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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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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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impedance (Wo). (b) The calculated charge transfer resistances of the bare and

coated graphite electrodes before the first cycle.
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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.

Bl 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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