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Abstract

As the public demand for electric vehicles and consumer electronics grows at an exponential rate,
traditional energy storage systems like lithium-ion batteries are proving to be insufficient. A potential
candidate to replace these conventional systems is the lithium metal battery. However, replacing the
anode of lithium-ion batteries with lithium (Li) metal comes with its own challenges. Safety concerns
and capacity loss during cycling (discharge-charge) are caused by internal dendrite formation and
infinite volume change of the Li metal. In this work, two different strategies have been explored to
counter these issues:

1. 3 dimensional metallic host for Li metal
2. Surface layer deposition

As a 3D metal host, a 3D porous nickel (3DPNi) substrate was used. It was fabricated in-house
through a facile template-free electrodeposition process. Detailed electrochemical Li cycling tests were
performed using a symmetric cell to investigate the performance of the substrate. Different aspects of
the Li cycling like substrate structure and morphology, electrolyte modification (with LiNO3), kinetics
of Li* diffusion and the electrochemical impedance performance of the substrate were investigated.
The 3DPNi substrate was also tested for its compatibility with sodium metal. To investigate the effect
of surface layer deposits, atomic layer depositions (ALD) of Al,O3 and TiO, were done on planar
nickel substrates. Each of these were subjected to electrochemical Li cycling tests.

Our results show that the 3DPNi substrate can be effectively cycled with Li for up to 300 cycles at
a capacity of 0.5 mAh-cm and a current rate of 1 mA-cm™. Increasing the capacity to 3 mAh-cm2 (6
times) at the same current rate resulted in up to 60 cycles. It was also found out that this substrate
could be used for sodium metal cycling. ALD on planar substrates have enabled the Li metal to be
cycled for more than 300 cycles without failure, albeit at a capacity of 0.25 mAh-cm™ and a current
rate of 0.125 mA-cm™ . Hence, our study confirms that both the methods significantly improve the
performance of the lithium (and sodium) metal battery.

Keywords: Lithium metal battery, sodium metal battery, 3D porous nickel, atomic layer deposition,
dendrite formation
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Introduction

1.1. Current research scenario & Motivation

The need for energy storage systems can be juxtaposed with the advances in technology. Humans have
developed sophisticated technological devices from extraterrestrial space rovers to quantum computers
and we need energy to power them. This has in turn, motivated them to improve our energy storage
systems. Maximum focus has been given to the sphere of electrochemical energy storage, since it
is one of the most economical and portable forms of energy storage. A battery is one of the most
ubiquitous form of electrochemical energy storage.

Tracing the evolution of batteries from the voltaic pile to the Lithium-air battery, it is evident that
the research has been focused on improving three aspects[1]:

1. Energy density - The total amount of energy (charge) that can be provided by the cell. It is
expressed as either gravimetric energy density (Wh-kg=1) or volumetric energy density (Wh-I~1).
Areal capacity with the units Wh-cm~2 may also be used.

2. Power density - The amount of energy (charge) released per unit time. It has the units W-kg~?!
or W-I=1,

3. Cycle life - The number of charge and discharge cycles that a battery can achieve before its

capacity is exhausted.
4, Safety - Lithium (Li) & sodium (Na) metals are extremely active due to their low electrochemical

potential(vs. standard hydrogen electrode). This gives rise to safety concerns and it must be
made safe in order to be commercialized.
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(2016a), EEA (2015) and IA-HEV (2015).

Figure 1.1: Global plugged-in electric vehicle sales. [2]

The major portion of the current thrust for battery research is provided by the need to commercialize
electric vehicles. Figure 1.1 shows that the increase in global demand for battery electric vehicles

1



1. Introduction

(BEVs) and plug-in hybrid electric vehicles (PHEVs) have been rising steadily from the beginning of this
decade. The year 2015 saw the global threshold of 1 million electric cars (including battery electric,
plug-in hybrid electric, and fuel-cell electric vehicles) on the road exceeded, reaching up to 1.26 million.
This has been possible due to the decreasing costs and increasing efficiency of the batteries. Battery

costs have gone down by a factor of 4 since 2008[2].
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battery production of 100 000 units for each manufacturer.

Sources: US DOE (2015 and 2016) for PHEV battery cost and energy density estimates; EV Obsession (2015); and HybridCARS (2015).

Figure 1.2: Cost of battery systems and its energy density from 2008. [2]

However, for EVs to achieve cost parity with conventional internal combustion engines (ICEs) sig-
nificant progress in terms of battery performance and economic feasibility is necessary.To this end,
metal batteries which employ metals (Li, Na etc.) as the anode offers a significant upgrade over the
existing Li-ion batteries. Lithium metal boasts of the highest theoretical capacity (3860 mAh-g~1, or
2061 mAh-cm~3) and lowest electrochemical potential (—3.04 V vs. SHE) for any element[3]. Similarly,
sodium has a relatively high theoretical capacity of 1166 mAh-g~*[4]. With the goal of increasing the
capacity of battery systems, a lot of the current research is focused on systems like Li-Air, Li-S and
their Na counterparts. However, when considering the cycle life and safety aspects of such batteries it

is not close to commercialization.
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Figure 1.3: Evolution of Li based battery system research. [5]
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1.2. Scientific background

This section provides the reader with the necessary scientific information to understand and appreciate
the work done in the project. Relevant scientific publications are referenced when needed, to direct
the reader towards extensive reading material.

1.2.1. Battery Basics

A battery may be defined as a system that generates electrical energy by the direct conversion of
chemical energy stored in an electrode material through an electrochemical reaction. In order to
understand the basic working and chemistry of batteries, it is important to know the basic structure of
a battery. A cell is the fundamental unit of a battery. Many cells combine together to form a battery.
However, over the years batteries have also come to represent a single cell.

In the simplest of terms, an electrochemical cell consists of two conducting electrodes, separated
by an electrolyte and an external load (or any electron conducting medium). During the discharge of
the cell, each electrode performs a specific function. The electrode which supplies the electrons and
the positive ions is called the anode (negative terminal) and the other electrode which accepts the
two charged species is called the cathode (positive terminal). In other words, oxidation takes place
at the anode whereas reduction takes place at the cathode. The electrolyte, which separates the two
electrodes, offers a path for the conduction of the positive ions while remaining electronically insulating.
A separator is also used to prevent direct physical contact between the two electrodes. The electrodes
are connected to the external circuit through metallic plates called the current collectors. The two
charged species (positive ions and electrons) produced at the anode, travels through their respective
conduction path and gets reduced at the cathode. Thus, the electrical circuit is completed and we can
extract the electrical energy through the external load. During charging, the charges are forced to flow
in the opposite direction, from the cathode to the anode.

In the cell, the two electrodes (anode and cathode) are of different electric potential. This creates
a potential difference when immersed in the electrolyte and connected through an external load. This
potential difference is also known as electromotive force (V). The electric potential maybe defined as the
potential energy of a unit charge within an electric field and this drives the current in the electric circuit.
This potential difference leads to redox reactions at each electrode, which generates electrons which
pass through the external circuit. The redox reactions at the electrode continue until the equilibrium
is reached.

Batteries that can only be used once are called primary batteries. These batteries can only be
discharged once. Secondary batteries are those that can be charged (or brought back to its original
state) by passing electricity in the direction opposite to that of the discharge current. Thus, these
batteries can be used multiple times.

1.2.2. Thermodynamics

The electrochemical reaction which occurs during the discharging of a battery is responsible for the
electric energy that the battery can deliver. Hence, the chemical work is directly linked to the electrical
work. Consider the following electrochemical reaction at a given electrode:

WA + xB = yC + zD (1.1)

where, w, x, y and z are stoichiometric coefficients of A, B, C and D, which are different chemical
species. From standard thermodynamic principles, the Gibbs free energy for the above reaction is given

as,
AG = G° + RT In(ata3/a¥ a}) (1.2)

where, a is the activity of the species. At equilibrium, the electric work (W™V) is the maximum
possible electric energy that can be extracted (W™M@*). When the battery is undergoing a chemical
reaction during the discharge, this can be correlated to AG, the change in Gibbs free energy.

Wiev = Winax (1.3)

— Whax = AG (1.4)
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As we know, electric energy is associated with the flow of charge Q under an electric potential E.
Therefore,

Winax = QF (1.5)

Here, Q may be represented as a product of the number of electrons in the cell and the elementary
charge. The number of electrons, n,, is the number of moles multiplied by the Avogadro constant (N,
= 6.023 x10%3). Therefore,

Q =nee (1.6)

Q =nN e (1.7)

N,e is equivalent to the Faraday constant (F). It is defined as the amount of electric charge per
mole of electrons. The value of the constant is 96485 C/mol. So,

Q =nF (1.8)

Substituting this is in equation 1.5, we get,

Winax = NFE (1.9)

This represents the electrical energy generated by the flow of 'n” moles of electrons due to the
potential difference between the two electrodes. From equation 1.4, we know that this potential energy
(electromotive force of the cell) is a result of the change in Gibbs free energy (AG) during equilibrium.
This gives us the relation,

AG = —nFE (1.10)

When the reactants and products are in a standard rate, the electric potential is denoted by E°.
This modifies the previous equation for the standard condition as,

AG® = —nFE° (1.11)

The equations 1.2 and 1.11 can be used correlated with the concentration of components involved
in the electrochemical reaction using the Nernst equation as,

AG = AG°® — RT In(a}a%/ay a¥) (1.12)

1.2.3. Li-ion batteries: A materials perspective
This section has been prepared from [1] and the reader is referred to the same source for an extended
reading.

Anode

It is interesting that lithium metal was the first anode material of choice for lithium secondary batteries.
However, due to the safety issues mentioned in the previous section, it was soon replaced by a safer
alternative. Carbon-based anode materials like graphite was responsible for the commercialization for
lithium secondary batteries in 1991. To its credit, lithium ions could be inserted into these materials
which helped it to maintain a stable state. Also, there was no appreciable change in the crystal structure
of the carbon-based materials during this intercalation and deintercalation process. Another class of
anodes work on the basis of alloying and dealloying with Li. While being charged, these materials react
with Li in a specific voltage range to become alloys. Upon discharging, the Li de-alloys and they return
to their original state. Some examples are silicon, tin, indium and lead.
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Figure 1.4: Schematic representation of a Li-ion battery. [6]

Cathode

LiCoO, was the cathode material when Li secondary batteries were commercialized in 1991. Other
important materials include spinel LiMn,04 and LiNiO,. Further research has helped to combine the
advantages of the three materials in the three-component Li[Ni, Mn, Co]O, systems. LiFePO, (olivine)
is also actively studied. As is evident, transition metal oxides with intercalated Li is a popular choice
for cathode materials. However, in the search for batteries with higher energy density, researchers
are moving towards other cathodes like anionic redox materials[7], Li-O,[8] cells and Li-S (sulphur)
cells[9].

Electrolytes

As mentioned earlier, an electrolyte is an electronically insulating medium which facilitates the motion
of ions through the cell. There are different kinds of electrolytes. Some of the major types are liquid
electrolytes, solid electrolytes and polymer electrolytes. Liquid electrolytes generally consists of a
solvent and salts (for example like LiPFg). Solid electrolytes are based on inorganic compounds or
polymers. The polymer electrolytes are composed of a polymer and salts. All types of electrodes are
expected to have high chemical stability towards the other materials used in the battery. It must also be
electrochemically stable in the potential range of the redox reactions happening at the two electrodes.
Apart from this, it must be also suitable for use in a wide temperature range.

Separators

The separator is a thin porous membrane that prevents the physical contact between the two electrodes
inside the cell. This is generally employed in liquid electrolyte based cells where there is no physical
barrier between the electrodes. Thus, it plays the crucial role of ensuring that the cell does not short-
circuit upon assembly. It also has to facilitate efficient flux of ions between the electrodes. The
separator should be electrochemically stable in the voltage window of the cell and must be sufficiently
wetted by the electrolyte. A typical separator used in batteries are single layer or multilayer polymer
sheets made of polyolefins[10].

Current collectors

A current collector serves as a pathway for current from the electrodes to the external circuit. Typically,
electrode material is applied onto the current collectors together with binders, conductivity additives,
and other processing additives. Metals are usually employed as current collectors. In a normal Li-ion
battery, copper is used at the anode side whereas aluminium is used at the cathode side[11].
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Figure 1.5: Movement of Li* ions, electrons and electric current during the discharge and charge cycles. [12]

1.2.4. Lithium metal batteries

In Li metal batteries (LMB), the negative electrode (anode) is Li metal as compared to graphite or
silicon in the Li-ion batteries. The rest of the battery architecture remains the same in principle. Some
examples of LMB are Li-LMO (lithium transition metal oxides), Li-S and Li-air systems. It is clear from
figure 1.6 that Li metal-based batteries offer a definite pathway to increase the specific energy of battery
systems. Its development would be crucial for the EV market to sustain its growth and compete with
existing fossil fuel-based systems.

Why do we need Li metal batteries?
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Figure 1.6: Relation between the energy density, areal capacity and the estimated driving distance of an electric vehicle of
different battery cells. [13]

The conventional LIBs which uses the graphite anode and LiCoO, cathode is proving insufficient to
the meet the requirements of the current consumer electronic devices and electric vehicles market[14].
And unfortunately, the room for improvement of the battery performance is limited due to the low
theoretical specific capacities of the materials used in LIBs[15][16]. A Li metal-based battery is a
significant upgrade in this direction. New battery systems like Li-S and Li-air offer higher theoretical
energy which could translate into successful commercialization at a later stage.

However, the commercialization could take a few decades. Fortunately, attaining an energy density
of 1700 Wh/kg is an achievable target since it amounts to only about 14.5% of the theoretical energy
content of the system[17]. For comparison, current state-of-the-art Li-ion cells can reach a specific
energy of 250 Wh-kg!, which is still an order of magnitude lower than the practical value of petrol
(gasoline). A Li-LMO cell can deliver a specific energy of 440 Wh-kg=*. Moving to Li-S and Li-air
systems can boost the specific energy to 650 Wh-kg=! and 950 Wh-kg?, respectively[3].

Li metal anodes
The cornerstone for Li metal-based battery systems like Li-air and Li-S is the Li metal anode. As
mentioned before, Li metal is the ideal anode material in theory because of the following reasons[1]:
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Figure 1.7: Comparison of the energy density of various battery systems with gasoline. [17]
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Electropositivity: Highest among elements (-3.04 V vs. Standard Hydrogen Electrode)

2. Weight: Lightest metal (Standard atomic weight of 6.941 g-mol~! & specific gravity of 0.53
g-cm~)

3. Highest specific capacity : 3860 Ah-kg™!

4, Atomic radius: Smallest among metals which facilitates better diffusion (0.76 A).

Unfortunately, these factors can lead to disadvantages as well. Lifetime, efficiency and safety are
the three most important concerns of Li-metal batteries as of now. It is imperative that the factors
causing these issues should be studied and understood from a fundamental level before we can look
towards practical solutions to overcome them. The root cause of the problems faced by Li metal anodes
is the heterogeneous nature of Li cycling in a cell, i.e deposition and stripping of Li ions (Li*) onto
and from the Li metal during the charging and discharging process[3]. However, there are many facets
about this process that needs to be examined carefully.
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Figure 1.8: Li dendrites on Cu electrode as seen after OsO,4 exposure. [18]

Solid electrolyte interphase - As we have seen before, Li metal boasts of the highest elec-
tropositivity among all the elements. This enables it to donate electrons to form positive ions very
easily. Hence, virtually any electrolyte can be reduced at the Li surface. LMBs generally use Li salts
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like Bis(trifluoromethylsulfonyl)amine lithium salt (LiTFSI) or Lithium hexafluorophosphate (LiPFg) dis-
solved in organic solvents like ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate
(DMC), ethers (e.g. 1,2-dimethoxyethane (DME) etc. The reduction potential of such organic solvents
is usually below 1V (vs. Li*/Li). Thus, exposure of the electrolyte solution (Li salt + organic solvent) to
bare Li combined with the application of current, leads to spontaneous reactions (milliseconds or less)
between Li and the electrolyte species. These insoluble reaction products formed due to the reaction
between Li*, anions, and solvents are deposited on the metallic anode surface forming a layer with
thickness in nanometer scale - this layer is called SEI or the solid electrolyte interphase[19]. The SEI
layer forms a passivation layer on the Li metal which enables the cell to be operated under reducing en-
vironment and provides a voltage window up to 4 V and above. From a chemical perspective, this layer
is electronically insulating while being conductive towards Li*. However, to ensure the efficient cycling
of the cell, the SEI formed must be homogeneous in composition, morphology and ionic conduction.
Local variations in any of these factors can directly lead to the failure of the cell[3].

Dendrite formation - Li metal, like most other metals, deposits in dendritic (branched tree-like)
form[20]. This characteristic growth of dendrites during cycling is responsible for three major issues
that are detrimental to the efficient working of LMBs. They are:

1. Safety - The growth of dendrites from the Li metal anode can penetrate the SEI layer and the
separator and lead to the formation of an internal physical contact between the two electrodes
in a cell. This leads to thermal runaway and explosion hazards, caused due to the internal short-

circuiting of the cells[3].
2. Volume change - The general process of Li deposition and stripping involves an infinite volume

change. This contributes to the weakening the SEI layer due to mechanical stress which leads to

its fracture. This process facilitates Li dendrite growth which further aggravates the problem[16].
3. Capacity fade - The heterogeneous nature of Li cycling as well as the dendrite formation leads

to cracks in the SEI layer. This causes new SEI to be formed in these regions. This coupled with
the breaking away of Li dendrites which cannot take part in the cycling process, leads to “dead
lithium”. This results in the loss of capacity of the system[3].

Mechanism of dendrite growth

The mechanism of dendrite growth and its propagation has been extensively studied[21][22]. However,
there is no one theory that satisfactorily explains the whole process. In this report, we shall look at
two theories which can rationalize this phenomenon, albeit with some limitations.

Dendrites maybe divided into three kinds based on their morphology - needle, fractal and mossy.
This can indeed lead to confusion while interpreting the phenomenon[23]. Mossy dendrite structures
are unique to electrodeposition and it depends on the components and design of the cell[24]. The
spontaneous formation of SEI plays an important role in the evolution of the dendrites. Depending on
the structural and morphological heterogeneity on the Li metal surface, the SEI layer formed will be
prone to variations in thickness and ionic conductivity. This leads to difference in impedance for ion
flow along the layer, of which some regions would have low ion impedance. Even though the origins of
these "hot spots” remain unclear, it can be safely assumed that Li* ions will choose these paths of least
impedance during the deposition process. This leads to preferential Li* ion deposition (plating) in these
spots. As can be expected, this leads to a localized volume expansion which cannot be accommodated
by the SEI. The SEI layer in that region breaks as a result, leading to exposure of fresh Li which
opens up pathways for further Li* ion deposition. This causes the three dimensional growth of mossy
dendrite structures. Also, freshly deposited Li sites have lower impedance than other sites along the
SEI layer due to its reduced thickness. This further propagates the preferential growth of dendrites
in the same location. During the stripping process, Li is preferentially removed from these dendrite
structures. Stripping happens from the previously mentioned “hot spots” or low impedance sites. This
creates a reduction in volume which causes the SEI layer to fracture again. The stripping process also
forms isolated Li (known as “dead Li") which cannot take part in the electrochemical cycling anymore,
leading to loss in cell capacity[23]. The formation of new SEI after every fracture also leads to loss of
capacity due to irreversible consumption of Li* ions. Hence, a mechanically robust, flexible or elastic
SEI layer is essential to the success of Li metal anode.

Kinetic model of dendrite growth - Sand’s time
Although several kinetic models have been proposed to the describe the Li dendrite formation, the
most widely accepted one is based on Sand’s time[25]. The occurrence of Li ions near the Li metal



1.2. Scientific background 9

Step 1 Step 2 L de{niri(es Step 3 Isolated Li Step 4
—_— —_— —_— Y X —_—

Dead Li
Thick SEI

—
uoisuedxy
—
uoljoeIUOD)

SElon Li
Porous

R R —— B —— B ——
electrode

Li plating Further Li stripping Continuous
plating cycle

Figure 1.9: Schematic representation of the Li plating and stripping process. The repetition of steps 1-3 during cycling leads to
the ultimate failure of the battery. [3]

anode results from the charge at a high current density, as well as the consumption of Li salt anions in
the Sand’s time. This results in the lack of Li* layer, which when coupled with the local space charge
layer, may be regarded as the main reason for the formation of Li dendrite. The “Sand’s time” 7 is
dependent on the parameters of Li* ions and electrons empirically as follows,

Co(lg + ppi+)?
¢ = pplolta t Huir)” (1.13)

2Juq

where 7 is the initial time of Li dendrites growth, C, is the initial concentration of Li salt, D is the
diffusion coefficient, e is the electronic charge, and J is the effective electrode current density. u, and
u,.;+ formula are the mobility of anions and Lit ion, respectively. This equation tells us the parameters
that can be modified to delay the growth of Li and in turn realise the goal of dendrite-free Li metal
anodes. [26]

Fortunately, a lot of research on Li metal anode batteries has been published in the recent years.
Na metal anode batteries are slowly gaining traction because they offer a cost-effective alternative to
Li-based systems, especially where total weight and energy density are of minor importance like grid
energy storage for renewable energy sources[27]. However, compared to Na, a lot of study has been
done on the fundamental aspects of Li metal anodes. To summarize, the major drawback of LMB is
the heterogeneous behaviour of Li plating and stripping. This is in turn is responsible for dendrite
formation which eventually leads to short circuit and capacity fade of the battery.

In order to tackle these issues with safety and capacity degradation of Li metal anodes, researchers
around the world have tried different approaches. They can be broadly classified into the following[3]:

1. Electrolyte modifications - Various additives have been incorporated to the electrolyte to improve
the efficiency. These additives are capable of modifying the metal-electrolyte interphase (SEI) to
ensure a more homogeneous plating-stripping behaviour. A few examples are flourinated com-
pounds like HF[28], LiINO5 and Li polysulphide[29] and using caesium or rubidium ion additives
as a self-healing electrostatic shielding mechanism[30]. Also, advanced solid electrolytes can
pose as a physical barrier for the propagation and growth of dendrites. Inorganic ceramic elec-
trolytes and solid polymer electrolytes are the two main types of such electrolytes. The inorganic
ceramic electrolytes include Li-ion conductive species like sulphides[31], oxides[32], nitrides[33]
and phosphates[34]. Solid polymer electrolytes are those which blend Li salts with polymers[35].

2. Interface engineering - Researchers have tried to modify the interface between the Li metal
and the electrolyte (SEI) to ensure a favourable plating-stripping behaviour. The main objective
behind this approach is to stabilize the SEI formed. Some techniques involved are creation of
an artificial protective layer on the anode before the cycling[36][37], nanostructuring chemically
stable and mechanically strong scaffolds to strengthen the SEI formed during cycling[38][39] and
homogenizing Li-ion flux by increasing the surface area of the anode current collector[40][41].

3. 3D stable hosts - Since Li plating & stripping leads to infinite volume change, efforts have been
made to contain Li within stable host materials like layered graphene oxide[42] or a polymeric
matrix[43].

4. Guided Li plating & protection - A seeded growth control mechanism where the Li nucleation and
growth were controlled on specific sites was another method used to tackle heterogeneous Li
deposition during cycling[44].
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As can be seen from the above references, dendrite-free metal anode batteries has gained significant
attention over the past few years. Despite all the efforts, commercialization of this technology is still
not feasible due to economic as well as safety reasons.

1.2.5. 3-dimensional Porous Nickel
The 3DPNi substrate forms a central part of this project. It is necessary to understand its fabrication
and structure-morphology characteristics to understand its role in the suppression of dendrites.

Fabrication - Hydrogen Bubble Dynamic Template Method

The 3DPNi substrate is prepared using the hydrogen bubble dynamic template (HBDT) method. This
method offers a template-free, simple, fast, one-step method to electrochemically fabricate materials
with high surface area, high porosity and controlled morphology. These materials may be used in
catalysis, sensing, energy among other fields[45].

The HBDT method is a variation of the standard galvanostatic electrodeposition from an aqueous
solution. Similar to the typical electrodeposition process, this method involves deposition of the metal
on the working electrode through the reduction of the solvated species. However, the HBDT method
differs from the standard electrodeposition process in that it involves the application of relatively high
cathodic overpotential. This results in the H* ion in the aqueous electrolyte being reduced to H, gas and
it bubbles off the working electrode (and the growing metal deposit), disrupting the metal deposition
process. The different reactions occurring may be summarized as follows:

1. 2H*(aq) + 2e~ - H,
2. H*(aq) + e~ - H(adsorbed)
3. H*(aq) + H(adsorbed) + e~ > H,
4. 2H(ads) - H,
5. M™(aq) + ne” - M(s)

The bubbles acts as a dynamic template during the process and the metal deposition happens
through free space between the bubbles. Hence, we eventually get a structure with macro and nano-
sized pores. The generation and dynamics of the bubble formation as well as the overpotential signifi-
cantly affect the nature of deposition and hence, offers us ways to modify the structure and morphology
of the deposit. Thus, the Hydrogen Bubble Dynamic Template (HBDT) technique enables us to create
porous foam structure in a clean and efficient manner.

Preliminary work in this field was done by Marozzi et al. in early 2000s[46][47]. Apart from the
obvious advantages of being simple, clean and fast, this technique also offered the possibility of varying
electrodeposition parameters to obtain diverse structures. To this end, the electrolyte bath composition,
the current density of deposition (cathodic overpotential) and the duration of deposition were the
parameters varied in this work:

1. Electrolyte bath composition - Varying the amount of surfactant in the bath offers a way to alter
the morphology of the deposit by controlling the dynamics of bubble formation. The surfactant
used in the work is Polyethylene glycol or PEG. It is a surfactant that significantly affects the
bubble behaviour, as it hinders the coalescence of bubbles by reducing the surface tension at the
bubble-liquid interface[45]. It also results in smaller pore sizes in the final deposit structure. PEG
is also used as a common additive in acidic copper electrodeposition, to increase the overpotential
and impede the copper deposition to obtain *bright’ coatings. This essentially means that it makes
it harder for the copper deposit to have dendritic nature and smoothens the surface. Under the
same principle, the same effect is hoped to be seen nickel deposits[48].

2. The current density of distribution - The current applied has a marked effect on the generation
and kinetics of bubble formation. The bubble density increases with the current density. At higher
current rates, larger amount of H* ions from the electrolyte are reduced to H2 gas. Therefore
higher amount of bubbles are formed. The instability of larger bubbles at higher growth rates
decreases the residence time of the bubbles at the working electrode. This increases the overall
porosity of the deposit but the vigorous stirring action of the bubbles reduces the mechanical
integrity of the 3D structure. [45].

3. The duration of deposition - The time of deposition decides the thickness of the deposit formed.
As the duration of current applied increases, a thicker deposit is obtained.
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The fundamentals of bubble generation and the dynamics of its growth need to be understood
further to improve our control on morphology and the structure of the final deposit. There are different
parameters that maybe varied to obtain different deposits. This method may be extended to many
other different metals - to create both monometallic or bimetallic deposits.

1.2.6. Sodium metal batteries
Due to the concerns about the sustainability of global lithium resources, researchers have been looking
towards sodium metal batteries as alternative energy storage device.
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Figure 1.10: The abundance of the different chemical elements currently used in battery systems (values in ppm is given on
top). The standard redox potentials of metal anodes together with their capacities are given in the rectangles). [49]

From the figure 1.10, it can be seen that Na metal boasts of high natural abundance. Also, it has
a low cost of production which enables it to be used for mass commercialization. Based on some
estimates, the raw materials for Na metal batteries are estimated to be 30 times cheaper than its Li
counterparts.[27] Even though Na metal is heavier than Li, Na-based batteries find use in scenarios
which require stationary energy storage systems like grid storage. The Na metal anode, which could
be used in Na-S and Na-air battery systems, has high theoretical capacity of 1166 mAh-g'! and low
redox potential of -2.7 V (vs. SHE). However, like Li metal anodes, Na metal anodes also suffer from
the safety and capacity fade problems due to the inherent dendrite growth mechanism, which is severe
than Li in some cases. Na metal anodes also lead to decomposition of electrolytes due to sodium’s
high reactivity, which is higher than that of the Li metal[50].

1.2.7. Research Methodology
The motivation for this graduate thesis work was to contribute towards the goal of realizing a stable,
safe and efficient Li (and Na) metal anode.The idea of using a 3DPNi substrate to tackle Li dendrite
growth is inspired from the various approaches to create dendrite-free Li metal batteries mentioned
earlier.

The 3DPNi substrate is intended to be a current collector - like scaffold structure to contain Li metal
on the anode side. The scientific rationale behind this approach is based on the following aspects:

e Sand’s equation - 3DPNi is a conductive micro/nano-structured metallic network. This will dis-
tribute the electrode current density over a larger area which would reduce the J’ term in the
Sand’s equation. This would increase the 7, or the initial time for dendrite growth. The distribu-
tion of current will also lead to homogenizing the Li* flux at the electrode. Hence, the start of
the dendrite growth will be delayed.

¢ Volume change - The Li atoms will be deposited into the free volume of the 3DPNi structure. This
foam structure will ensure that the Li* is deposited as small domains rather than a single block.
This minimizes the overall Li volume change and also increases the active Li surface area. The
stable 3D structure can also help to minimize the stress fluctuations within the cell.
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The surface layer deposition helps in the formation of a artificial passivation layer. This passivation
layer will homogenize the SEI layer formed and aid its stabilization. However, the mechanism of this
process is still not understood clearly. It acts a physical obstacle for dendrite growth as well as stabilize
the SEI layer formed on the electrode surface. Surface layers can also protect the electrode from
corrosion due to the exposure to atmosphere and electrolytes. [51]. This will be discussed in detail in
the ‘Results’ chapter.

1.3. Thesis structure

| Dendrite — free Li & Na metal batteries |
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Figure 1.11: Thesis structure

The project involved the investigation of two different strategies to achieve dendrite-free Li metal
batteries. One approach was to develop a 3-dimensional porous nickel (3DPNi) substrate which
would serve as a host and current collector for Li metal anode. The second approach was focused on
studying the effect of different surface layer depositions on the Li metal cycling. The project can
be divided into two stages:

1. 3DPNi substrate: In the first stage, the substrate was fabricated using galvanostatic electrode-
position. Following this, different kinds of substrates (with varying morphology and structure) were
produced. They were then subjected to Li cycling in a symmetric cell to study the potential variation
and Coulombic efficiency of Li cycling. A suitable substrate was chosen from studies by analyzing the
performance of each of the substrate. This was followed by an extensive study of the Li cycling per-
formance of the substrate under different conditions. In the next stage, the effect of modifying the
electrolyte with LiINO3 addition on the Li cycling performance was studied. The impedance to ion flux
in the cell was also tested. Finally, the possibility of using the same 3DPNi substrate for Na metal
batteries was explored.

2. Surface layer deposition: Two different depositions were carried out - titanium dioxide (TiO;)
and alumina (Al,03). An electroplated planar Ni substrate was chosen as the substrate. The surface
layers were deposited by atomic layer deposition (ALD) technique. The Li cycling performance of these
substrates (with the deposition) was studied with a symmetric cell.

This report is divided into different chapters. The next chapter explains the experimental setup and
procedures. This is followed by the results of the experiments and its discussion. The penultimate
section explains the conclusions we have drawn from our work after which, future work that can be
done as a continuation is suggested.



Experimental Procedures

The experimental section of this project can be divided into two:

» 3DPNi substrate - Fabrication, electrochemical Li cycling studies, structural characterizations and
electrochemical Na cycling study
¢ Surface layer deposition - Fabrication and electrochemical Li cycling study

2.1. 3 Dimensional Porous Ni substrate

2.1.1. Fabrication
The Ni substrate was fabricated by galvanostatic electrodeposition using the hydrogen bubble dynamic
template method. A simple two-electrode setup was used for the purpose. The working electrode was
a polished Cu foil of 5cm?, of which an area of 1 cm? was exposed to the electrolyte. The remaining part
of the foil was insulated with scotch tape. The counter electrode was a Ni foil of larger area ( 10 cm?).
The electrodes were supported by sticking it to a glass plate and were kept at a fixed distance of 2
cm. The base electrolyte was prepared with 0.12 M NiSO,4.6/7-H,0 and 1.5 M NH4Cl. All the chemicals
were used as received. The electrolyte was prepared in the demineralised (demi) water. Both the
electrodes were thoroughly washed with ethanol and demi-water before the electrodeposition. The
bath was undisturbed during the deposition. The deposition was carried out in room temperature.
The surfactant concentration, current density of deposition and the duration of deposition were the
parameters varied to produce different substrates and to study its effect on the electrodeposited nickel.
Polyethylene glycol (molecular weight = 4000), referred to as PEG4000 from here on, was used as the
surfactant.

Parameter Variations Parameter | Variations Parameter Variations
100mg Current 3 Deposition 30
PEG Concentration 150mg Density(A/cm?) 5 time(s) 60
(per 300ml H,0) 200mg
500mg

Table 2.1: The parameters varied during electrodeposition

After the deposition, the Cu foil with the 3DPNi deposition was washed with demi-water thoroughly.
Then, the Cu foil was removed from the glass plate and the insulating tapes were peeled off. Following
this, the 3DPNi substrate of 1cm? was carefully cut from the remaining Cu foil. It was dried overnight
(approx. 15 hours) at 60°C in a vacuum oven, before transferring it into the argon glove box for the
cell assembly.

2.1.2. Structural characterization

The structural characterization of the pristine 3DPNi substrate was done by X-ray Diffraction [Philps
X'Pert MPD X-ray diffraction system)], Scanning Electron Microscopy and Energy Dispersive X-ray Spec-
troscopy (EDS) (SEM)[JEOL JSM - 6010LA].

13
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Figure 2.1: The electrodeposition setup.

2.1.3. Symmetric cell assembly

The electrochemical Li cycling tests were performed in a lab-designed symmetric cell. The parts of
the cell include two stainless steel flanges, an O-ring (with a plastic support) in between the flanges,
and a plastic vacuum clamp to hold them together. One of the steel flanges has a flat surface and the
other one has a stainless steel plate attached to a steel spring to provide the necessary pressure and
mechanical compaction inside the cell. The symmetric cells were assembled inside an Ar environment
glovebox. The freshly fabricated 3DPNi substrate was used as the working electrode and the a Li metal
foil ( = 15 mm) was used as the counter electrode. A polymer separator (Celgard) was used to prevent
contact between the two electrodes inside the cell. 1 M LiTFSI dissolved in DME (1,2 Dimethoxyethane)
and DOL (1,3 Dioxolane) (1:1 in volume) was used as the electrolyte.

Figure 2.2: The symmetric cell used in this work: (a) - (b), design of the prototype cell; and photos of (c), all the cell
components and (d) a closed cell. [52]

The cell was assembled through the following steps:
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1. Cut the Li foil of 15 mm diameter and clean it thoroughly with a soft tissue soaked in DMC
(Dimethyl carbonate). Let it dry.

2. Once it is dried, fix it to the steel plate attached to the spring. Removing the surface layer of the
Li foil with a tweezer, aids in fixing the foil to the plate.

3. Carefully place the 3DPNi substrate onto the centre of the other flange (with the flat surface).

4. Put 4-5 drops of the electrolyte on the substrate and allow it to wet the entire area of the surface.

5. Place the separator on top of the substrate gently. Make sure the separator covers the entire sub-
strate. Put 1-2 drops of the electrolyte on the surface to ensure that the separator is completely
wet.

6. Carefully place the O-ring onto the steel flange with the substrate.

7. Close the cell by placing the other steel flange (with the Li foil) over it. Extra care is needed to
ensure the substrate is not displaced from its position while the cell is closed.

8. Fasten the cell using the plastic vacuum clamp.

Li foil Electrolyte with separator 3DPNi on Cu

Figure 2.3: Schematic representation of the symmetric cell

2.1.4. Electrochemical Li cycling studies

Capacity & current rate

The capacity and current rate of the cell are two terms repeatedly used in this work. It is important to
understand what they mean to follow the rest of the work.

1. Capacity - The amount of Li cycled in the cell. Since Li* ion species are involved in the cycling,
the capacity of a cell is expressed in the units mAh-cm™ - the unit of charge (per unit area). It
stands for milli-ampere-hours per square centimetre.

2. Current rate - It refers to the rate at which the charged species (Li* ions) move inside the cell.
The unit of this entity is mA-cm™ - milli-ampere per square centimetre. The current rate multiplied
by the time duration of discharge (in hours) gives the capacity of the cell.

For every cell cycled, we fix the capacity (amount of Li*) and the current rate (rate of cycling Li*).
For example, a cell cycled with a capacity of 2 mAh-cm2 at a rate of 0.5 mA-cm™ takes 4 hours to
completely discharge (plating on the 3DPNi substrate) the cell. The charging (stripping) time depends
on the cut-off voltage. If the cut-off voltage is set at 0.5 V, the cell will be charged (or Li will be stripped
from the substrate) until the voltage of the cell reaches 0.5 V.

Substrate tests
As explained in the previous chapter, the surfactant concentration, current density of deposition and du-
ration of deposition alters the structure and morphology of the substrate. The different variations used
are mentioned in table 2.1. Each of the different substrates produced were tested for its galvanostatic
Li cycling performance in a symmetric cell. The potential and Coulombic efficiency of electrochemical
Li cycling of the substrate were studied with the cell.

The electrochemical tests were done using a MACCOR - Series 4000 automated test system[53]. A
test program with the following steps was written:
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1. Rest for 2 hours to aid the voltage stabilization of the cell.

2. Initialize(clean) the substrate by cycling at 0—1 V (versus Lit*/Li) at 50 pA for five cycles to remove
surface contamination and stabilize the interface.

3. Li cycling in the half-cell was done with a capacity of 0.5 mAh-cm at a current-rate of 1 mA.cm?.
The cut-off voltage for charging was 1V.

The first two steps mentioned (rest and cleaning) were performed as a standard for all the subse-
quent Li (and Na) cycling tests. The last cycling step mentioned above involves two parts - discharge
and charge. During the discharge, 0.5 mAh-cm of Li* was deposited from the reference Li foil (an
infinite source) to the 3DPNi substrate. The deposition of this capacity was done at 1 mA-cm™, which
means that it was completed in 0.5 hours. In the charging step, the Li deposited on the substrate was
stripped from it until the potential reached 1 V. The substrate which performed best in terms of the
overpotential and Coulombic efficiency (explained in the next chapter) of the Li cycling process was
chosen for further electrochemical studies.

Li cycling study - Capacity & Kinetics
Different electrochemical studies were performed to study the performance of the substrate and other
metrics of the Li cycling process in detail. The various cycling tests done were as follows:

1. Study of the effect of the depositing different capacities (mAh-cm™) of Li at the same current
rate (mA-cm™).

« Constant current rate = 1 mA-cm™2
« Varied capacities = 1, 2 & 3 mAh-cm™

2. Study of the kinetics of Li cycling.

The cut-off voltage for charging in these tests was limited to 0.5 V. The kinetic aspects of Li depo-
sition and stripping on the substrate was studied by reducing the stripping (charging) current rate at
every 21t cycle. The substrate was subjected to Li cycling with capacity of 1 mAh-cm? at 1 mA-cm™
for 20 cycles, after which for the next cycle (i.e at every 21%t cycle) Li stripping was done at reduced
current rate of 0.1 mA-cm™2. As a reference for comparison, a symmetric cell with a Cu foil (z = 11.1125
mm) as working electrode was also prepared and cycled under the same corresponding conditions.

Electrolyte modification with LiNO3z

The normal electrolyte of 1 M LIiTFSI in DME:DOL solvents (1:1 volume ratio) was modified by adding
1 wt% of LiNOs. This addition of LiNO3 to the electrolyte improves the Coulombic efficiency of the Li
cycling process. This is due to formation of the passivation layer on the Li surface due to reduction of
LiNO3 which stabilizes the SEI [29] (explained further in the next chapter). To compare the performance
of the new electrolyte with that of the normal one, a symmetric cell was prepared and cycled with
capacity of 1 mAh-cm™ at 1 mA-cm™2. The potential of the cycling and the Coulombic efficiency of the
cell were studied.

Electrochemical Impedance Spectroscopy (EIS)
EIS is a widely used technique in electroanalysis to study the harmonic response of an electrochemical
system. It tells us about the impedance characteristics of the cell. In EIS measurements, a minute
sinusoidal variation is applied to the potential difference between the two electrodes in the cell (Li metal
and the 3DPNi substrate in this case), and the resulting current is analyzed in that frequency domain
in terms of impedance. The response of the system reveals the internal dynamics of the cell.

Impedance is a complex quantity that includes a real and an imaginary component. It arises in the
case of alternating current (AC). It is analogous to resistance in the case of direct current (DC). The
real component of the impedance corresponds to a resistance in-phase with the applied voltage. The
imaginary component is a reactance 90° out-of-phase with the applied voltage. The real and imaginary
components of the impedance together give information about the kinetic and mass transport properties
of the cell, and its capacitive properties. EIS results is either plotted using a Nyquist plot or a Bode
plot. This work features the Nyquist plots in which the negative imaginary component of impedance
(Y-axis) is plotted against the real component of impedance (X-axis).

EIS data for electrochemical cell systems can be modeled by equivalent circuit elements like resistor,
inductor, capacitor etc. The electrochemical cell system used in this work, can be modeled using
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the standard 'Mixed Kinetic and Diffusion Control’ model. It represents a cell where the semi-infinite
diffusion of the ionic species is the rate determining step, and a series solution resistance is the only
other cell impedance[54][55].

> Re(2)

RZcrN? Cy

Figure 2.4: The equivalent circuit for mixed kinetic and charge-transfer control model (left) and the corresponding Nyquist
plot. [56]

This model consists of a solution resistance (Rq), double layer capacitance (Cq4) and a charge
transfer (Rct) resistance. The double layer capacitance is in parallel with the charge transfer resistance
and the Warburg element (Z,) and this combination is in series with the ohmic resistance (solution
resistance in this case). The corresponding Nyquist plot contains a semicircular arc intersecting the
real axis (Z") at two places as shown in the figure above. The point of interception closer to the origin
gives the value of solution resistance and the other intercept gives the total resistance (Rq + Rct). The
right part of plot is the low frequency domain and the left part represents the high frequency domain.
The Warburg element is used to model the ‘tail-like’ region of the plot in the low frequency region.
Th Warburg impedance denotes the diffusion of reactants toward or away from the electrode surface.
The element models the Warburg resistance which is related to mass transfer resistance which has
contributions from both the resistance and capacitance[56].

As with the structural studies, symmetric cells were prepared with the 3DPNi substrate was cycled
in at a capacity of 1 mAh-cm2 and a c-rate of 1 mA-cm™ for specific number of cycles - 1, 2, 5, 20
and 50 cycles. Two kinds of cells were made - one with the normal LiTFSI in DME:DOL electrolyte and
with LiINO3 addition. A reference cell with a Cu foil (z = 11.1125 mm) as working electrode was also
prepared and cycled under the same conditions.

The EIS of the symmetric cell was done using Metrohm Autolab Potentiostat PGSTAT302N. The
frequency range of the tests was 100 kHz to 0.1 Hz.

2.1.5. Structural characterization of cycled 3DPNi substrates

The structural analysis of the substrate after different stages of cycling were carried out by SEM study.
The 3DPNi substrate was cycled in the symmetric cell at a capacity of 1 mAh-cm™ and a c-rate of 1
mA-cm2 for specific number of cycles - 1, 2, 5 and 50 cycles. Two kinds of cells were made, one
with the normal LiTFSI in DME:DOL electrolyte and the other with LiINO3 addition. After cycling, the
cells were opened inside the glove box and the substrate was washed with Dimethyl carbonate (DMC)
solvent and dried. It was then transported to SEM in an air-tight container.

2.2. Electrochemical Na cycling studies

To study the performance of the 3DPNi substrate with Na, a symmetric cell with the earlier configuration
and Na metal as the counter electrode (¢ = 15 mm) was prepared. The electrolyte used in this case
was 1 M NaPFg (Sodium hexafluorophosphate) in DEGDME (Diethylene glycol dimethyl ether) solvent.
Selected electrochemical cycling tests were performed with this symmetric cell to study the Coulombic
efficiency and the potential of cycling.

2.3. Surface layer deposition on Ni substrate

Two different kinds of surface layer depositions were made on a planar Ni substrate of 13 mm diameter.
They are:

1. TiO, layer of 'x’ thickness by ALD.
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2. Al,O3 layer of 'y’ thickness by ALD.

The depositions were done at the TNO-Holst Centre, Eindhoven. For confidentiality reasons, the
specific parameters of depositions cannot be shared. Symmetric cells of the same configuration men-
tioned before were made with the 1 M LiTFSI in DME:DOL (1:1 volume ratio) electrolyte. The cells
were then cycled with a capacity of 0.25 mAh-cm™ at a c-rate of 0.125 mA-cm™2. It is to be noted that
the capacity and current rate used here is lower than the conventionally used values. This was in order
to ensure that the the performance of the ALD coating would be the only parameter tested and that
the cell would not fail due to other factors like high capacity or current rate. The cut-off voltage for
charging was 1V. The Coulombic efficiency and the potential of Li cycling were studied.

2.4. Substrate handling

Both the 3DPNi and the ALD coated substrate should be handled carefully. The 3DPNi deposit on the
Cu foil is extremely thin and hence can be easily scraped away. Therefore, it advised to handle the
substrate through the bottom side, preferably using a spatula. Any physical contact on the deposit will
result in the substrate being spoiled. Similar care is advised for the ALD samples as well, although the
coating is much stronger in this case.



Results & Discussions

This chapter is divided into the following sections:

Fabrication & structural characterization of the pristine 3DPNi substrate
Electrochemical Li cycling performance

Electrochemical impedance spectroscopy (EIS)

Structural analysis of the of the cycled substrate

Electrochemical Na cycling performance

Surface layer deposition
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3.1. Pristine 3DPNi - Fabrication & characterization

The 3DPNi substrate was fabricated through a galvanostatic electrodeposition. The surfactant (PEG4000)
concentration in the electrolyte bath, current density and time duration of deposition were the param-
eters varied to develop different kinds of substrates. The Ni salt (NiSO4.6/7-H,0) is the source for the
Ni ions. The addition of NH4Cl improves the mechanical strength of the deposit and prevents formation
of nickel hydroxide (Ni(OH),)[46].

Figure 3.1: The electrodeposited 3DPNi substrate. The black layer is the porous Ni layer.

3.1.1. Structure and morphology
The type of Ni deposited in this case is called “black” nickel, as is clear from the colour of the deposit.
It is generally used for solar collectors and decorative processes. This is characteristic of deposition

19
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from nickel sulphate solutions.[57]. Due to the random generation of H, bubbles at the working
electrode, the nickel deposit forms a porous self-supported 3D structure. The metal deposit has a
distinct cauliflower-like morphology. The structure is characterized by homogeneously distributed pores
connected by network of nanostructured walls. The pore sizes range from the micro to nano size regime.
The pores at the surfaces are typically larger (~5-20 pm) than the ones towards the bottom of the
deposit. This can be explained by the behaviour of the H, bubbles to coalesce as they move to the
upper surface of the deposit[45].

The deposit morphology is dependent on the dynamics of the diffusion layer along the working
electrode surface area, which changes rapidly as the time progresses. In this case, with high current
density, both the H, gas detachment from the Cu surface and the electroconvection (flow of molecules
of a liquid crystal under the influence of an applied electric field) process are the deciding factors of
the thickness and morphology of the layer[46]
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Figure 3.2: Mechanism of H, bubble coalescence. [45]

The walls of the 3D network are composed of Ni nanoparticles of sizes ~50 - 300 nm. There are
numerous pores of sizes less than 100 nhm between these particles. The micropores combined with
the inter-nanoparticle spacing reveal the extreme porosity of the sample. This also suggests that it
will be able to accommodate volume changes during Li cycling as well as offer an enhanced area for Li
deposition.

SEl 10kV

Figure 3.3: SEM image of the 3DPNi deposit on copper foil. The inset shows a magnified image of the Ni nanoparticles.

The thickness of the deposit is proportional to the duration of deposition. A deposition time of 30s
yields a deposit of thickness ~30 pm and a 60s deposition gives a deposit thickness of ~50-60 pm.
The deposit has inter-connected dendritic structures with quasi-cylindrical pores between them.

However, the two parameters, thickness and duration of deposition do not have a linear relationship
since the electrochemically active surface area available for deposition varies with time. Initially (at time
t = 0) the area available is equal to the area of Cu foil (1 cm?). As time progresses the area available
changes rapidly due to the deposition of the Ni. This also alters the current density of deposition. The
area available for electrodeposition increases with the growth of the porous 3D Ni structure. Therefore,
the current density of deposition at the working electrode reduces as the time progresses.



3.1. Pristine 3DPNi - Fabrication & characterization 21

SEI 10kV WD16mmSS20 x1,000 10pm =——

Figure 3.4: (a) Cross-sectional image of the deposit with 60s deposition. (b) Network walls of the 3D structure with the Ni
particles.

The XRD and EDS spectrum of the deposit gives an insight into the metallic nature of substrate.
The XRD spectrum show signals from both Cu and Ni as expected. The peak positions confirm poly-
crystalline metallic nature of the deposit. The EDS data shows that there are no extraneous deposits
formed, like nickel oxide or nickel hydroxide
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Figure 3.5: (a) XRD and (b) EDS spectra of the 3DPNi deposit.

3.1.2. Porosity

The amount of Ni deposited was calculated by weighing the sample before and after (with sufficient
time for drying) the deposition. The mass loading was found out to be ~5 mg-cm™. It is important to
calculate the current efficiency (Faradaic efficiency) of this process. It can be defined as the ratio of the
actual mass of a substance deposited from an electrolyte to the theoretical mass deposited as predicted

by the the Faraday’s law of electrolysis. According to the law, the weight of the metal deposited in
grams is,

_ItA
~nF

where W = weight of plated metal (g), I = deposition current (A), t = time (s), A = atomic weight

of the metal (g/mol), n = valency of the dissolved metal in solution, Faraday’s constant F = 96,485.309

(C/moal). The theoretically predicted weight of metal plated using this equation with I = 3Aand t =
30s, gives us W = 27.3 mg. The Faradaic efficiency () then can be calculated as,

(3.1)

5
= — = = 0,
n= -2 =0183=183% (3.2)

This low efficiency can be attributed to the fact that a significant amount of current is used in
reducing the H* ions in the electrolyte to H, gas. This low efficiency leads to the high porosity. Using
the theoretically and experimentally measured mass, we can arrive at a practical value of the porosity
of the substrate. The porosity (@) of the sample can be calculated as,

Vde osit Maeposit 5
o=L =1 2P PO 1 _ _—_ =81.79 3.3
7 7 m, 27.3 % (33)
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where, Vp is the pore volume, V; is the total volume of the sample, Vgeposit is the volume of the
deposit, Mgeposit IS the mass of the deposit and m is the theoretical mass deposited. Thus, we get a
porosity higher than 80%. Thus, the HBDT method is an effective way of producing porous structures.
Even though the HBDT method does not rank high in terms of the efficiency, it is an effective method
to produce thick 3D porous structures in a facile, simple, one-step and fast process. Another major
advantage of the HBDT process is the fact that it offers a variety of parameters that can be modified
to give an enhanced control of the composition, structure and morphology of the deposit. Some of the
factors that affect the nature of the deposit are:

Current density & duration of deposition
Electrolyte bath composition

Distance between the electrodes
Electrode surface modification
Orientation of the electrode
Temperature of deposition

Agitation of the electrolyte bath
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As mentioned before, the electrolyte bath composition (addition of PEG), the current density and
duration of deposition were modified to obtain substrates with different structure and morphology.
Finding an optimized structure as an anode scaffold for Li (or Na) is beyond the scope of this work.
The parameters were altered to prove that different variations of the 3DPNi structure can be used for
this purpose and that there is a possibility of finding an optimized structure with further research.

3.1.3. Effect of electrodeposition parameters - Structure & Morphology
Surfactant concentration - PEG is a surfactant that can be used to reduce the surface tension
between the air-liquid (H, - Electrolyte) interface in order to impede the coalescence of the bubble.
As mentioned previously, PEG is also a common additive in copper electrodeposition process. PEG is
insulating in nature and it reduces the conductivity of the electrolyte and drives up the potential of the
plating process. This makes the electrodeposition process harder. Both these combined effects results
in a deposit with smaller Ni grains and smaller pore sizes. The approximate range of PEG to be used
for this experiment was determined from the literature[48][58]. The different PEG concentrations tried
were 0, 100, 150, 200 and 500 mg per 300 ml of water. The current density of deposition was 3 A-cm2
and the duration of deposition was 30s.

PEG - Omg

PEG - 100mg

PEG - 200mg

Figure 3.6: Comparison of the sizes of Ni grains with different amounts of PEG.

It is evident from the figures (3.6 and 3.7) that addition of PEG profoundly affects the structure
and morphology of the deposits. We can see that adding PEG reduces the Ni grain sizes. The smaller
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deposits may be attributed to the smaller H, bubbles as well as brightening effect of PEG, which
disperses the Ni deposits over the substrate resulting in the formation of smaller grains[48]. From a
physical sense, formation of smaller bubbles by preventing them from coalescing, results in reduced
space between the bubbles for the Ni to deposit. The smaller spaces between the bubbles ultimately
results in smaller deposits. While it is hard to quantitatively comment on the roughness variations with
different PEG concentrations, it can be assumed that the addition of PEG does indeed make the 3DPNi
rougher in nature as can be seen from the figure below. Also, the porosity of the substrate has also
increased markedly.

PEG Omg PEG 500mg

SEI 10KV WD11mmSS&0 x200 SEI 10KV

Figure 3.7: Top-view of the 3DPNi substrate fabricated without (0 mg) PEG and with (500 mg) PEG.

Current density - 3DPNi substrates were also fabricated with different current densities - 1, 3 and
5 A-cm™. As discussed previously the current density of deposition affects the amount of H, bubbles
created during the deposition process. Increasing the current density yields a more porous structure.
However, it was found that this comes at the expense of the mechanical stability of the Ni structure.
The vigorous formation of bubbles and the subsequent disturbance of the electrolyte near the working
electrode will have a detrimental impact on the stability of metal deposition. Ni deposits were observed
to peel-off from the working electrode at 5 A-cm™ although the 3DPNi structure after deposition was
still intact.

p 2 oo s 3P
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SElI 5kV  WD14mmSS50 x2,000 10pm

Figure 3.8: Top-view of the 3DPNi substrate fabricated with (a) 1 A-cm2 and with (b) 3 A-cm™

The potential of plating increases as we increase the current density. For a 3 A-cm™2 deposition, the
range of potential values was between 14-17 V. The potential of plating was also directly proportional
to the PEG concentration as mentioned before. In principle, increasing the current density will give
structures with higher porosity, however at the the expense of mechanical integrity.

Duration of deposition - As discussed in the earlier section, the duration of deposition controls
the thickness of the deposit. However, it was noted that with increasing deposition time (>80s), the Ni
particles were seen to fall-off from the deposit. Therefore, as the deposit grows thicker with time, the
Ni deposit towards the surface do not adhere well to the 3D structure due to vigorous stirring action by
the H, bubbles. This causes it to peel-off as seen in the case with high current density of deposition.
However, it might be possible to overcome this by changing the orientation of the electrode or changing
the electrolyte bath composition.
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SEl 10kV WD17mmSS40 x1,000 10pm  — SEl 10kV WD16mm$520 x1,000 A0pm  —

Figure 3.9: 3DPNi substrates with (a) 30s deposition (b) 60s deposition. The Cu substrate can also be seen underneath the Ni
deposit.

3.2. Electrochemical Li cycling

3.2.1. Potential and Coulombic efficiency of Li cycling

The primary aim of this work is to determine if the 3DPNi substrate can effectively cycle Li i.e have
Li* ions plated (deposited) as Li metal on the substrate and then stripped (removed) from it for a long
period of time without failure.

1. Plating: Lit +e~ > Li
2. Stripping: Li » Lit + e~

Hence, to understand the results of the Li (and Na) cycling in the symmetric cell (see figure 2.2), it is
important to understand the basics of electrochemical Li cycling. Two important parameters pertinent
to the process are:

1. Potential of Li cycling - Each of the plating and stripping process has an electric potential (voltage)
associated with it. However in reality, the processes do not occur at the thermodynamically pre-
dicted value due to kinetic limitations of the reactions and the polarization effects. The difference
between this theoretically determined potential of a half reaction (plating or stripping) and the
experimental observed one is termed as the overpotential. The thermodynamic potential of the
Li plating and stripping process is 0 V, since the relative potential of both the electrodes is zero.
The deviation from this value (0 V) during the plating and stripping process is the overpotential
of Li cycling. The following figure is the voltage-time plot for one complete Li cycling process.
The plating process has a negative voltage and the stripping process has a positive voltage value.
The overpotential in this case is the difference the two potentials. The term voltage hysteresis
is also used to denote overpotential. Since the Li cycling process is done under galvanostatic
conditions, the time axis maybe directly converted to capacity by multiplying the current density.

Stripping

l

l Overpotential

Plating

Stripping

| Overpotential

Capacity (mAh- cm2) ' Capacity (mAh- cm?)
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Voltage (V)

| Voltage (v)

Figure 3.10: Typical voltage-time plots of one Li cycling process. Both the graphs represent the same process.

2. Coulombic efficiency - The Coulombic efficiency is defined as the ratio of the stripping capacity
to the plating capacity. The plating (discharge) capacity is the amount of Li* ions deposited
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on the 3DPNi substrate from the Li metal foil (counter electrode). This value remains constant
throughout the cycling process since the Li metal is an infinite source of Li atoms. The stripping
(charge) capacity is the amount of Li that can be removed from the 3DPNi substrate in the
following stripping process. Both capacities are expressed in terms of mAh-cm2. The area of the
3DPNi substrate used throughout the work is 1cm?.

3.2.2. Cycling with different 3DPNi substrates

To study the performance of substrates fabricated with different amount of PEG (100, 150, 200 and
500 mg), it was subjected to Li cycling in a symmetric cell. The capacity of deposition was chosen to
be 0.5 mAh-cm2. The cell was cycled at a rate of 1 mA-cm™, i.e one cycle of Li plating and stripping
would take 1 hour. Figure 3.8 shows a comparison of the Coulombic efficiency of the 3DPNi substrates
and the reference foil. As is evident from the figure, the 3DPNi substrates show a higher average
Coulombic efficiency for much longer duration of time as compared to the reference copper foil.
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Figure 3.11: Coulombic efficiency of 3DPNi substrates fabricated with different amounts of PEG & reference Cu foil

The average performances of the various 3DPNi substrates can be summarized as follows:
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Reference Cu foil = ~ 90% efficiency for 120 cycles
PEG - 100mg = ~ 93% efficiency for 300 cycles
PEG - 150mg = ~ 93% efficiency for 260 cycles
PEG - 200mg = ~ 90% efficiency for 240 cycles
PEG - 500mg = ~ 91% efficiency for 200 cycles
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The cells were stopped once the charging capacity began fluctuating and the efficiency went below
70-80%. Or when it was shorted (i.e 0 V) (see appendix for failure modes). It is clear that 3DPNi
substrates fabricated through the HBDT method is a viable option for Li metal anodes. However, the
Li cycling behaviour deserves a closer look.

A common trait of all the five plots is the exceptionally low (~30-40%) Coulombic efficiency for the
first cycle. This can be attributed to the SEI formation (see section 1.2.4). During the first cycle, the
Li* interacts with the anionic species in the electrolyte and forms a layer of SEI on the 3D Ni surface.
This irreversible process consumes a high amount of Li (supplied by the counter electrode) and hence
it leads to the low efficiency. This process continues as long as the SEI layer is stabilized. It can also
be seen that reference Cu foil has a higher efficiency in the initial stages. This is because of its smaller
surface area. The increased surface area of the 3DPNi leads to the formation of the larger SEI layer
and this involves higher amount of irreversible Li* consumption. Once the layer is formed and the
system is stabilized, the efficiency starts to grow.

All the four graphs pertaining to the 3DPNi substrate, show a characteristic dip in the efficiency
before it climbs to ~100%. This forces us to consider that there is another mechanism at play here. A
possible reason may be nano-porosity and roughness of the 3DPNi substrate. As is clear from the SEM
images, the 3DPNi substrate is interspersed with both micro and nano-sized pores. The nanopores are
distributed randomly with no size or shape correlation. The Li plating (and stripping) will be significantly
harder in these nanopores (and other nanosized voids) as compared to the micropores. The plating
and stripping will also depend on the accessibility of these nanopores to the electrolyte. Hence, it may
be theorized that the dip in efficiency may be due to the excessive roughness of the sample and the
filling of these nanopores. Once these nanometer sized voids are filled, the Coulombic efficiency picks
up again and the cycling process happens in a uniform manner. However, more experiments needs to
be done to confirm this.
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Figure 3.12: The voltage profiles of the plating and stripping processes after 50 cycles for 3DPNi substrate fabricated with
different PEG concentrations.

It is important to see the voltage-capacity plot as well. The voltage hysteresis of the curve offers
another yardstick to measure the Li cycling process. Ideally, the voltage hysteresis should be minimum
and should not be subject to too much variations. The plating process is represented by the line in the
negative portion of the y-axis and the stripping process by the positive portion. We can also see that
all the 3DPNi substrates used, show a lower voltage hysteresis than the Cu foil.
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Another interesting aspect of the voltage-capacity plot is that the it does not follow any trend. The
substrate fabricated with PEG mass of 200 mg shows the lowest voltage hysteresis, with the substrate
with 100 mg PEG coming next. It is then followed by substrate made from PEG mass of 500 mg while
the PEG 150 mg version has the highest hysteresis. It could be expected the substrate fabricated with
500 mg PEG might have the highest potentials since it is expected to have the highest area.However,
this is not the case. This tells us that the area-potential relationship is not a straight-forward one.
Another porbable reason might be that all the surfaces are not wetted equally by the electrolyte.

From both the Coulombic efficiency and voltage-time curves, it was decided that PEG concentration
of 100 mg per 300 ml of H,0 would be best suited to fabricate substrates for further studies. Following
this, 3DPNi substrates were also prepared with different current density and duration of deposition.
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Figure 3.13: Coulombic efficiency of 3DPNi substrates fabricated with different current densities of deposition & reference Cu
foil

The above plots tells us that the earlier configuration - PEG 100 mg, current density of 3 A-cm™
and 30s deposition still shows superior performance over the variations. However, the capacity and
current rate of Li cycling plays a very significant role in deciding what porosity and thickness would
give the best performance. Therefore, it must be understood that the performance of the substrate
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will be dependent on the capacity and c-rate and the 100 mg/ 3 A-cm™/30s substrate might be best
performing one in this specific case. Anyhow, this configuration was chosen to continue the studies.

3.2.3. Study of Li cycling performance

Different capacity - Constant current rate - To further probe the performance of the substrate,
different capacities of Li were cycled with the substrate. The current rate of cycling was kept constant
at 1 mA-cm™.
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Figure 3.14: Coulombic efficiency of 3DPNi substrates cycled with different capacities of Li.

It is clear that the 3DPNi shows better Coulombic efficiency than the Cu foil. However, the cycle-
life of the substrates reduces as the capacity increases. As the amount of Li cycled in the substrate
increases it exerts more stress on the substrate, this reduces its cycle life. The average Coulombic
efficiency of the substrates at different capacities are as follows:

1. 1 mAh-cm™? = ~ 92% efficiency for 120 cycles
2. 2 mAh-cm™ = ~ 92% efficiency for 65 cycles
3. 3 mAh-cm™ = ~ 94% efficiency for 60 cycles
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The 3DPNi substrate shows a relatively good cycling performance when the capacity is limited 1
mAh-cm™. However, there is a significant drop in performance when the capacity is increased. This
may be due to the fact that 30s deposition might not be thick enough to accommodate the large
capacity. Therefore, understanding the capacity-thickness relation of the 3DPNi substrate will be a
key step in improving the performance of the substrate. More study has to be done in the direction
of investigating the Li nucleation thermodynamics and kinetics. The work by Pei et al. published in
January 2017 gives more insight into this field[59]. The study here is done for Li cycling with planar
Cu substrates. It can be safely assumed that this behaviour will be different on a nanostructured 3D
structure. Also, the potential of Li nucleation will also vary among different metals. This calls for a
much detailed foray into this field.

Kinetics - The earlier electrochemistry experiments demonstrate that the Coulombic efficiency for
the initial 20 odd cycles are relatively low (<90%). The low efficiency may be due to any of the three
following reasons:

1. Irreversible SEI formation
2. 3DPNi substrate
3. Li* kinetics of diffusion

Among this, the irreversible SEI formation is a spontaneous process that stabilizes as the cycling
progresses. This raised the suspicion as to whether the 3D structure of the 3DPNi substrate or the
intrinsic kinetics of Li* ion transport was responsible for this low efficiency. In an earlier section (section
3.2.2, page 25) it was also hypothesized that it could be the structure-morphology characteristics of
the substrate that might be contributing to the low Coulombic efficiency.

To investigate this issue, the kinetic aspects of the Li* ion was studied by reducing the current rate
of the Li cycling after every 20 cycle. The current rate was fixed at 1 mA-cm for 20 cycles and for
the next cycle the current rate was reduced to 0.1 mA-cm for the next cycle. The cut-off voltage for
charging in these tests was limited to 0.5 V. If we observe a dramatic increase in Coulombic efficiency
for every 21%t cycle, then we can conclude that cycling the Li* ions at a slower rate can extract (strip
away) a high amount of the previously plated Li.
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Figure 3.15: Coulombic efficiency of 3DPNi substrate cycles at 1 mA-cm™ for 20 cycles and 0.1 mA-cm2 for the next cycle. The
highlighted portion shows the jump in efficiency.

The result shows that for every 215t cycle, there is a dramatic increase in the efficiency. This is
highlighted in the graph. Therefore, if we strip the Li from the 3DPNi in a sufficiently slow manner,
we can reach efficiency of almost 100% (i.e at a reduced rate of 0.1 mA-cm the Li is able to strip
away from the 3DPNi substrate effectively). This confirms that the limitations from the Li* diffusion
characteristics combined with the irreversible capacity loss due to the SEI formation is responsible for
the loss of Coulombic efficiency in this case. The 3DPNi substrate does not impede the Li plating and
stripping process.
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3.3. Electrolyte modification with LiNOj

The normal electrolyte was modified with the addition of 1 wt% LiNO3. The LiNOs addition impacts
the Li cycling by the formation of a stable passivation layer on the electrode surface. The surface layer
is composed of species of the form Li,NO, formed due to the reduction of LiNOs. This layer further
homogenizes the SEI layer formed and enables the electrode to reach high Coulombic efficiency values
from an early stage[60]. The effect of LINO3 addition on the initial efficiency can be clearly understood
by comparing the 3DPNi substrates cycled for 5 times with and without LiNOs.
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Figure 3.16: Effect of LINO3 addition. Both the 3DPNi substrates were cycled for 5 times with a capacity of 1 mAh-cm™ at 1
mA-cm™2,

The image above illustrates the stark contrast that arises due to the LiNO5 addition. It can be seen
that with the normal electrolyte there are a lot of artifacts due to the Li cycling process due to the
stabilization of SEI. These artifacts offer higher resistance and longer distance for Li* ion transport.
However, with the addition of LiNO3, the formation of passivation layer enables the Li to be cycled with
close to 100% efficiency from the first cycle.
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Figure 3.17: Coulombic efficiency of 3DPNi substrate using the electrolyte with and without LiNO3 addition.

The addition significantly improved the Coulombic efficiency of the Li cycling process as expected.
There is a dramatic increase in the Coulombic efficiency of the first cycle. By adding LiNOs to the
electrolyte, the efficiency reaches almost 93% whereas without LiNOs, the efficiency drops to less than
80%. This indicates that the formation of the passivation layer is a spontaneous process. Also, the
Li nucleation during this first cycle is a markedly different process. The Coulombic efficiency remains
more than 95% close to 200 cycles with the addition LiINO3 as compared to 92% for 120 cycles with
the normal electrolyte.

This graph gives us two important conclusions:

1. The addition of LiNOs alters the potential of stripping for the initial cycles significantly. With
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Figure 3.18: The voltage profile of the plating and stripping processes after 1, 2, 20, 50 and 100 cycles for 3DPNi substrate
cycled with and without LiNO3

LiNO3, the Li plating for the first cycle happens at a voltage lower than -0.2 V (highlighted with
the circle) as compared to ~0.06 V for the normal electrolyte. This dip is due to the larger
interfacial resistance in the case of LiNOs. This tells us that there is no electrochemical reaction
before the first plating.

2. Inthe LiNOj; case, the hysteresis tends to remain constant after the initial cycles. There is minimal
variation between the potential of plating and stripping for the 20%, 50% and the 100™. This
shows the formation of the passivation layer which stabilizes the Li cycling process and enables
it to retain its high Coulombic efficiency for higher period of time. This is not so in the case
without LiNOs. The voltage hysteresis increases gradually as the cycling progresses. It can also
seen that the capacity of stripping also increases along with this. The voltage hysteresis reaches
up to 0.18 V for the 100%™ cycle, while it is less than 0.1 V with LiNO3. This gradual increase
in the voltage hysteresis may be attributed to the increasing thickness of the interphase layer
which impedes the plating-stripping process. However, we must also consider the probability
of electrolyte decomposition in some cases. This conclusion may apply to either case since the
electrolyte decomposition may happen due to various external factors as well[29].

The Li nucleation characteristics and the voltage hysteresis behaviour is reflected in the EIS results
as well.

3.4. Electrochemical Impedance Spectroscopy

The EIS analysis was done on the reference Cu foil and the 3DPNi substrate, with the normal electrolyte
and with LiNOs addition.
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Figure 3.19: EIS results of the different 3DPNi substrates and the reference copper foil

The EIS behaviour of the system resembles that of the mixed kinetic and charge transfer control
model as shown in figure 2.4. Therefore, by comparing the results to the standard graph we can
analyze the impedance characteristics of the cell.

The solution resistance of all the three systems are comparable (less than 10 Q). However, with the
addition of LiNO3 the resistance value increases slightly as compared to the other two cases. Consid-
ering the charge transfer resistance the reference Cu foil, it has a much higher value than the 3DPNi
substrate in the case of pristine substrates. This tells us that the conductive 3D Ni structure with larger
surface area enables easier charge transport within the cell. Comparing the normal electrolyte with
the LINO; added one, we see that LiNO5 addition increases the charge transfer resistance significantly.
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This confirms the presence of the passivation layer formed with the Li,NO, species which impedes the
charge transfer process.

Another aspect of note, is that for the substrate with LiNO5 the charge transfer resistance saturates
to around 25 Qafter the first cycle. In the case of normal electrolyte, the charge transfer resistance
increases in a steady manner. The additional passivation layer formed with the Li,NO, species stabilizes
the charge transfer process. However, this happens at the expense of increasing the charge transfer
resistance. This is contrary to what we see in the case of normal electrolyte, in whose case the the
impedance curve (charge transfer resistance) increases progressively. This can be explained by the
increase of the SEI layer thickness as the cycling continues. The fact that we do not see this behaviour
in the case of LiNOs addition leads us to believe that as the cycling progresses, the passivation and the
SEI layer stabilize the environment and offer the same charge transport resistance to the Li* transport.
In other words, there is no further irreversible loss of Li through the SEI formation. This claim is
supported by the voltage hysteresis plot as well (see figure 3.16).

3.5. Structure & surface characterization of cycled substrates

To investigate the structural and morphological changes in the 3DPNi substrate at various stages of
cycling, symmetric cells with 1 mAh-cm capacity were cycled at a current rate of 1 mA-cm™ for 1, 2,
5 and 50 cycles. The effect of the base electrolyte and the LiNO3 addition were studied. The cells were
then dismantled and the substrates were studied with SEM.
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Figure 3.20: SEM images of the 3DPNi at different stages of cycling with & without LiNO3

The SEM images support the findings of the voltage profile and EIS results. The first two rows shows
the top-view of the substrates. The image of the '1%t plating’ tells us that the Li can be effectively
contained in the 3DPNi structure. 3 mAh-cm™ of Li was deposited on to the sample to study if Li
could be effectively contained in the 3D structure. The image shows us that the Li plating happens
effectively with the structure and the Ni shows good affinity to the Li. This also suggests a good
wetting of the substrate by the electrolyte.The images towards the right, tells us that the structure is
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mechanically stable even after 50 cycles in both cases. However, there is significant difference in the
cycling behaviour in each case. After the 1%t cycle, the 3DPNi looks comparable to the pristine structure
but for the substrate without LiNO3 addition, the network walls have become thicker than the one with
LiNO5 addition. This points to irreversible SEI formation as well as the stray Li deposit which could not
stripped off effectively. The 5% cycle images gives a much clearer indication of the difference between
the effects of the two electrolyte systems. It is clear that the addition of LiINO5 greatly enhances the
Coulombic efficiency, as is clear from the amount of free space in the substrate. The structure also
retains its shape and morphology. However, for the normal electrolyte, the substrate is covered in a
layer of SEI artifacts and other Li deposits. This might not necessarily lead to failure of the substrate
but just confirms the claim of homogeneous SEI layer formation in the case of LiNO3; addition. This
homogeneous layer results in a highly reversible Li cycling process. After 50 cycles, the amount of
free space in both the substrates have reduced drastically. This is because of the interphase layer
growing in thickness and the accumulated Li deposits which could not be stripped away after every
cycle. Both these factors lead to reduced cycling efficiency. Even at this point, some of the cauliflower-
like structure of the 3PDNi substrate is visible in the case of LINO;. While this proves beyond doubt
that the 3D structure and morphology of the substrate is retained, it also forces us to believe that the
SEI layer is formed predominantly on the top surface of the substrate. This especially true for the case
without LiNO3 addition because even though the SEM images shows the complete coverage of the top
of the substrate with the SEI layer, the substrate under the same conditions can be cycled without
failure for about ~120 cycles under the same conditions (see fig 3.10). These images also confirm that
the structural integrity of the substrate is retained during the cycling process.

The 3™ and 4™ row shows a magnified image of the individual 3DPNi substrate. This shows us
that there is hardly any Li deposits in the nanopores between the Ni deposits in the first two cycles in
both the cases. This questions the earlier claim that Li plating in nanopores is significantly harder and
that might be the reason for the dip in the Coulombic efficiency. (section 3.2.2, page 22) The SEM
images tells us that the initial dip in efficiency is solely due to irreversible consumption of Li due to
the formation of the SEI. This is specially relevant in the case of normal electrolytes. The initial dip
in the Coulombic efficiency could be due to the fact that the increased surface area of the substrate
leads to the creation of a SEI layer with larger surface area compared to the planar substrate. Until
the SEI formation is completed throughout the 3D structure and is stabilized, the Coulombic efficiency
does not reach the stable maximum value. Even though the kinetics of the SEI formation is unclear,
this theory is supported by both the SEM images and the Coulombic efficiency plots. However, more
studies is required to understand the mechanism and kinetics of SEI formation. Continuing with this
theory, it could also be argued that addition LINO3 expedites the formation and stabilization of the SEI
layer at an enhanced rate. Since the SEI formation and stabilization happens at a faster rate, we do
not see a drop in the Coulombic efficiency until the cell dies or short circuits.

3.6. Electrochemical Na cycling performance

Electrochemical cycling of the 3DPNi substrate with Na metal showed encouraging results. With the
electrolyte system of NaPFg and DEGDME, Na could be cycled effectively with this substrate. Thus, the
3DPNi substrate can also reduce the dendrite formation in Na as well.
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Figure 3.21: Coulombic efficiency of the Na metal cycling with the 3DPNi substrate and reference Cu foil.
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The 3DPNi substrate gives an average performance of ~99% for more than 250 cycles. Even the Cu
foil maintains more than 90% average efficiency for more than 150 cycles. This is significantly better
than the Li cycling performance. However, attributing this superior performance solely to the 3DPNi
substrate might not be a good conclusion. The fact that that both substrates show better performance
than with Li tells us that is something inherently different with Na cycling. It could also be due to the
particular electrolyte that was used for this experiment. This particular electrolyte was chosen from the
work of Seh et al.. This work reports that The high reversibility was due to the formation of a uniform,
inorganic SEI made of Na,O and NaF, which is highly impermeable to electrolyte solvent and prevents
the formation of dendrites[4].

This finding gives us optimism that similar to this case, there could also be an electrolyte system
that improves the performance of Li metal cycling, without the other engineering innovations. It also
highlights the importance of electrolyte system and the nature of SEI in metal cycling processes.

In any case, the superior cycling performance of Cu and 3DPNi substrates compared to that of Li
leads us to believe that the Na cycling mechanism might be different from that of Li. The fast climb
towards ~100% efficiency might be due to fast formation and stabilization of the SEI layer. This is
similar in the case of both Cu and 3DPNi substrate which indicates that the SEI formation mechanism
should be different fro Na. The electrolyte system used (NaPFg in DEGDME) might also be a defining
parameter that affects the performance.
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Figure 3.22: Voltage profiles of the plating & stripping processes of Na with Cu (left) and 3DPNi (right) substrate.

The voltage profiles of the Na metal cycling look vastly different from the case of Li. It is extremely
stable through out the cycling progress and the voltage hysteresis is minimal. For the 3DPNi substrate
the initial potential of plating is higher than that of the Cu substrate - it is almost -0.05 V as compared
to the ~ 0.01 V of that of Cu. This may be due to the increased surface area and roughness of the
3DPNi substrate. The cycling process stabilizes soon after this. The voltage hysteresis of both the
cases is around 0.03 V with the Cu substrate being on the lower side. This is the case even after 100
cycles and 200 cycles for Cu and 3DPNi respectively. Hence, it might be possible that the cell fails
due to some other mode other than dendrite formation. This interesting behaviour definitely warrants
further investigation.

3.7. Surface layer depositions

The ALD of TiO, and Al,Oj significantly improves the cycle life as well as the Coulombic efficiency of the
Li cycling process. It is accepted to be due to the stabilization of the SEI layer, in an effect that is similar
to the ceLiNO3 discussed before. However, the efficiency at the beginning of the both the depositions
are low. It is around 50% for TiO, deposition and 35% for the Al,O3 case. This indicates a vastly
different SEI formation/stabilization mechanism. The stabilization process is severely impeded by the
deposition layer although, it shows superior performance once the stabilization process is completed.
The slow rise of the Coulombic efficiency to the maximum tells us that the SEI stabilization process takes
longer. The irreversible consumption of Li* ions in the early stages of cycling to stabilize the SEI results
in the low Coulombic efficiency at the beginning. However, once the layer is formed and stabilized,
the cycling behaviour is extremely uniform and long-lasting. Therefore, it is clear that surface layer
deposition significantly alters the SEI formation mechanism and more study is needed to understand
the various parameters affecting this process.

The voltage profile curves support our initial understanding. As can be seen, there is a significant
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Figure 3.23: Coulombic Efficiency of the Ni substrate with Al,O3 and TiO, depositions compared to bare planar Ni foil.

i
Te ee

0.25 mAh- cm? at 0.125 mA- cm™® with TiO2 deposition

T T T
100 200 300

o

Cycle No:

0.25 mAh- cm™ at 0.125 mA- cm™ with Al>Oz deposition

)

4

T u T T T T T u T
0 100 200 300

Cycle No:
0.25 mAh- cm? at 0.125 mA- am’> with no deposition
.
.
....
. Pe
L]
- P e .
T O e, .
3 F R .
- Seny ® .o bt
. Ladte o te RN, .
*
[ ]
L]
T T T T
o 25 50 75

Cycle No:

100

loss of capacity in the initial cycles. However, this improves as the cycling progresses. Another in-
teresting aspect that is common to both the cases is that the voltage hysteresis shows a decreasing
trend till the 50™ cycle or so. It starts increasing between the 50™ and 100™ cycle. This increase
in hysteresis keeps rising as time progresses. From a physical sense it means that the Li plating and
stripping process is "easier” until 501 cycle or so. So, the SEI formation and stabilization mechanism
is significantly altered. This may be attributed to the SEI - ALD layer interaction but more experiments
are required to have a more thorough understanding. Since, it is common to both the depositions, it
can be definitely due to presence of the ALD layer, however, the reaction mechanism of both the cases
should be different due to presence of different chemical species. This corroborated by the fact that
in the case of TiO, the potential of plating is slightly more negative than in the Al,O3 case. Also, the
voltage hysteresis is lower in the case of Al,03 (~0.05 V) compared to TiO, (~0.07 V) after 300 cycles.

Both these values are on

pacity = 0,25 mAh- cm™at C-rate = 0125 mA- am? with

the lower side compared to other cases.
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Figure 3.24: Voltage profiles of the plating & stripping processes of Li using substrates with TiO, (left) and Al,O3 (right)

depositions.

The physical parameters of the ALD process like thickness of the layer, homogeneity, substrate -
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layer interaction etc. will also play a significant role in deciding the Li cycling performance. The Li*
ions need to traverse the SEI-ALD layer during both plating and stripping process therefore, how the
layer forms (kinetics) and its chemical composition will be of utmost importance in this case. While
most of that is beyond the scope of this project, it is confirmed beyond suspicion that ALD deposition
indeed helps in delaying the dendrite formation and eventual failure of the battery.



Conclusions

4.1. Fabrication

The HBDT method is an effective, facile method to produce 3D metallic foam structures. Extremely
porous structure with good mechanical integrity can be produced in minimal amount of time. The
method also offers an option to modify numerous fabrication parameters and create structures with
desired morphology and characteristics.

4.2, Li cycling experiments

The 3DPNi substrate is suitable as a conductive scaffold for Li metal anodes. It can function as a 3D
current collector to reversibly store Li effectively. The results that have been obtained are comparable
if not superior than the ones published in scientific literature. Using the 3DPNi electrode, the Li could
be cycled for ~300 cycles at 0.5 mAh-cm at mA-cm™2. Cycles lives of 120 and 60 cycles were achieved
with capacity to 1 mAh-cm™ and 3 mAh-cm™ respectively at the same current rate. It was also proven
that the 3D structure does not impede the diffusion behaviour of the Li*.

4.3. Effect of LiNOj;

The addition of LiNOs significantly improves the Li cycling performance. As discussed before, the
formation of the passivation layer is responsible for this effect. However, the nucleation and growth of
this layer needs to be understood more clearly. The cycle life of the cell improved to more than 200
cycles at more than 90% efficiency with a capacity of 1 mAh-cm™ at a current rate of 1 mA-cm™. The
voltage profiles of the two cases (with and without LiNO3) are very different from each other. Addition
of LiINO; makes the voltage hysteresis constant as the cycling progresses, while in the other case, the
hysteresis increases gradually. Also, the initial Li plating potential is more negative in the case of LiNOs,
suggesting the formation of a passivation layer which results in the increase of Li plating potential.

4.4, EIS results

The EIS results clearly indicate that the 3DPNi substrate offers a much lower impedance to Li* ion flux
compared to the Cu foil. In the case of normal electrolyte, the impedance increases gradually as the
cycling progresses. Addition of LINO3 increases the impedance of the cell. This is due to formation of
the passivation layer. It causes the impedance to remain constant as the cycling progresses.

4.5. Structural Characterization

SEM imaging of the sample after various stages of cycling proved that the substrate morphology is
retained even after 50 cycles. The electrolyte plays a significant role in deciding the cycling mechanism.
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4.6. Na cycling experiments

It was found that the 3DPNi substrate is suitable for Na metal batteries as well. It showed extremely
good Coulombic efficiency for more than 200 cycles with 0.5 mAh-cm™ capacity at a current rate of 1
mA-cm™2. However, the voltage hysteresis curves tell us that the Na plating and stripping behaviour
is vastly different from the case of Li plating. The potential variations are minimal and the plateaus
are more stable. This requires further study as it is clear that the Na cycling behaviour cannot be fully
explained by comparison with the Li cycling process.

4.7. Surface layer depositions

ALD of TiO, and Al,O3 improves the Li cycling performance as expected. The cells show extremely
extremely long cycle life of over 300 cycles with very high coulombic efficiency. However, it must be
kept in mind that capacity and current rate used here are smaller as compared to the other values.
Therefore, the performance of these layers may vary when subjected to higher capacities and current
values. Also, it can concluded that the SEI formation mechanism varies in the case - it is visibly slower,
especially in the case of Al,O3 deposition. This tells us that in the initial cycles, more Li is consumed in
the irreversible SEI formation. This is not a detrimental effect in this particular case where we use Li
metal as the counter electrode, which provides an unlimited supply of Li. However, in cases where the
Li supply is limited (in cells with other electrode materials) this enhanced consumption of Li will lead to
rapid capacity loss. Therefore, how the mechanism and dynamics of SEI formation varies with surface
layer deposition will be interesting to look into, especially since ALD is a well-developed commercialized
technique.



Recommendations & Outlook

5.1. Fabrication
There are some limitations to the HBDT method that must be considered. Some of these issues are:

1. The use of extremely high current for the electrodeposition restricts the size of the substrate.
The porosity of the substrate depends on the current density of deposition. Hence, to obtain
high porosity high current densities are required. The electrodeposition for this work was done
at 3 A-cm™. So, in order to double the area of deposition we would need to go up to 6 A-cm

which might not be practically viable.
2. The dynamics and chemistry of the HBDT method needs to be studied further. Even though itis a

galvanostatic process, the electrochemically active area of the working electrode changes rapidly
due to the growth of 3D deposits. Hence, the growth rate - current density relation should be
studied further so as to create substrates with desired thickness. Similarly, other parameters
like electrolyte composition also plays a significant role in deciding the characteristics of the final
deposit.

3. A sF’Eandardized experimental setup is required to ensure that the substrates with similar, structure
and morphology may be created repeatedly. In this work, the entire fabrication work - electrolyte
and electrode preparation, deposition and processing was done manually. This could lead to

variations among the different samples which could adversely affect the subsequent experiments.
4. The mechanical stability is inversely affected by the porosity. As the porosity of the sample

increase, the walls of the 3D network become thinner and weaken the structure. However, there
are many ways to improve and modify the structure and porosity of the electrodeposited 3DPNi
structure. Post-electrodeposition treatment is a probable option.[61]. In this method, a thin layer
of Ni is deposited on the already formed 3DPNi structutre at very low current density (~ 0.01
A-cm?. The low current density ensures that the subsequent Ni deposition happens in a slow
and smooth manner. The figure below illustrates the difference in the substrates fabricated with
post-electrodeposition. It can be seen that the surface roughness of the sample has reduced
significantly as a result of the post-electrodeposition.

5.2. Symmetric cells

The symmetric cells used for this work were lab developed prototype cells. After extended use over
long periods of time, the cells have developed minor defects which compromises the performance of
some cells and yields faulty results.

An important parameter which affects the process of Li (or Na) cycling is the pressure between the
two electrodes inside the cell. In the kind of cells used for this work, the steel spring attached to the
flange determines the pressure with which the electrodes are compressed and brought into contact
with each other. The tension in the spring show minor variations across the different cells. This leads
to electrodes being pressed against each other at different pressures for different cells. The same
argument could also be extended to the rubber o-ring. Hence, the reproducibility of results could be
an issue and multiple trials with the same experimental settings are advised before the final conclusions
are made.
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Figure 5.1: Post-electrodeposition effects on the substrate. (a) Normal electrodeposition - grain sizes are smaller as indicated
in the highlighted part and (b) Substrate with post-electrodeposition treatment - the highlighted portion shows the reduction in
roughness and the grains becoming bigger.

5.3. Li cycling experiments

There are some factors that must be considered while the cycling experiments are performed. They
can be summarized as follows:

1. The 3DPNi substrate can be optimized for the Li cycling process. The experiments show that the
substrate fabricated with different electrodeposition conditions give us varying Li cycling perfor-
mance. So, it may be concluded that by individually studying the different properties of the the
substrate with respect to its Li cycling performance, we can develop an optimized structure with
superior Li cycling performance.

2. The dynamics of SEI formation on a 3D structure needs to be studied further. The SEI formation
on a planar structure can be explained by the standard mechanism. However, the SEI formation
on a 3D porous structure will also depend on the accessibility of the micro and nano sized pores
to the electrolyte. Hence, the SEI formation may not be straightforward and it requires more
study.

3. The capacity of Li cycling (and the current rate) and the thickness of substrate are correlated.
The cycling performance of the the same substrate might be different for different capacities.
Consider the scenario where 0.5 mAh-cm™ of Li is deposited on a substrate fabricated with 60s
deposition. If this capacity of Li deposited is lower than the optimal capacity (to contain Li) of
the 60s substrate it will result in increased diffusion distances and higher impedance for Li* flow
as it moves through the thicker deposit. A probable way to study this could be studying the Li
growth/deposition rate on the substrate.

Li cycled directly on the steel flanges

(a)

@ Li foil
[@ 3DPNi substrate

Figure 5.2: Size effects of the electrode. (a) Size variation of the electrodes and (b) Li cycled on the steel flanges.

4. There are some common parameters that influence the Li cycling process in every symmetric cell
: capacity, current rate, cut-off voltage for charging and electrode size. The final performance
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of the cell is dependent on each of these parameters. Untangling the individual effects of these
parameters can help a lot in developing our understanding of the Li cycling performance of the
substrate. During the experiments, it was found that the electrodes (Li metal foil and 3DPNi
substrate) with similar shape and size can lead to visibly better performance. This is due to
the fact using a circular Li foil with 15 mm diameter and a 3DPNi substrate of 1 cm? leads to a
mismatch in area and this will cause some of the Li to directly cycle with the steel flanges. This
especially visible at high capacity cycling and will lead to rapid cell failure. This is shown in the
figure below.

Thus, it can be concluded that while gauging the Li cycling performance of the 3DPNi substrate
(or any other substrate), the effect of the above-mentioned parameters must be carefully considered
while performing the experiments. Only then can we have an effective comparison between the various
results published in the scientific literature.

5.4. Full-cell performance

The 3DPNi substrate with pre-deposited Li or Na may be used in full-cells to understand its perfor-
mance versus other electrode materials. As an example, Li deposited 3DPNi may be cycled with other
commercial electrode materials like lithium titanate (Li4Ti5O1,) or lithium iron phosphate (LiFePQ,).
This will aid in understanding the possibility of commercializing the 3DPNi substrate in the future.

5.5. Standard testing procedure

The comparison between different publications will be effective only if a standardized testing procedure
is developed. Hence, developing a standard testing protocol that may be used by research groups all
over the world can help in understanding the results as well as gauging other aspects of performance
of the system.



Appendix

A.1. Materials

The following chemicals were used for this project:

1. Fabrication of 3DPNi

¢ NiSO4.6/7-H,0 - Nickel(II) sulphate hexa-/ heptahydrate - Sigma Aldrich (for nickel plating,
DIN 50970 H, 220.6% Ni and Co basis
¢ NH4Cl - Ammonium chloride - Sigma Aldrich (puriss. p.a., ACS reagent, reag. ISO, reag. Ph.

Eur,, >299.5%)
e PEG4000 - Poly(ethylene glycol) - Sigma Aldrich (average Mn 4,000, platelets)

2. Electrolytes

e LIiTFSI - Bis(trifluoromethane)sulfonimide lithium salt - Sigma Aldrich (CAS Number 90076-
65-6)

DME - 1,2 Dimethoxyethane - Sigma Aldrich (anhydrous, 99.5%, inhibitor-free)

DOL - 1,3 Dioxolane - Sigma Aldrich (anhydrous, contains 75 ppm BHT as inhibitor, 99.8
LiNOs - Lithium nitrate - (99.99% trace metals basis)

NaPFg - Sodium hexafluorophosphate - Sigma Aldrich (98%)

DEGDME - Diethylene glycol dimethyl ether - Sigma Aldrich (anhydrous, 99.5%)

A.2. Maccor test system & Failure modes

A.2.1. Maccor test system

The Li and Na cycling done in this work were carried out by the Maccor system. The data was analyzed
by the MIMS client software. The test procedure for the cell is fed to the software before the cycling
process has started. The results screen of the Maccor program with the software looks like this,

0 0 120 140 180 180 200 220 240 260 280 00 30
ccccccc

Figure A.1: Output data screen of the Li cycling process with Maccor.

42
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The screen is divided into two plots. The plot on the top shows the voltage profile (voltage vs.
time) of the process. The plot at the bottom shows the discharge and charge capacity vs. the cycle
number of the cycling process. Both the graphs together tell us how the cycling is progressing.

A.2.2. Failure Modes

Figure A.1 is a cell that has performed well for over 300 cycles. As is clear from the image, the voltage
profile is extremely stable and the Coulombic efficiency is does not fluctuate haphazardly, maintaining
a value of more than 90% once the cell is stabilized. Comparing figure A.1 to the figure below (A.2)
shows a clear distinction between a working and failed cell.
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Figure A.2: Output data screen of the Li cycling process with Maccor - Failed cell

It is evident from the picture that the voltage profile has destabilized and is at 0 V (i.e short-circuit)
from about 60 hours. This correspondingly reflected in the charge-discharge capacity curves as well.
The charging capacity drops to zero which means that the cycling process has stopped and there is
no stripping happening. Li plating happens as per the program, but the cell is unable to support the
stripping process.

By disassembling a cell in the glovebox, we can see some of the problems that happen during the
preparation of the cell, as well as during the cycling process.

Figure A.3: Fresh Li (inset) compared to the one after cycling. The black particles on the surface are the dendrites.

The black powdery deposits at the surface of the Li metal is the dendrites formed. Proper cell
assembly is crucial to the successful cyling of the cell. The images below show the most common ways
that cell assembly and cycling may go wrong.
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Figure A.4: The separator was not placed properly on the 3DPNi substrate. The gas bubble trapped under it can be seen clearly.

Figure A.5: Comparison of 3mAh-cm2 of Li deposited on the 3DPNi (left) and Cu (right) substrate. The homogeneity in the
case of 3DPNi is evident.
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