyvinylidene fluoride binder (Alpha Aesar) was used as

the binder in a ratio of 8:1:1 by weight and dry ground for 5 minutes. N-methyl-

2pyrrolidone (NMP) was added to the powder mixture in an approximate ratio of 25:1 of

NMP:carbon black and wet ground for 3 hours to ensure no agglomeration of the particles

and ensure the particles were well dispersed. The slurry was tape cast onto copper foil with

two pieces of scotch tape and dried overnight under vacuum at 60 °C. ALD and MLD thin
films were deposited with 0, 10 and 20 cycles, herein labelled as bare, 10 ALD, 20 ALD,
10 MLD and 20 MLD. The electrodes were cut into 9/16” discs and pressed under 5600 Ib

to ensure particle contact before being transferred into the argon filled glove box. CR-2032
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coin cells with lithium metal foil as the counter electrode were fabricated with a
polypropylene separator and a electrolyte composed of 1M LiPFe dispersed in
EC:DEC:EMC (1:1:1 by volume). The coin cells were stored overnight at room
temperature to ensure wetting before testing.

3.1.3 Physical and Electrochemical Characterization

A QCM monitor (Colnatec Eon-LT) was used to measure the mass gain of the ALD and
MLD thin films during deposition. Material characterization and elemental analysis was
carried out with a field emission SEM (Hitachi S-4800) equipped with an EDX tool.
Galvanostatic charge-discharge cycling was performed with an Arbin Instruments BT-
2000 battery test station. The batteries were cycled between 0.01 — 2.1 V. Further
electrochemical testing was performed with a Bio-Logic Multi Potentiostat VMP3. Again,
a voltage range of 0.01 — 2.1 V was used for cyclic voltammetry testing. Electro impedance
spectroscopy was performed on the cells, before cycling, by applying a 1 mV AC signal
from 10 mHz — 200kHz.

3.2 Results

3.2.1 Physical Characterization

Graphite electrodes were prepared for incorporation into CR-2032 coin cells as described
previously [15]. Wet grinding of the electrode slurry ensures a good mixture of the
graphite, carbon black and PVVdF binder. Figure 3.1a shows an SEM image of the graphite-
carbon black-PVdF composite with a good dispersion of the larger graphite particles (~5
um) and smaller carbon black particles (50 nm). The porous structure is also demonstrated
which enables lithium-ion diffusion throughout the electrode material. Investigating the
electrode under higher magnification yielded the carbon black particles dispersed on the
graphite’s surface as seen in Figure 3.1b. The polymeric PVdF binder was confirmed
through EDAX imaging of fluorine as seen in Figure S3.1, demonstrating its uniform

mixture with the electrode.
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Figure 3.1. SEM images of the graphite anode with (a,b) no coating, (c) 10 ALD
cycles, (d) 20 ALD cycles, (e) 10 MLD cycles, (f) 20 MLD cycles. The scale bars

represent 500 nm.

Further SEM imaging was conducted upon the samples coated with 10 ALD, 20 ALD, 10
MLD and 20 MLD layers as seen in Figure 3.1(c-f). The 80 °C deposition temperature was
well below the melting point of PVdF (177 °C), therefore, little morphology change was
expected in the samples as demonstrated in the SEM images. Although the thickness of the
thin-film coatings were below the resolution of the SEM and could not be easily imaged,
the surface of the graphite with 20 ALD and 20 MLD (Figure 3.1(d,f)) cycles could be seen
to be brighter in contrast than the bare graphite as a result of the reduced electronic
conductivity of the coating film. The surface features of the coated graphite samples appear
to be conformal indicated good conformity of the ALD and MLD coatings. Furthermore,
charging of the surface of the sample coated with 20 ALD cycles (Figure 3.1d) indicates

the formation of the insulating Al2Os films.

To confirm successful deposition of the ALD and MLD coatings QCM measurements
analyzed the mass gain during the depositions. Figure 3.2a shows the resulting mass
measurements of a typical TMA-H20 cycle and a typical TMA-EG cycle. In both curves,
the first sharp increase can be attributed to the TMA pulse and are nearly identical. The

small decrease in mass after these pulses is due to the slow desorption of the physisorbed
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reactant and by-product molecules on the surface. The second sharp increase in mass can
be attributed to the H.0O and EG pulses, which differ greatly. H.O can be seen to have a
sharp increase as the methyl groups of the TMA are replaced with hydroxyl groups
followed by a stable mass indicating little physisorption of the reactants and by-products.
The EG pulse can be seen to have a much larger mass increase due to the larger ethylene
glycol molecules reacting with the surface. Furthermore, the large decrease in mass after
the EG pulse indicates physisorption of the reactants which can be expected due to
increased van der Waals forces from the larger molecules. Mass gains of 38.6 and 34.9
ng/cm? per cycle were found for the TMA-EG and TMA-H.0 cycles respectively.
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0 O Aluminum

Figure 3.2. (a) QCM measurements of a typical TMA-H20 and TMA-EG cycle. (b)
Aluminum weight percentages from EDX elemental analysis of graphite electrodes
with ALD and MLD thin films. (c) The region of interest for EDX measurements on
a sample coated with 20 cycles of ALD and (d) EDAX mapping of aluminum on the

sample. The scale bar represents 6 um.

The ALD and MLD processes allow high conformity and controlled thickness of the thin
film coatings. To confirm the aluminum based films’ growth on the graphite electrodes
EDX elemental analysis was performed. Figure 3.2b shows the resulting mass percentage
of aluminum from the analysis of the various electrodes. The MLD films exhibited a higher
aluminum mass increase per cycle which differs from the measurements from the QCM
surface. This can be attributed to: 1) diffusion of TMA into the MLD film [16], and 2) the
high porosity of the electrode material making it more difficult to remove physisorbed EG

molecules. These phenomena could be mitigated by increasing the deposition temperature,
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however, this was limited to avoid oxidizing the copper surface and melting the PVdF
binder. The purge time could also be increased, however, this was limited due to time
parameters of the ALD system. The MLD growth was deemed sufficient for the purposes
of this investigation. To confirm the conformity of the ALD and MLD films EDX mapping
was performed. Figure 3.2c shows the region of interest of the graphite electrode coated
with 20 ALD cycles. As seen in Figure 3.2d aluminum is dispersed across the particles
indicating the conformal nature of the thin film. Figure S3.1 shows the EDX mapping of
the other electrodes indicating conformal deposition of the ALD and MLD thin films on

the electrodes.

3.2.2 Electrochemical Characterization

Galvanostatic charge-discharge cycling was performed on the graphite CR-2032 coin cells.
Rates of 0.1C (10 hour charge and 10 hour discharge) and 0.5C were compared to see the
rate performance of the graphite under low and high rates. As seen in Figure S3.2a the
cycling capacity of the graphite decreased under a higher rate, however, stable charge-
discharge capacities were exhibited in both cases. The capacity loss due to the higher rate
is a result of ionic diffusion limitations wherein the graphite cannot be fully lithiated.
Furthermore, the higher rate decreases the reduction voltage and increases the oxidation
voltage as seen in Figure S3.2c,d. The decrease in specific capacity and operating voltage
both decrease the resulting energy density of the battery. CV was performed as seen in
Figure S3.2b which had current peaks coinciding with the voltage plateaus of the voltage
curves. Most noticeably was the large current peak and voltage plateau at ~0.7V, which

coordinates with the formation of the inorganic portion of the graphite’s SEIL

Cycling of the coated graphite electrodes was performed at 0.5C to investigate if the thin-
film coatings could address the lower capacity and voltage exhibited from the graphite
electrode at the higher rate. The discharge capacity curves can be seen in Figure 3.3a,b
which show a stable charge-discharge capacity from both the ALD and MLD coated
electrodes. Despite all the electrodes showing a stable performance after 150 cycles the 10
ALD and 20 ALD electrodes exhibited a decreased capacity (261 and 252 mAh/g
respectively) when compared to the graphite reference (280 mAh/g). The 10 MLD
electrode, however, demonstrated a comparable capacity (276 mAh/g) and the 20 MLD
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electrode exhibited a slightly higher capacity (289 mAh/g) after 150 cycles. The decrease
in capacity from the ALD coated electrodes may be due to the density of Al,O3 impeding
lithium ion diffusion. This may create “dead” zones in the graphite where lithiation does
not occur. The MLD alucone coating, however, has a lower density than the ALD Al>O3
coating [17] which may allow for more efficient lithium-ion diffusion. Interestingly, the
10 ALD and 20 MLD samples seem to have an initial decrease in capacity before regulating
after ~10 cycles. This does not appear to be in correlation with the coating thickness,
therefore, the initial charge-discharge voltage curves were investigated as seen in Figure
3.3c,d. The discharge curve which begins at 2.1 V and decreases to 0V can be seen to have
a lithiation plateau at ~0.1 V for the bare electrode, however, it is near 0 V for the ALD
and MLD electrodes indicating added resistance from the coatings. Due to this, the cut-off
voltage of the battery (0.01V) was reached before the graphite was fully lithiated. The
voltage curves of the 100" cycle (Figure 3.3e,f) reveals that the discharge plateaus of the
coated electrodes are nearly identical in voltage to those of the bare electrodes. This
phenomenon can be also seen in the charge curves of the coated electrodes, which start at
0 V and carry upwards to 2.1 V (Figure 3.3). The increased delithiation plateau voltage in
these curves indicated added resistance from the thin film coatings. After the initial cycles,
however, the delithiation plateau can be seen to be nearly identical to the bare electrode
(Figure 3.3¢,f). Interestingly, the coated electrodes appear to have a slow increase in

capacity with cycling compared to the bare electrode’s slowly diminishing capacity.
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Figure 3.3. Charge-discharge cycling of graphite electrodes coated with (a) 0, 10 and
20 TMA-H20 ALD cycles and (b) 0, 10 and 20 TMA-EG MLD cycles. Voltage
profiles of (c,d) the first cycle of the respective electrodes, and (e,f) the voltage

profiles of the electrodes after 100 charge discharge cycles. A rate of 0.5C was used.
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The increased cycling performance of the ALD and MLD electrodes can be attributed to
their effect on the SEI of the graphite. As seen in Figure 3.3c,d the plateau at ~0.7 V of the
lithiation curve was decreased in the case of the coated materials. This plateau is associated
with the formation of the inorganic portion of the electrolyte which has been shown to be
the unstable portion of the SEI [9]. An additional SEI formation plateau occurs at ~0.1V,
however, this is difficult to decouple from the lithiation plateau of the graphite. Therefore,
the irreversible capacity loss, the difference in lithiation capacity and delithiation capacity,
was calculated to determine how much of the capacity was lost to side reactions. Figure
3.4a,b show the irreversible capacity loss of the electrodes for the first 20 cycles. The first
cycle of the bare electrode exhibited an irreversible capacity loss of 255 mAh/g. The 10
ALD and 20 ALD electrodes exhibited an irreversible capacity loss of 178 and 166 mAh/g
respectively and the 10 and 20 MLD electrodes exhibited a loss of 188 and 187 mAh/g
respectively. The capacity lost to SEI formation decreased due to the coatings.
Furthermore, the 20 ALD electrode appeared to have an further impact on the irreversible
capacity loss over the 10 ALD electrode, whereas the 10 MLD and 20 MLD electrodes
exhibited nearly identical values. This may be due to the electrolyte still penetrating the

MLD alucone film regardless of the thickness.

EIS further investigated the thin films’ impact on the ionic resistance of the graphite. Figure
3.4c,d shows the resulting Nyquist plots from the EIS measurements of the electrodes. The
width of the first semicircle has been shown to coordinate with the charge-transfer
resistance of the graphite electrode. Figure S3.3 shows an equivalent circuit to describe the
battery and allow calculation of the charge transfer resistance. The charge transfer
resistance was found to be 95 Q for the bare electrode, 126 and 132 Q for the 10 and 20
ALD electrodes respectively and 120 and 119 Q for the 10 and 20 MLD electrodes
respectively. Figure S3.3b shows a plot of the calculated resistances. The increase in the
charge transfer resistance can be attributed to the added coatings on the electrodes and

correlates with the decreased SEI formation.
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Figure 3.4. Irreversible capacity loss of graphite electrodes coated with (a) 0, 10 and
20 TMA-H20 ALD cycles and (b) 0, 10 and 20 TMA-EG MLD cycles. EIS
measurements of graphite half cells coated with (c) 0, 10 and 20 TMA-H20 ALD
cycles and (d) 0, 10 and 20 TMA-EG MLD cycles.

3.3 Discussion

The superior cycling performance of the MLD alucone coated graphite electrodes can be

attributed to the resulting SEI having favourable properties. First, the MLD process creates

a conformal film with a uniform morphology and chemical composition. This allows a

uniform current distribution and good adhesion to the surface of the graphite. Second, the

organic component of the alucone thin film creates a well cross-linked, flexible thin film

which allows the coating to stretch and contract with the graphite during lithiation and

delithiation. Third, the inorganic components of the alucone film decrease the electron
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conductivity of the film reducing the reduction of the electrolyte on the surface of the
graphite. Finally, the low density of the film allows lithium-ions to easily diffuse through

it to the graphite.

An schematic representation of the SEI formation from the various techniques has been
presented in Figure 3.5. Previous studies of the SEI formation of bare graphite electrodes
have revealed a hybrid organic-inorganic film, with the surface of the graphite primarily
composed of the inorganic components and the outer layer being composed primarily of
the organic components [18]. The thin SEI film has good conformity, however, poor SEI

performance has been shown to be due to the inner inorganic layer [9].

A similar SEI has been shown via ALD, however, the inorganic Al,Oz produces a much
thicker inorganic layer decreasing the lithium-ion diffusion of the resulting SEI. This
causes dead zones in the graphite decreasing its conductivity. Thicker Al>O3 coatings

further decreases the capacity of the electrode.

Coating the graphite with a hybrid organic-inorganic alucone thin film produces a superior
SEL. This thin film is homogenous in both organic and inorganic components which allows
easy diffusion of the lithium-ions while electronically insulating the electrolyte from the
graphite. Any electrolyte components which diffuse into the film and are reduced on the
graphite’s surface are trapped by the interconnected network improving the performance
of the SEI. In addition, the organic-inorganic network allows a flexible and robust film

which does not deteriorate with graphite’s expansion and contraction during cycling.
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Figure 3.5. A schematic illustration of the SEI formation after cycling a bare
graphite electrode, a graphite electrode coated with Al2Os via ALD and a graphite

electrode coated with alucone via MLD.

3.4 Conclusions

In conclusion, graphite electrodes were coated with 10 and 20 cycles via both ALD and
MLD. The ALD process produced Al>Os3 thin films by alternating TMA and H20 pulses
and the MLD process produced alucone thin films by alternating TMA and EG pulses. The
MLD and ALD techniques resulted in highly conformal, homogenous thin films with a
controllable thickness. The deposition processes were confirmed to be in a step-wise
fashion via QCM measurements during the deposition and the conformity of the coatings
on the electrodes was confirmed via EDX elemental mapping. Galvanostatic charge-
discharge cycling revealed the graphite’s slowly diminishing capacity with cycling was
eliminated with the ALD and MLD coatings. However, the capacity of the ALD coated
electrodes was lower than its bare and MLD coated counterparts. The electrodes coated
with 20 MLD cycles exhibited initial capacities comparable to the bare electrodes and a
superior capacity after cycling. This was attributed to the heavily cross-linked structure of
the MLD thin films helping maintain a stable SEI. The coatings were shown to reduce
reduction of the electrolyte by analysis of the irreversible capacity loss. Furthermore, EIS

measurements revealed the MLD coatings had less impact on the charge transfer resistance
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than the ALD coatings indicating a higher lithium-ion diffusivity through coatings. Overall,

MLD has been shown to be a viable method to create hybrid organic-inorganic thin films

to produce a superior SEI for graphite electrodes.
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Supporting Information

Region Fluorine Aluminum

None Detected

10 MLD 20ALD 10 ALD

20 MLD

Figure S3.1. EDX mapping of the electrodes coated with ALD and MLD thin films.
The left images show the SEM image of where the mapping was performed. The
center images show mapping of fluorine indicating conformal PVdF mixing on all
the samples. The right images show the mapping of the aluminum indicating good

conformity of the ALD and MLD thin films. Scale bars are 6 pm.
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Figure S3.2. (a) Cycling performance of a bare graphite electrode with a 10 hour
charge and 10 hour discharge (C/10) and 2 hour charge and 2 hour discharge (C/2).
(b) Cyclic voltammetry curves of the reference graphite electrode. VVoltage curves of

the graphite electrode at different C/2 and C/10 during (a) the first and (b) 10t

charge-discharge cycles.
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4 A Controlled Surface Area Thin-Film via Molecular Layer
Deposition

Microporous thin films have the potential to be in LIBs as they can provide unique material
surface properties. Utilizing a thin-film coating can alter specific chemical/physical
properties of a bulk material. For consistent properties, this thin film should be highly
conformal, with a controlled porosity and thickness to have precise control of the bulk
material’s overall surface properties. Hybrid organic-inorganic molecular layer deposited
thin films are excellent candidates to create highly conformal thin films with a controlled
thickness, however, up until now no work has reported a method to control the thin film’s
microporosity. To gain control of the porosity of the ultrathin films we investigated the
effect of the number of organic subcycles during the molecular layer deposition process.
We demonstrated the number of organic subcycles have a direct impact on the surface area
of the thin films increasing the surface area from 134 m?/g with a single organic subcycle

to 235 m?/g with 5 organic subcycles.

4.1 Introduction

Microporous thin films have recently been shown to have potential applications for
selectivity [1], anti-corrosion [2], anti-reflection [3] and drug-delivery [4]. Coating a
material with a microporous thin film allows the enhancement of specific chemical and/or
physical properties for these applications, therefore, this thin-film may prove to be useful
for LIBs. Molecular layer deposition (MLD) thin-films has been demonstrated to produce
microporous thin films with tunable thickness and high conformity after annealing [5], [6],
however, up until now no work has reported a method to control the structure of the pores.
MLD involves exposure of a substrate to two complementary precursors. Alternating the
exposure of these precursors to the substrate allows layer-by-layer growth. It is important
that these two precursors are not self-reactive to avoid a continuous CVD reaction on the
surface and that they react with the complementary precursor on the surface of the

substrate.

Inorganic films have traditionally been created via atomic layer deposition (ALD),

however, recently the inclusion of organic precursor molecules has allowed the fabrication
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of organic and hybrid organic-inorganic thin films. Liang et al deposited a hybrid organic-
inorganic MLD film, alucone, by the introduction of an aluminum precursor, trimethyl-
aluminum (TMA), and an organic linker, ethylene glycol (EG) [7]. By performing a post-
water or annealing treatment, the organic component of the alucone could be removed from
the film leaving a microporous aluminum oxide thin film. The microporous thin films
exhibited a pore-size of 0.6 nm with little variance. Qin et al further investigated the effect
of post annealing alucone films deposited onto copper and found the copper diffused to the
outer surface of the microporous structure [8].

The control of the pore-size has been intensively investigated in bulk microporous
materials as it affects the chemical and physical properties such as the catalytic
performance, selectivity as a molecular sieve, gas diffusion rate and drug release rate [9]—
[12]. Angstrom level control of the pore-size is needed to optimize the performance of
these materials and has been done by controlling their composition [10], synthesis
parameters [13] and post treatment [9]. In particular, a method to create microporous oxide
structures via the sol-gel method is the removal of an organic template [14]. By controlling
the length of the polymer chains between the inorganic portions the resulting pore size after
an annealing process can be controlled. We have recently demonstrated the ability to
control the chain length between inorganic sections of hybrid organic-inorganic MLD films
[15]. This is achieved by introducing three precursors in an AB-CB pattern. In this case,
precursor A is an inorganic compound and precursors B and C are organic components.
By repeating the CB “subcycle”, the chain length of the polymer between the inorganic

components can be controlled.

Herein we introduce a method to control the surface area of annealed MLD thin films by
controlling the number of organic subcycles. This method uses three precursors in an AB-
CB pattern in which the first AB subcycle contains an inorganic Al>Os portion and the
second CB subcycle produces a purely organic linker. The number of both subcycles can
be controlled independently. The inorganic AB subcycle is composed of
trimethylaluminum (TMA) and ethylene glycol (EG) pulses, followed by the organic
subcycle composed of terephthaloyl chloride (TC) and EG pulses, herein named as TMA-
EG-(TC-EG). 20 super cycles of TMA-EG-(TC-EG)x with x = 1,3,5 produced films of
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increasing organic content. This was followed by an annealing process in air at 400°C for
one hour to remove the organic component of the thin films. To investigate the properties
of the film in-situ thermogravimetric analysis analyzed the mass loss during the annealing
process of the film. Ex-situ transmission electron microscopy (TEM), energy dispersive X-
ray spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR), and Brunauer-
Emmett-Tller (BET) surface area measurements allowed further characterization of the

thin-films.

4.2 Methods
4.2.1 Thin-film Preparation

Silicon dioxide nanoparticles (Sigma Aldrich, 20-30 nm, 99.5%) were used as the
deposition substrate due to their high stability, and high surface area. The nanoparticles
were prepared for deposition by sonicating in an ethanol solution for 30 minutes (1:10 v/v)
before dispersing on aluminum foil. The dispersion was allowed to dry overnight leaving

a thin coating of nanoparticles across the aluminum’s surface.

Deposition of the MLD thin films was performed using a Gemstar Arradiance 8 ALD tool.
The hybrid organic-inorganic thin films with a controlled organic content was achieved by
cycling inorganic and organic subcycles in an AB-CB fashion. The AB subcycle consisted
of pulses of trimethyl aluminum (TMA, Al(CHs3)s, Strem, 98%) and ethylene glycol (EG,
HO(CH)20OH, Sigma-Aldrich, 99.8%). This was followed by the purely organic subcycle,
which consisted of alternating pulses of terepthaloyl chloride (TC, CsH4Cl202, Sigma-
Aldrich, 99%) and EG. Figure 4.1 shows a schematic depicting the deposition process to
produce the inorganic-organic thin films. TMA-EG to TC-EG subcycles were controlled

in ratios of 1:1, 1:3 and 1:5 for investigation of the varying organic content.
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Figure 4.1. Schematic showing the process to produce hybrid inorganic-organic
MLD thin-films using trimethyl aluminum (TMA), ethylene glycol (EG) and
terephthaloyl chloride (TC).

20 supercycles of each ratio was performed at a temperature of 130 °C with a manifold
temperature of 120 °C. Precursors were pulsed into the system for a set time after which
the vacuum was closed holding the precursor in the system to create a precursor “bath”. To
remove any precursor or by-products the vacuum was opened and the gas flow rate was
increased to a rate of 100 sccm purging the system. The chamber was then set back to initial
conditions with a flow rate of 10 sccm, and left to stabilize. Details of the precursor
deposition parameters are in Table 4.1. It should be noted that the pulse time of the TC was

due to its low volatility resulting in a lower vapour pressure.
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Table 4.1. MLD Deposition Parameters.

TMA EG TC

Temperature (°C) Room Temperature 90 110

Pulse Time (milliseconds) 50 50 500
Hold Time (seconds) 3 3 3
Purge Time (seconds) 10 10 10
Stabilization Time (seconds) 10 10 10

The coated nanoparticles were heated with a ramp rate of 10 °C per minute to 400 °C under
atmosphere. The chamber was held at 400 °C for one hour before cooling to room

temperature.

4.2.2 Characterization

A QCM monitor (Colnatec Eon-LT) was used to measure the mass gain of the MLD thin-
films during deposition. Physical characterization of the coatings was carried out with a
field emission SEM (Hitachi S-4800) and cross-section imaging was performed with a
TEM (Hitachi 7000). In-situ measurements of the coating’s mass during the annealing
treatment were carried out with a TA Instruments Q600-SDT TGA system. A Thermo
Scientific Nicolet 380 FTIR system was used for ex-situ characterization of the infrared
active components of the thin-films before and after the annealing treatment. A
Micrometrics TriStar-11 tool was used to obtain gas-sorption isotherms of the samples and
to calculate the BET surface area of the thin films after the annealing process. For gas-
sorption preparation samples were heated 90 °C for one hour followed by 3 hours at 300

°C to ensure no surface species on their surfaces.

4.3 Results

SiO2 nanoparticles were cast onto aluminum foil for preparation for deposition of the MLD
thin films. For confirmation of MLD growth during the deposition process QCM
measurements analyzed the mass gain. Figure 4.2a shows the resulting mass measurements
of a typical TMA-EG-(TC-EG)x, x = 1,3,5 cycle. The first mass gain is due to the TMA
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pulse. This pulse can be seen to have a slight decrease in mass during the purging time,
however, it is relatively stable. Furthermore, a larger mass increase is found with the TMA
pulse of the TMA-EG-(TC-EG)s recipe. This may be due to the additional TC-EG
subcycles creating additional reactive sites for the TMA as well as diffusion of the TMA
into the additional TC-EG layers [16]. Following the initial TMA-EG cycle a larger mass
gain can be seen with each pulse in the films with higher TC-EG subcycles, again, likely
due to the additional reaction sites and additional absorption. The TC and EG pulses can
be seen to have a large mass decrease during the purge time. This is due to the larger TC
and EG organic molecules physisorbing on the surface of the surface before being pulled
off by the following vacuum. Furthermore, a lower mass gain can be seen after the first
TC-EG subcycle. Due to the steric hindrance of the larger TC molecules, as well as double
reactions of the TC and EG molecules to TMA a lower deposition rate can be expected.
The following TC-EG subcycles can be seen to be linear in growth after the initial post-
ALD-EG subcycle. An overall mass gain of 54.8, 84.9 and 121.8 ng/cm? per cycle was
found for the TMA-EG-(TC-EG)1, TMA-EG-(TC-EG)3 and TMA-EG-(TC-EG)s films
respectively.
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Figure 4.2. (a) QCM measurements of a typical MLD deposition cycle of TMA-EG-
(TC-EG)x, x =1, 3, 5. (b) SEM image of SiO2 nanoparticles coated with TMA-EG-
(TC-EG)1. Scale bar represents 200 nm.
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For confirmation of the surface morphology of the sample SEM was performed. Figure
4.2b shows the SEM image of the SiO2 nanoparticles coated with 20 cycles of TMA-EG-
(TC-EG)1. The MLD coating can be seen to be blanketed across the particles, and it appears
that the particles were not individually coated. This is likely due to the drop casting method
for the sample preparation causing the nanoparticles to clump. In addition, the SEM
characterization was damaging to the electrodes slowly melting the thin-film coatings
during prolonged exposure causing further congregation of the particles. To minimize this,
the acceleration voltage was reduced from 20 kV to 5 kV and images were taken
immediately. For individual coating of the nanoparticles fluidized bed reactors have shown
to be practical [17], however, the casting method was deemed sufficient for testing of the
surface area control of the resulting thin films. Further imaging of the particles coated with
20 cycles of TMA-EG-(TC-EG)3 and TMA-EG-(TC-EG)s were attempted, however, the
samples proved to be highly sensitive to the electron beam and melted almost immediately
upon investigation. This is likely due to the higher TC-EG sub-cycles in these samples

creating a softer, more polymer-like composition.

To gain insight into the cross section of the thin films TEM characterization was performed
and the results are seen in Figure 4.3. The bare SiO2 nanoparticles can be seen to range in
size from 20-30 nm in Figure 4.3a. A core-shell structure can be seen Figure 4.3(b-d) with
the coating have good conformation on the particles. Analysis of the films from TEM
imaging revealed average thicknesses of 5.3, 7.2 and 9.7 nm for the TMA-EG-(TC-EG),
TMA-EG-(TC-EG)3 and TMA-EG-(TC-EG)s coated samples respectively. Calculated
deposition rates of 2.7, 3.6 and 4.9 A per supercycle of the respective coatings correlate

well with previous work [15].
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—> Si0, Particle —> MLD Coating

Figure 4.3. TEM images of (a) bare SiO2 nanoparticles and SiO2 nanoparticles
coated with 20 cycles of (b) TMA-EG-(TC-EG)1, () TMA-EG-(TC-EG)3 and (d)
TMA-EG-(TC-EG)s. Scale bar is 30 nm.

TGA and DSC measurements were taken during the annealing process of the MLD films
to analyze the mass lost. Figure 4.4a shows the relative masses of the samples. A ramp rate
of 10 °C / minute was used as shown by the dotted line followed by isothermal conditions
at 400 °C for the following hour. A sharp decrease in mass loss can be seen until the
temperature reaches above 100 °C which can be associated with surface moisture loss off
the samples. The bare SiO> can be seen to have the highest mass drop due to moisture loss
indicating its surface is highly hydrophilic. The bare SiO> can also be seen to have a steady
decrease in mass with time, despite the temperature reaching isothermal conditions after
45 minutes. This is likely due to the small SiO: particle size and being caught by the passing
air flow. The other samples exhibited similar phenomena under isothermal conditions
indicating this is the case. Higher TC-EG subcycles can be seen to increase the mass loss
during the annealing process. Figure 4.4b shows the mass loss of the samples after the
annealing process. This can be seen to be nearly linear which is indicative of stepwise MLD

deposition during the TC-EG subcycles.



90

30

100 | 100 b -
9 oz .
%)’ < & 20 -
% € Z .
% L 200 ® a
= L ©
k) E =
[0} 10
4 = -

70 . T . | 0 I I I I

0 50 100 o2 G.?,c’\‘ O.?,C’\"" 05”@6
Time (min) BN
——Bare —— TMAEG-(TC-EG), AT QT W
TMA-EG-(TC-EG), —— TMA-EG-(TC-EG),

Figure 4.4. (a) TGA measurements during the annealing process of SiO2
nanoparticles treated with different MLD coatings. The dotted line shows the
temperature profile of the process. (b) The resulting mass loss after the annealing

processes.

DSC characterization of the coatings was also found and can be seen in Figure S4.2. From
this there can be seen to be an heat flux at ~300 °C which coordinates with the combustion
of the carbon content of the thin-film. Furthermore, this peak can be seen to increase with
the number of TC-EG subcycles, with 5 TC-EG subcycles having the highest heat flow at
this point. From this it can be seen that by the time the temperature reaches 400 °C the
combustion of the carbon has completed. Maintaining the temperature at 400 °C for one

hour ensures the complete removal of the carbon.

FTIR measurements were used to detect the organic composition of the all the MLD coated
samples before and after the annealing treatment. A strong absorption could be found in all
the samples at 1101 cm™ with a small shoulder coordinating with the longitudinal and
transversal optical mode of the Si-O-Si asymmetric stretching vibrations [18]. All spectra
were normalized with respect to this peak as the SiO. nanoparticles were consistent
amongst all the samples. The peaks at 1631 cm™, 802 cm™* and 474 cm™ are also observed,
coordinate with the O-Si-O bond [18], which was confirmed via FTIR analysis of the bare
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SiO nanoparticles as seen in Figure S4.1. The bands at 1724 cm™ (red), 1263 cm™ (green)
and 729 cm™ (blue) have been well documented for MLD films and coordinate with
vibrations of the C=0, CH. and aromatic vibrations respectively [19], [20]. These bands
can be seen in all MLD coated samples before the annealing treatment, however, they are
completely gone after the annealing process. This further confirms the removal of the
organic component of the thin films through the annealing process. Meanwhile, the organic
compounds’ absorption bands can be seen to increase with the number of TC-EG subcycles
indicative of increasing organic content in the films. Furthermore, some minor peaks can
be seen to begin to appear in the 1550-1450 cm™ range. These peaks are attributed to
skeletal vibrations in the aromatic ring [19]. A small absorption band can be seen to develop
at 875 cm™ which has been associated with O=C-Cl stretching [20]. This indicates
incomplete reactions of the C-Cl bond of TC which may be due to hanging bonds on the
surface of the film, or incomplete removal of physisorbed TC. Despite this, the absorption
band in relation to the other absorption bands is relatively small when compared to previous

results [21], indicating only a small portion of the precursor didn’t react.
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Figure 4.5. FTIR measurements before and after the annealing process of SiO2

nanoparticles treated with 20 MLD cycles of (a) TMA-EG-(TC-EG)1, (b) TMA-EG-
(TC-EG)2 and (c) TMA-EG-(TC-EG)s.

The gas-sorption isotherms were measured for the bare SiO2 nanoparticles and particles
coated with 20 cycles of TMA-EG-(TC-EG)x, x = 1,2,3 as seen in Figure 4.6. A sharp
increase of surface area can be seen with low P/Pg ratios flowed slow increase from ~0.1
to ~0.8 P/Po. The adsorption sharply increases again as P/Po approaches 1. The region
above 0.5 P/Py is indicative of a type IV isotherm [22], which is due to the condensation of
nitrogen at the higher pressures. This is likely due to droplets spanning the larger pores

between the SiO> nanoparticles. The hysteresis that is found in the higher pressure is



93

indicative of condensation across the pores. In the lower pressure region below 0.1 P/Po
the quantity absorbed is dependent upon monolayer growth of the nitrogen. This sharp
increase is due to the micropores quickly reaching saturation [23]. Therefore, the amount
absorbed in this region is indicative of the microporous surface area of the samples.
Increasing the number of TC-EG subcycles can be seen to increase the quantity of nitrogen
absorbed in this region indicating an increased microporous surface area. The surface areas
of the material was calculated by the system utilizing BET theory and can be seen in Figure
4.6b. show an increase in surface area with TC-EG subcycles. Surface areas of 60.3, 134.3,
191.5 and 235.2 m?/g were calculated for the bare, TMA-EG-(TC-EG)1, TMA-EG-(TC-
EG)z and TMA-EG-(TC-EG)s films respectively. This indicates that the number of TC-EG

subcycles directly controls the surface area of the films.
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Figure 4.6. (a) Gas-sorption isotherms of the MLD coated silicon dioxide
nanoparticles after the annealing process. (b) Resulting BET measurements
calculated from the isotherms of the samples.

4.4 Discussion

The porous thin films created via annealing MLD coatings is superior to other methods
such as the sol-gel method and template method in a number of ways. First, the number of

organic subcycles during the deposition process directly controls the microporous surface
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area of the coating. Second, the MLD process allows a highly conformal thin film to be
created, which can be deposited on high aspect substrates. This allows the possibility of
developing the film coating on a number of substrates, provided the substrate is stable in
atmosphere at 400 °C. Finally, the uniform nature of the thin film allows for it to exhibit

consistent properties.

A simplified schematic of the thin films is proposed in Figure 4.7 which depicts 3 cycles
of each recipe opposed to 20 cycles used in the process. Due to the additional TC-EG
subcycles a thicker organic component of the thin films creating a thicker film and larger
space between the inorganic layers of the film. As the organic portion of the film gets
thicker TMA molecules are more likely to diffuse into the film as demonstrated from the
QCM measurements. After the annealing process the organic portion of the films is
completely removed with only the inorganic component remaining. Due to the thinner and
more compact structure of the film with one TC-EG subcycle a much denser porous film
results after the process. Increasing the number of TC-EG subcycles creates a less dense
film forms with higher porosity, and likely larger pores. This results in an highly conformal,
ultrathin film coating with a controlled porosity.
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Figure 4.7. Schematic of 3 supercycles of TMA-EG-(TC-EG)x, x=1,3,5 before and

after the annealing process.

4.5 Conclusions

In conclusion, a series of ultrathin film with controllable surface areas were created on SiO>
nanoparticles via MLD. This was achieved by first depositing 20 super cycles of TMA-
EG-(TC-EG)1, TMA-EG-(TC-EG)3 and TMA-EG-(TC-EG)s. Increasing the number of
TC-EG subcycles allowed the control of the carbon content of the thin film. The deposition
process was confirmed via QCM measurements showing the step-wise deposition of the
MLD process. SEM characterization revealled a conformal thin film on the nanoparticles,
however, some clumping of particles was found, likely due to the substrate preparation
process. TEM characterization gained further insight to the thickness and conformity of the
thin films confirming the increased growth rate with more TC-EG subcycles. To create a
porous thin-film the samples were annealed in air at 400 °C, where in-situ TGA showed an
increased mass loss with increasing TC-EG subcycles indicating removal of the organic
component of the films. Removal of the organic components was further confirmed via
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FTIR spectroscopy in which the bands associated with the organic bonds disappeared with

annealing. Finally, BET analysis revealed that increasing the TC-EG subcycles resulted in

an increase in the microporous surface area of the annealed thin films. Overall, MLD with

a controlled organic subcycle has been shown to be a viable method to create ultrathin

porous films with a controlled microporosity. These thin-films have potential to be used as

coatings for LIBs as the micropores can enable ionic diffusion while blocking larger

electrolyte molecules.
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5 Conclusions and Future Work

5.1 Conclusions

In this thesis, two studies were conducted revolving around MLD of hybrid organic-
inorganic alucone thin films with two main objectives: (1) demonstrate that MLD is
superior to ALD as a coating method to improve the stability of graphite in LIBs and (2)
develop a MLD derived porous thin-film with a controlled surface area by controlling the
thin film’s inorganic-organic ratio. The first is a study focused on meeting the first
objective by investigating the influence of the MLD coating on graphite, the current
commercial anode material for lithium-ion batteries. The physical and electrochemical
properties of the electrodes were compared to both bare and ALD coated electrodes. The
second study is a study focused on meeting the second objective by annealing MLD thin
films with a controlled organic chain length.

In the first study, 0, 10 and 20 cycles via ALD and MLD directly onto graphite electrodes.
This was accomplished by alternating pulses of TMA and H2O for the ALD thin-films and
TMA and EG for the MLD thin films. The deposition of the thin films on the electrodes
were first characterized. Step-wise growth of the thin films was found with a higher mass
increase per cycle via MLD due to the larger EG molecules. The ALD and MLD processes
produced conformal ultrathin-films on the graphite electrodes and did not have any effect
on the microscale morphology of the samples due to their low deposition temperatures.
Once the deposition of the thin films on the electrodes was confirmed the electrodes were

subjected to electrochemical testing to investigate the effect of the thin-film coatings.

Cycling of the cells revealed both the ALD and MLD thin-film coatings decreased the
irreversible capacity loss of the graphite electrodes. Furthermore, both thin-film coated
electrodes did not exhibit the characteristic diminishing capacity the bare graphite electrode
did. Despite these advantages, the ALD coated electrodes had a lower cycling capacity,
likely due to regions becoming inactive from the denser coating. A superior cycling
performance from the MLD coated electrodes was demonstrated, which had a cycling
capacity higher than both the bare and ALD coated electrodes after 150 cycles. The
graphite electrode coated with 20 MLD cycles gave the best results indicating the MLD
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coating increases the stability of the SEI. It was revealed that the thin-film coatings
exhibited an increased ionic resistance to the bare electrode, however, after stabilization of

the SEI, this was eliminated.

In the second study, an MLD thin-film was deposited with control of the carbon content.
This was achieved by having an inorganic sub-cycle of TMA and EG, followed by an
organic sub-cycle of TC and EG. The TMA-EG and TC-EG sub-cycles were controlled in
ratios of 1:1, 1:3 and 1:5 respectively to create a combined super-cycle. To create the thin-
films the super-cycle was repeated 20 times. All films were found to grow in a stepwise
manner, with the TMA-EG to TC-EG ratio of 1.5 producing the fastest growth per super-
cycle. Further chemical and physical characterization revealed that the thin-films contained
increasing organic content with the TC-EG sub-cycles. Upon confirmation of the
increasing organic content in the thin-films, the samples were subjected to the annealing

treatment.

To create a porous thin film with a controllable surface area the thin films were annealed
in air to burn off their organic component. Chemical and physical characterization revealed
complete removal of the organic portion of the films leaving an aluminum oxide structure.
Testing the surface area of the thin-films demonstrated an increasing surface area with TC-
EG sub-cycles showing that the surface area of the thin films could be controlled by

changing the organic content in the thin films.

Overall, the two studies in this thesis have demonstrated MLD as a viable method to
improve the performance of the lithium-ion battery anode, graphite, as well as create an
ultrathin high surface area coating. MLD is a powerful tool as it can produce a thin-film
with excellent control over its thickness and composition. Additionally, this thin-film is
excellent for high aspect substrates as it has a high conformity, and has a deposition
temperature much lower than conventional thin film techniques. My work shows that
despite MLD films being ultra-thin they can have an very large impact on the
electrochemical performance of a graphite in lithium-ion batteries. This opens the
possibility to explore other thin-film compositions deposited via MLD which can further

optimize the SEI formed on the graphite during cycle. Additionally, these thin films can
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have a large impact on the surface area of a material, opening the possibility for their
deposition on various substrates to develop “hybrid materials”. These porous thin-films
have potential application as coating materials for lithium-ion battery electrodes,
photocatalysts, drug delivery coatings and anti-reflection coatings. In conclusion, this
thesis demonstrates the power of MLD to control the electrochemical performance and
surface morphology of materials which has potential application for LIB electrode

materials.

5.2 Recommendations for Future Work

Molecular layer deposition is a relatively new field having only been developed since the
early 1990s [1]. However, since its initial introduction it has been found to be an incredibly
versatile tool to deposit a wide range of both organic and hybrid organic-inorganic thin-
films due to various chemistries [2]. This has allowed an excellent platform to expand its
application in LIBs. Furthermore, treatment of these thin-films can provide many unique
surface properties. A number of possible future sudies based on the work in this thesis is

presented below.

Graphite has been used for commercial LIBs for over 20 years due to its high stability, low
voltage potential, reasonable capacity and low cost. Due to the capacity of the metal oxide
cathode being the most limiting factor towards the battery’s capacity a large amount of
work has gone towards enabling high capacity cathode materials such as sulfur and oxygen
[3]. However, these cathodes use non-carbonate based electrolytes, disallowing stable SEI
formation on graphite during the first charge-discharge cycle, resulting in a low stability.
As this thesis has shown an MLD coating on the electrode has a drastic effect on SEI
formation, therefore, a logical step would be to investigate the capability of MLD coatings
to enable a stable SEI in alternative electrolytes allowing graphite’s practicality for future

battery systems.

Another interesting project would be to apply MLD coatings to battery anode materials
with have superior capacities to graphite. A recent study has shown the use of MLD can
drastically improve the cycling performance of silicon, which has a theoretical specific

capacity much greater than graphite [4]. Lithium metal, the typical anode material paired
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with sulfur and oxygen cathodes has an unstable surface during cycling. Recent studies
have shown ALD as a tool to improve the stability of lithium metal [5], [6]. Due to the
higher flexibility and control of mechanical properties MLD has to offer it is an excellent

candidate for lithium-metal coatings.

In terms of the use of MLD for porous thin-film, many avenues for future projects are
possible. Coating the active material of a battery with a porous thin-film would be a very
interesting study to follow. The porous nature of the thin-film may allow formation of ion-
conducting channels as well as create a bi-functional thin-film. Due to the high temperature
treatment required to create the porous thin-film the coating could not be deposited directly
on the electrode composite as performed in this thesis. Instead, it would need to be
deposited on the active material powder, followed by the annealing treatment, which could
then be mixed with the polymeric binder and conducting agent. The investigation of a thin

film, with a controlled structure, would be very novel in this field.

A logical next step for the use of a porous thin-film with a controlled surface area would
be investigating how the variation of surface area impacts its use for various applications.
Porous thin-films have been shown to be practical for applications such as photocatalysts
[7], drug delivery [8] and anti-reflection coatings [9]. Control of the structure of the thin-
films may allow optimization of the porous thin-films. Furthermore, this method allows

the variation of substrates enabling further control of the material.

In general, MLD is a new field in which a large number of compositions and chemistries
have been realized, however, their application for use in batteries remains to be
investigated. Furthermore, its ability to combine different processes to create hybrid thin-
films offers an even wider range of thin-films with varying chemical and physical
properties. Already, MLD has been shown to improve the electrochemical performance of
various anode and cathode materials in lithium-ion batteries [4], [10]-[12]. With the
transportation sector largely contributing to greenhouse gasses it is fundamental that more
advanced batteries are realized for use in electric vehicles. Molecular layer deposition has
shown that it can be a valuable tool for this development, and is expected to contribute
further to this field in the future.
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