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Abstract

An exponential rise in battery demand for EV and energy storage system (ESS) applications
has exposed the weaknesses of contemporary lithium ion battery (LIB) technology.
Conventional LIBs suffer from low specific energies and high manufacturing costs, and
currently dominating cathode materials make use of cobalt and nickel which suffer from
multiple supply chain issues. Anode free battery (AFB) technology can potentially offer
higher specific energies at a lower cost. Current AFBs suffer from low coulombic efficiency
(CE) among other issues. This low CE causes a significant loss of active lithium with every
cycle. Increasing AFB performance requires either increasing average CE or replenishing the
lost active lithium. This project aims to study the optimization of LiFePO4 (LFP) based anode
free cells by means of developing a lithium reservoir on the copper anode substrate. The
lithium reservoir can be used to replenish the active lithium, and the reservoir will be built
using a sacrificial agent. In this work Lis-PTtSA, a conjugated sulfonamide is examined for
use as a sacrificial agent. To this end, a LFP - Lis-PTtSA hybrid cathode is fabricated in an
inert atmosphere. Modifications in the first cycle of a cell have been reported to have a strong
influence on the cycle life. To this end, an ‘intermediate rest step” has been tested for the first
cycle of a lithium copper cell which increases the average CE by increasing the stability of
the initial SEI. This has improved the cycle life of the cell by more than 100 %. Lithium half,
lithium copper, anode free and powder cells have been used to study the behaviour of LFP,
Lis-PTtSA and the copper anode substrate. Galvanostatic cycling has been used for
electrochemical characterization. Presence of a lithium reservoir increases the cycle life of an
anode free cell by 40 % in the considered case. Lis-PTtSA is concluded to be a potential

sacrificial agent for anode free battery optimization.
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1 General Context

1.1 Introduction: Some background towards batteries

After commercialization in 1991 by Sony, Lithium ion batteries (LIBs) have become the
dominant type of rechargeable battery system being used to operate portable electronics. For
the past two decades there has been a continuously growing trend of electric vehicle and
renewable energy systems adoption . This is due to rapidly exacerbating climate change,
geopolitical factors due to fossil fuel dependency and rising air pollution 2. EV applications
necessitate the use of batteries and the irregular power supply obtained from renewable
sources like solar and wind requires the use of energy storage systems (ESS). Presently
lithium ion batteries (LIBs) dominate the EV & ESS landscapes, and occupy a significant
portion of the portable electronics energy storage market. Despite having become
synonymous with the term ‘battery’, LIBs are subject to continuous research and

development to make them smaller, lighter and better.

The modern lithium ion battery is a rechargeable energy storage device which makes use of
reversible intercalation and deintercalation of lithium ions in the positive and negative
electrodes. The device during its use, will alternate between two extreme states, the
discharged and charged states respectively. Figures 1.1 a, 1.1 b show the discharged and
charged states of a lithium ion battery. During the charging process, an external potential
difference is applied which causes the positive electrode material to oxidize and lithium ions
move out of the electrode by deintercalation (delithiation). The negative electrode is reduced
and receives lithium ions. During the discharge process, a potential difference is generated as
the negative electrode is oxidized and the lithium ions move out. The positive electrode is
reduced and it receives the lithium ions by intercalation (lithiation). The ratio of the number
of lithium ions transferred into the +ve electrode during discharge to the number of lithium
ions transferred out of the +ve electrode during charge is called the coulombic efficiency. A
transfer of electrons between the electrodes through an external circuit accompanies this
transfer of ions in order to maintain electrical neutrality of the system. This electron transfer

creates a current which is used to power electrical and electronic devices. The positive and



negative electrodes of the battery during the discharge process are termed as ‘cathode’ and

‘anode’ respectively.
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Figure 1.1 a: Lithium ion battery in discharged state.
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Figure 1.1 b: Lithium ion battery in charged state.
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Figure 1.1 c: Materials/ Parts in a lithium ion battery.



Since the battery can be considered to oscillate between two extreme states, it is also called as
a ‘rocking chair battery’. It can be very well said that the processes which allow lithium ion
batteries to store and release energy correspond to the motion of individual lithium ions but
the application of these processes is utilised on a much larger scale.

Even this scale has a very wide spectrum. On the smaller end of the spectrum are mobile
phone batteries, for instance the battery of iPhone 13 Pro Max which has a capacity of 16.75
Wh. While on the higher end of the spectrum are ESS products. For e.g., the Tesla Megapack
can store 3 MWh per unit.

1.2 What defines a ‘high performance’ battery?

It can be concluded from the previous section that lithium ion batteries and batteries in
general play a fundamental role in our daily lives. Be it inside our watches and mobile phones
or as a part of microgrids and heavy vehicles, batteries are everywhere around us and it is in
the better interest of humanity and nature that academia and industry work together for the
development of better, low cost and more sustainable batteries. But before going deeper into
advanced battery systems and battery chemistries, it is important that answers to the

following questions are understood very well:

1. What are the parameters to be considered when labelling a battery as ‘high performance’?
2. Which of these parameters are purely objective, and which are more subjective and open to

interpretation?

Speaking from a broader perspective, parameters for battery evaluation can be directly linked
to nuances in battery chemistry and battery architecture. Or they can be linked to how the
battery reacts with the surrounding environment and to the operating conditions. This is
especially true when developing batteries for use in rough/extreme conditions for e.g.,

abnormally high/low temperatures, maritime environments, etc.

One of the most important parameters with regards to battery performance is the specific
energy of the battery Ep [Wh/kg]/[Wh/m?®], which refers to the maximum energy that can be

stored in the battery on a unit weight or a unit volume basis.
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Figure 1.2: Parameters to be considered during development of high performance batteries.

In these cases, it is also called the ‘gravimetric energy density’ or ‘volumetric energy density’
of the system. For instance maximum cell level gravimetric energy density of the current

LIBs is around 250 Wh/kg which puts a strong limitation on the current EV range 2.

Ep [Wh/kg] =V [Volt] X Cy, [Ah/kg] (Equation 1.1)

Equation 1.1 clearly shows that the specific energy is a function of the output voltage V
[Volt] and the specific capacity of the material C;;, [mAh/g]. The output voltage is calculated
as the difference between the working potentials of the cathode and the anode. The specific
capacity of an electrode material is the maximum amount of charge that can be stored in the

electrode per unit mass. Figure 1.3 shows the working potential and specific capacity values
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for selected electrode materials. Thus, it can be concluded that in order to maximize energy
density, it is imperative that chosen electrode materials have high specific capacities and give
a high output voltage, resulting in cells with higher specific energies. For a perspective, as of
2018 the specific energy of commercial lithium ion batteries was typically less than 250
Wh/kg at the cell level 4. Volumetric energy density of LIBs has increased by more than 8

times between 2008 and 2020 °, but more improvement is needed in this area.

Cathode Capacity (mAh/g)

gOO 200 300 400 500
_ Li, .CoO, §
4L W@LMnO, 13 &
- L I m g
=E V.0 s
= I LiNiO 2 5* o | ] g_
-1 3F LIFePO : 24
¢ " f ?LIMnO2 V.0 g
= I S
S o[  ®@Anatase TiO, 3| 1=
s °f 5113
S ] &
= {TiNbZO7 115 3
1F Jm&
] ® @
Carbon . 5]
L|Cs\_rr Sn QGe | 3 *Sl &

1

0 1000 2000 3000 4000 5000
Anode Capacity (mAh/g)

Figure 1.3: Working potentials and specific capacities for selected electrode materials. ©

The specific capacity can be calculated with Equation 1.2 where n is the number of electrons
accepted/released per unit of the material, M is the molar mass of the electrode material, and

F is the Faraday’s constant having a value of 96485 C/mol.

n x F [C/mol]

Cen[mAh/g] = 3600 x M [ kg/mol]

(Equation 1.2)



The above equation clearly reveals the major reason for lithium’s high specific capacity. This
is because lithium has the lowest molar mass among metals. Also, lithium has the highest

magnitude of reduction potential at -3.04 V vs SHE.

On the other hand, there are various other factors which are subjective and open to
interpretation. Such factors are either related to the choice of battery materials, the battery
system or the operating conditions of the battery and the influence of the environment on
battery performance. With the steep rise of lithium ion battery applications in the automotive
industry, one of the major areas of concern for the industry and also a key cause of lack of
confidence in electric vehicles (EVs) is the fire safety of a battery system 7. Apart from the
innovation needed in battery management systems, a major area of research for fire safety
improvement is the battery chemistry. Development of electrolyte additives acting as fire
retardants is an active research area. One of the more prominent battery chemistry related
changes due to increased fire safety demands is the gradual shift from NMC based cathode
systems to LFP based cathode systems for certain automobile segments, despite the lower
specific capacity of LFP. The increased thermal stability of LFP is due to strong P-O covalent

bonds which are absent in NMC, NCA cathode materials 8.

Safety has often been a key bottleneck for the commercial use of a given type of battery. In
1989, Canada based MoLi Energy was forced to issue a total recall for its rechargeable
Li/MoS; lithium metal batteries (LMBs) after multiple fire incidents °. More recently, Apple
had issued a battery recall for specific editions of the 15-inch MacBook Pro stating that the
contained battery may overheat and explode. In 2022, there were numerous cases of electric
scooters catching fire in India. They key cause of fires was determined to be the employed
battery chemistry which was unfit for India’s hot and sunny climate. In fact, the very
motivation for LIB commercialization in 1991 was the disastrous MoLi Energy incident
which convinced the community at the time that lithium metal anodes were inherently unsafe.
Today operational safety is considered as a key parameter when comparing two battery
systems (e.g., Li metal vs Li ion) or two choices for a battery component (e.g., LFP cathodes
vs NMC cathodes).

Among other factors, careful attention must be paid to how battery performance is affected,
by electrical abuse (overcharging/overdischarging) and by presence of irregularly varying

loads for e.g., movement of an EV through a traffic congestion. The effect of such abnormal
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operating conditions on the efficiency/life of the battery should be as low as possible. Also, a
major area of research is the development of battery systems for optimal performance at
extreme temperatures, which are required for niche EV applications in very hot or very cold
places. Also, since a battery is used for a particular application for many cycles (1500-2000),
it is necessary that the various interfaces inside the battery be stable with time. The stability
of the electrode/electrolyte interface becomes very important here. This is one additional area
in which LFP cathodes fare better compared to conventional NMC cathodes °. This lack of
stability is one of the key barriers to the commercial use of LMBs, as the lithium metal
anode/electrolyte interface is unstable and lithium metal undergoes a continuous reaction

with the electrolyte leading to the formation of a high impedance SEI 7.

Since, batteries are an extremely application oriented system, it is important to understand the
concept of C-rate. The C-rate is a measure of how fast or slow a battery is charged/discharged.
A C-rate of ‘X’ implies that a completely discharged/charged battery will be completely
charged/discharged in 1/x’ hours. There is a strong demand from the automobile industry for
fast charging batteries. But it has been proven that fast charging (high C-rate charging) of
batteries degrades battery performance in terms of specific energy and specific power. Thus,
it is imperative that suitable cathodes, anodes, and electrolytes are developed so that batteries

show optimal performance for a longer life, even when used at high and variable C-rates.

1.3 High performance batteries: Current options

As discussed in the last section, specific energy of the battery is the landmark metric for
evaluation of battery performance. Higher the specific energy of the system, higher is the
amount of energy that can be stored per unit weight of battery, consequently more ‘high
performance’ is the battery. Figure 1.4 shows the evolution of cell level specific energies for
Li-ion systems from 1991 to 2012. Current LIBs have specific energies of 240-250 Wh/kg or
550-600 Wh/I 11, Focused research is needed to achieve the target of 500 Wh/kg or 750 Wh/I.
Conventionally, innovation to improve specific energy has been focused on the system level
or the component level. Figure 1.5 shows multiple technologies which could potentially
replace conventional LIBs.
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Figure 1.4: Evolution of cell level specific energies
in the time period 1991 — 2012, 2

The main basis for component level innovation is that the specific energy of the battery is a
function of the specific capacity and working potential of the anode/cathode materials.
Disappointingly, graphite which is also the most used anode material, has a specific capacity
of only 372 mAh/g which results in current LIBs being heavy and bulky. This directly places
a restriction on the range of an EV. There have been consistent efforts to incorporate silicon
in the anode, either pure or in the form of a graphite composite as the specific capacity of

silicon is ca. 4200 mAh/g, a more than 10 time increase from graphite 2.

In theory, a specific energy increase of ca. 60 % can be achieved with the use of silicon but
the key issue is the volume difference between the lithiated and delithiated phases 4. Another
component level modification is to use a lithium metal anode (specific capacity ca. 3860
mAh/g) instead of a graphite anode, essentially the lithium metal battery, which was
commercialized in the late 1980s only to be withdrawn in a short time due to multiple safety

hazards .

Another major component level modification is to select cathode materials having higher
specific capacity. The first lithium metal oxide material to be commercialized was LCO
(LiCoOy) in 1991, offering a specific capacity equal to a mere 135 mAh/g at a potential of 4.2

V vs Li*/Li% It is important to note that optimized cathode materials must possess both, a



high specific capacity and a high working potential 6. LNO (LiNiO2) and LMO (LiMn20.)

were explored in depth but both these materials have substantial weaknesses.
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Figure 1.5: Potential alternatives to conventional lithium ion batteries.

With an aim to develop a superior cathode material by combining the strengths of LCO,
LMO and LNO, NMC (LiNiixyCoxMnyO.) was developed in the year 1999 which currently
dominates the current cathode materials mix utilised in the market 7. The specific capacity
and working potential of NMC can be tuned by varying the ratios of nickel, cobalt, and
manganese. Another cathode material being used in modern LIBs is NCA (LiNi1-x.yCoxAlyO»)
which operates at an average potential of 3.7 V vs Li*/Li® and gives a specific capacity of ca.
199 mAh/g for x=0.15, y=0.05 *8, Finally, another cathode material that has a growing market
share is LFP (LiFePO4) which was discovered in 1997, and offers a specific capacity of 170
mANh/g at a working potential of 3.4 V vs Li*/Li°*°. The key advantage that LFP offers over
other cathode materials is that it makes the battery manufacturing process free of cobalt,

which conventionally faces issues when it comes to cost efficiency and ethical sourcing. But
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in the end if we look at the specific capacities and working potentials of the available cathode
materials (shown in Figure 1.3, Page 5), it can be concluded that innovation for cathode

materials alone cannot help in achieving a cell level specific energy of 500 Wh/kg.

The other group of modifications has been focused on the system level. The are strong efforts
to adopt post lithium systems based on Na, K, Zn, Al, Ca, Mg and other elements. A key
hurdle for sodium ion battery (SIB) commercialization is the lack of low potential anode
materials having high specific capacity. But despite their low specific energy (~200 Wh/kg),
Chinese manufacturer CATL has decided to commercialize SIBs and Chinese automaker
Chery has decided to start using them in their low budget EV models by the end of 2023 %°.
But other post lithium systems still face serious issues. Problems at hand for magnesium ion
batteries are lack of suitable electrolyte chemistries and high performance cathodes 2.
Comprehensive studies on binders and current collectors are also required ?2. The general
trend in this area is that these batteries are unlikely to be able to compete with LIBs in terms
of specific energy. Moreover, these technologies are currently not mature enough for the
community to be able to predict their commercial viability for the long term.

A disruptive set of concepts bearing the umbrella name of ‘metal-air batteries’ do promise a
theoretical energy density much higher than that of LIBs. These systems presently suffer
from multiple challenges in the cathode, anode and electrolyte areas, making
commercialization in the short term an impossible task 2. Li, Na and K-air batteries feature a
non-aqueous electrolyte due to their highly reactive nature and the key issue limiting their
performance is the formation of peroxides/superoxides on the air cathode. Zn, Fe, Al, Mg-air
batteries feature aqueous electrolytes as these metal surfaces can be passivated to a certain
extent by their oxides/hydroxides. Here the major issue is the polarization of the air cathode
between charge and discharge which restricts the efficiency. For instance the efficiency of

Zn-air batteries is unlikely to be higher than 65 % 24,

The Redox flow battery (RFB) represents an excellent set of technologies that has already
achieved substantial market penetration. Characterized by a strong adoption for stationary
energy storage purposes, it is plagued by low specific energies (< 125 Wh/L) which makes it

unsuitable for automotive applications 2°.
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Figure 1.6: Theoretical energy densities for metal—air batteries. 2
Note that metal-air batteries have the potential to offer much higher energy density
(ca. 11500 Wh/kg for Li-air vs ca. 200 Wh/kg for Li-ion).

The anode free battery (AFB) is another interesting concept which offers an energy density
that is substantially higher than that of the lithium ion battery, even surpassing the benefits
offered by the lithium metal battery. This gain of energy density results from the elimination
of the anode as the weight/volume occupied by the anode is reduced to zero. The copper
current collector which is conventionally used as a substrate to build the graphite anode in a
lithium ion battery, serves as a surface for lithium electroplating/electrodissolution. The
intercalation/deintercalation processes at the anodic side in a lithium ion battery are replaced
by lithium electroplating/electrodissolution processes in an anode free battery. However, it is
important to note that the term ‘anode free battery’ is more of a misnomer as this concept is
more akin to a zero excess Li anode metal battery. In a charged state, there is a lithium layer
present on the copper anode substrate which can be said to represent an in-situ formed
lithium metal anode. Figure 1.7 shows the structural differences between a lithium ion,

lithium metal and anode free battery.

From a product perspective, the anode free battery (AFB) can be viewed as a technology that
has the potential to offer high specific energy at a lower cost as compared to the lithium ion
battery. From the perspective of scientific development, anode free batteries constitute what
are termed as 5™ generation batteries. Current LIBs and lithium metal batteries (LMBs) can
be termed as 3™ & 4" generation batteries. Out of the entire landscape of rechargeable energy
storage systems, anode free batteries stand out as a viable upgrade from current lithium ion
batteries. These batteries offer a strong advantage in the sense that the standard structure of a

lithium ion battery is directly carried over to anode free batteries, without any substantial
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distortion. Anode free batteries offer the highest specific energy for the intercalation anodes
used in a lithium ion battery. The manufacturing and assembly processes are largely the same,
the same anode substrate is used without actual anode manufacture. The elimination of the
anode offers a significant cost advantage.

Cathode T
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Electrolyte SiiliiE
* Separator Electrolyte
+ Separator
\‘\“-—-—-_“'""“._._—__—_ﬁ
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Figure 1.7: Differences in structure between lithium ion (L), lithium metal (C)
and anode free batteries (R).

1.4 Anode free batteries: An overview

As seen in the previous section, anode free batteries (AFBs) appear as a feasible solution to
the problem of lack of high performance batteries. With the first experiments performed in
the year 2000, AFBs have a configuration of Al | LiXO | Sep. | Cu, unlike conventional LIBs
which have a configuration of Al | LiXO | Sep. | Ceé | Cu. Here ‘Sep.” denotes the separator
and ‘LiXO’ denotes a standard lithiated oxide type cathode material e.g., LFP, NMC, NCA,
etc. whereas Cs denotes a graphite anode. Instead of a conventional anode, only an anode

substrate is present.

The first AFB system was developed as solid state thin film battery with a LCO cathode and
LiPON electrolyte %5, Since then multiple initiatives have approached the anode free concept
from non-conventional perspectives: sodium ion, solid state 2’, thin film, niche cathode
materials e.g., Lil, LizS 8. The key advantage of an AFB over a conventional LIB or LMB is
higher specific energy due to elimination of a conventional graphite or lithium anode. And
since the graphite anode is replaced by an in-situ formed lithium metal anode, the output

voltage is highest for the selected cathode.
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Higher specific energy of an AFB results directly from the elimination of the anode.
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Figure 1.9: Differences in weight distribution for NCA based LIB (Top) and AFB (Bottom)
systems. 3031

AFBs also offer cost and manufacturing advantages over LMBs due to absence of a lithium
metal anode. Fabricating and handling lithium foils at a large scale while maintaining
necessary microstructure and surface quality is a cost intensive process as an inert
atmosphere is required, otherwise compounds like LisN, Li2COs and Li>O are formed. In case
of LIBs, considerable costs are involved in the sourcing and processing of battery grade
graphite, AFBs fare better in this regard. In an as-assembled AFB, the cathode is lithiated and
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the anode substrate is completely delithiated, ‘self-discharge’ is not possible which would

otherwise lower the internal energy of the cell.

The major obstacle which does not allow successful commercialization of AFBs is low
coulombic efficiency, which arises due to irreversible loss of capacity with each cycle (which
also represents an irreversible loss of active lithium with each cycle). This is due to the poor
quality of the electroplating/electrodissolution processes. Formation of dead lithium and
weak SEI formation have also been cited as reasons for poor AFB performance 3. Dead
(mossy) lithium formation can be attributed to weak adhesion of deposited lithium on the
anode substrate. In general, repeated electrodeposition of lithium on copper is known to be
non-uniform, as shown in Figure 1.12. Weak SEls suffer cracking and as a result, more
lithium ions are consumed to form new SEI material *2. Like lithium metal batteries, anode
free batteries also suffer from dendrite formation at the anodic side. The formation of
dendrites occurs due to irregular plating of lithium on the copper surface, which is caused due
to irregular mass transport of lithium ions in the electrolyte . This presence of dendrites
(shown in Figure 1.10) poses a safety hazard due to increased risk of short circuits, as well as
they cause unwanted reactions between lithium metal and the electrolyte which decreases the

coulombic efficiency.

Multiple studies have focused on optimizing the constituents of the SEI with the aim of
preventing unwanted electrolyte decomposition on the current collector surface. Multiple
methods have been used for improving the efficiency performance of an AFB, these methods
can be broadly grouped into three areas which are as follows 293

A. Modification of electrolyte

B. Modification of current collector surface

C. Modification of cell formation and cycling parameters

Another issue encountered during the operation of an AFB is the volume change of the
system as the cell is charged and discharged. As the cell is charged, a lithium metal anode is
formed in situ, increasing the width of the cell. As the cell is discharged, this anode is
decomposed and the width of the system returns to the initial value, as shown in Figure 1.11.

This change in volume must be compensated with some mechanism.
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Figure 1.12: Repeated lithium electrodeposition of lithium on copper is known
to be non uniform and can easily involve dendrite formation.
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1.4.1 Modification of electrolyte

Electrolyte composition and chemistry heavily influence the performance of a given anode
free battery as the electrolyte components influence the morphology of the deposited lithium
and also directly control the composition of the SEI formed on the copper anode substrate *°.
The SEI must possess two specific qualities: It must have high ionic conductivity with respect
to lithium ions, and it must passivate the anode substrate surface to prevent further

decomposition of the electrolyte .

It has been shown that LFP | Cu anode free cells assembled with LiPFe based carbonate
electrolytes show poor performance *'. This is chiefly due to reaction of the electrodeposited
lithium with the electrolyte and LiPFs salt, forming a high impedance SEI. The plated lithium
also tends to form dendrites and dead (mossy) lithium in presence of 1 M LiPFe in EC.EMC
(3:7 wt:wt) carbonate electrolyte. This behaviour decreases the amount of active lithium in
the system, leading to poor lithium transport reversibility and low coulombic efficiency. This
behaviour was in agreement with prior observations regarding carbonate electrolytes . On
the other end LFP | Cu showed a superior performance with 4M LiFSI in DME electrolyte.
Impedance of the cell during cycling was limited and the high CE achieved shows the high
reversibility of the lithium electroplating/electrodissolution process. The increased
concentration of the Li* ions in this case leads to a more uniform Li deposition on the current
collector as can be seen in Figure 1.13. Formation of a lithium layer with large particle size
(low surface area) is helpful for minimizing unwanted reactions between the electrolyte and
lithium metal and it also minimizes presence of a fibrous structure which may lead to
dendrite formation. FSI ions originating from the salt undergo reduction to form LiF which
contributes to increased stability of the SEI. It is also observed that using an electrolyte
having higher concentration increases the rate capability of the system. lonic conductivity
increases as the solvation forces between lithium ions and FSI™ anions are weak, resulting in
better Li* transference number as compared to LiPFs based carbonate electrolytes 340, It has
also been reported in multiple studies that lithium metal has better compatibility with ether

based electrolyte solvents (DOL, DME, etc.) when compared to carbonate type solvents 4142,

Following these results, a dual salt electrolyte making use of a 2M LiFSI-1M LIiTFSI in
DME:DOL (1:1 vol:vol) in LFP | Cu anode free cells was reported . It did not perform
better than the earlier reported 4M LiFSI in DME electrolyte but here LiTFSI salt was also
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used which is less expensive compared to LiFSI. Also, the total salt utilization per cell was
lower which offers cost advantages. It was noted that the combined effect of the salts helps to
build a more stable SEI. DFT studies were used to indicate that LiFSI has a higher tendency
to decompose during cycling. FSI™ ions decompose and the products react with lithium metal
deposited on the anode to form a stable SEI. XPS examinations of the cycled current
collectors revealed the large presence of inorganic compounds Li.COs, LiF and Li.O as
compared to 3M LIiTFSI in DME:DOL (1:1 vol:vol). It was concluded that LiFSI salt
stabilizes the SEI by improving composition due to increased formation of inorganic species,
while LiTFSI salt provides ions for high electrolyte conductivity. Li deposition morphology
was observed by SEM and it was smoother for dual salt electrolyte as compared to single salt
electrolyte. As a combined effect of improved SEI and better electrolyte conductivity, the
performance of the anode free cell was improved. This electrolyte composition of 2M LiFSI-
1M LiTFSI in DME:DOL (1:1 vol:vol) is used for all the experiments in this work.

Figure 1.13: Lithium plating on copper current collector for first cycle in LFP | Cu anode free
cells *”. For 1 M LiPFe in EC/EMC ( 3:7/ wt:wt ) (L) a dendritic morphology is obtained
whereas for 4M LiFSI in DME (R), a compact and nodular morphology is obtained.

At this moment, more research is required to understand the ways in which electrolyte
composition/concentration impacts SEI composition and stability. The fact that reversibility
of the Li electroplating/electrodissolution processes is directly dependent on the properties of

the SEI makes the situation more complex. Multiple research efforts have focused on LiF as a
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Figure 1.14: Comparison of SEI formed with TFSI- & FSI™ based vs only TFSI™ based
electrolytes: Electrolyte with TFSI™ and FSI ions helps in formation of a stable and compact
SEI, unlike electrolyte with only TFSI- ions.

SEI stabilizing species. One direction is to focus on SEI stabilizing halides like Lil and the
sulfide LisPSs which are known to have a high ionic conductivity. Polymeric and organic
species must also be investigated. Development of relevant computational methods will go a

long way when it comes to understanding SEI formation and SEI behaviour.

1.4.2 Modification of current collector surface

The morphology and composition of the current collector surface influences the nucleation
and growth phases during the lithium deposition. The modifications that are done to current
collectors can be grouped into two groups: in-situ and ex-situ. In-situ modification is chiefly
done by electrolyte additives “3, while multiple approaches have been attempted for ex-situ

modification.

Before going into the details of the current collector modifications, one must understand the
key barriers that prevent uniform electroplating/electrodissolution of lithium on copper. One
of the key factors which do not promote uniform deposition is the high nucleation potential
for selected substrates *4#. This arises due to difference of crystal structure. Lithium is a
BCC metal while copper used as a current collector has an FCC structure. But the difference
of crystal structure can be compensated for when the deposition surface has an alloying

behaviour towards lithium, decreasing the nucleation potential. Gold and tin are such metals
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which show alloying behaviour towards lithium. The major issue with copper is the high
nucleation potential due to lack of similar crystal structure and absence of alloying behaviour

towards lithium.

Figure 1.15 a: Bare copper anode substrate (L); Tin plated copper anode substrate (R)
developed by electroless plating method. 4’
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Figure 1.15 b: First cycle performed at 0.5 mA/cm?: Overpotential for Li || Sn plated Cu
system is lower than that for Li || Cu system. First cycle capacity loss is higher
for Li || Sn plated Cu system due to Li-Sn alloy formation.
Li || Cu system does not undergo alloy formation. 4

One such study consisted of electroless plating pretreatment of copper current collectors to
form a surface layer consisting of tin #’. As compared to bare current collectors, cycle life
increased from 30 to 80 cycles in NCA || Cu anode free cells with a LiPFe based carbonate
electrolyte. Multiple studies have tried to improvise AFC performance by treating current
collectors to form an artificial SEI. In one such study, LizLaz75Ca0.25Zr1.75Nbg 25012 (Garnet)
was coated onto the copper surface by an electrospinning based method. This modification
resulted in lower polarization and better capacity retention in NMC || Cu AFCs with a
carbonate based electrolyte. Other studies have focused on artificial SEls like PEO
(Polyethylene oxide) and MLG (Multilayer graphene) *8, For LFP || Cu based AFC with
ether electrolytes, MLG treated current collectors exhibited better capacity retention at 50

cycles than the ones treated with PEO.
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Figure 1.16 a: Schematic representation of differences in repeated lithium deposition for bare
copper (Top) and PEO coated copper (Bottom) anode substrates. %
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Figure 1.16 b: Differences in cycling performance of Li || Cu cells for bare copper (Top) and
PEO coated copper (Bottom) anode substrates. PEO is coated by electrospinning process at
4000 rpm for 120 seconds. °

Until now, initiatives have almost exclusively focused on experimental methods for the
identification of suitable current collector surfaces. But computational studies will make the
entire process of finding and selecting substrates for lithium electroplating/electrodissolution
much more efficient. It is important to note that the modification of current collectors may
eventually act as a barrier to AFB commercialization as these treatments often make use of
somewhat exotic methods like chemical vapor deposition (CVD), sputtering and
electrospinning which are expensive and energy intensive processes to implement at a large

scale, with some of these processes being very slow and time consuming.

1.4.3 Modification of cell formation and cycling parameters

The SEI is a crucial part of the battery during the operation stage, and is formed in-situ after
the cell is assembled. It is desirable to have a stable and passivating SEI before the cell is

cycled for the long term. On the other hand, since the first charge step involves a first plating

of lithium on the current collector and formation of the SEI, the first cycle conditions also
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have a significant impact on the long-term cycling stability of the cell. Multiple studies have

shown the impact of the first cycle protocol on the long term performance of the cell 374951,
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Figure 1.17: Introducing a rest phase and increasing the discharge current density in the first
cycle protocol in case of 3M LiFSI in DOL/DME (1:1 v:v) improves SEI structure.
Top : Schematic showing difference in cycling protocols.
Bottom : Differences in capacity retention in LFP || Cu anode free
cells for the two cycling protocols. %2

An integrated first cycle and resting protocol was introduced to promote the formation of a
robust SEI 52, Post assembly, the cell was charged at a low rate to ensure lithium deposition at
a slow rate. After this a rest period of 24 hours was given to allow for high quality SEI
formation. Then the cell was discharged at a rate higher than the charge rate following which
galvanostatic cycling was done at a low rate to study cell performance. The 24 hours rest
period contributed to higher capacity retention compared to the case in which the rest period
being absent, the first discharge was started directly after the first charge. This result is
interesting and can be further investigated to develop more efficient first cycle protocols.
Other than first cycle current rates and resting periods, other variables have also been

evaluated. Application of mechanical pressures in the range of 75-2200 kPa during the first
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cycle to improve long term capacity retention was explored for carbonate electrolyte solvent
systems in NMC532 | Cu pouch type anode free cells %3, SEM examinations were used to
investigate the morphology of plated lithium and it was concluded that the application of
pressure in general can lead to increase in initial plating efficiency. This is because the high

pressure involved inhibits the mossy deposition of lithium.

It was also shown that as compared to a FEC:DEC electrolyte system, a FEC:TFEC system
improves initial plating efficiency. Increased system temperature during the initial cycle was
studied for NMC | Cu pouch type anode free cells with a 0.6 M LIiDFOB - 0.6 M LiBF4 in
FEC:DEC (1:2 v:v) electrolyte >*. It was reported that the long term cell performance of the
cells at 20 °C under pressure increased by large margins when the first two cycles were
performed at 40 °C, the number of cycles to 80% capacity retention increased from 18 to 60.
This performance was further improved when the applied pressure was increased from 75
kPa to 2200 kPa. To summarise, elevated temperature and pressure during the initial cycles
can be used to improve long term anode free cell performance by improving the SEI

morphology and composition.
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Figure 2.1: Overview for objectives of this work.

As explained in Chapter 1, anode free batteries do have consistent problems. The major
problem is the low coulombic efficiency (CE) of the lithium electrodeposition/
electrodissolution processes on the copper anode substrate. There are two aspects to consider
here.

The first aspect is that improving the average coulombic efficiency would lead to an
improvement in anode free battery (AFB) performance. It is already established that the
composition and quality of the solid electrolyte interphase (SEI) is an important aspect
influencing long term battery performance. The SEI is formed during the first cycle of the
cell when the lithium ions deintercalate from the cathode for the first time and approach the
anode (copper anode substrate in an AFB). This means that the first cycle conditions can have
an important effect on the SEI quality. The technique of giving a gap (a period of zero current)
between the first charge & the first discharge to improve SEI formation has been reported in

the literature. In this work the effect of having an ‘intermediate rest step” or a 24 hour gap of

23



such type has been studied and it can be used as a method to improve long term CE for anode

free batteries.

The second aspect is that a lower coulombic efficiency for a given cycle implies a higher
active lithium loss for that cycle. This loss decreases the cycle life of the cell. One method to
counter this to replenish the lost lithium with the help of a lithium reservoir located on the
copper anode substrate. The broad idea is that a sacrificial compound embedded in the
cathode generates lithium ions in the first cycle to form a lithium reservoir on the copper

anode substrate.
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Figure 2.2: Modes of cycling for anode free cell:
Normal cycling with no formation of lithium reservoir (Top)
Use of sacrificial agent for formation of lithium reservoir (Centre)
Limited cycling for formation of lithium reservoir (Bottom)

The effect of the presence of a lithium reservoir on cell performance has been studied by

making use of limited cycling to form a lithium reservoir in an anode free cell. A large gain
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in cycle life has been realized. An overview of lithium reservoir formation by limited cycling

and by use of a sacrificial agent has been given in Figure 2.2.

Regarding the choice of sacrificial agent for lithium reservoir construction, Lis-PTtSA has
been examined for use as a sacrificial agent. It is observed that NMP, the solvent for the
cathode preparation process tends to partially dissolve Lis-PTtSA, possibly resulting in phase
separation. This unwanted behaviour requires more analysis for a thorough explanation and
as of now, the cathode fabrication process requires a substantial improvement. But on a broad
level, it is concluded that Lis-PTtSA is a potential sacrificial agent for anode free battery

optimization.
In the end, perspectives have been given regarding the next steps that can be taken in the

short and the long term, regarding anode free battery optimization with the use of Lis-PTtSA

as a sacrificial agent.
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3 Overview of Experiments

All experiments have been done primarily at the cell level, where the cell components
(cathode, anode, and electrolyte) are prepared using standard laboratory methods. Multiple
types of cells are used to understand potential methods to optimise anode free batteries.
Lithium half cells, lithium copper cells, powder cells and anode free cells are used in this
work. An overview of the experimental aspects of this work is shown in Figure 3.1. The
experimental details can be broadly divided into the methods and materials sections. All the
experiments done have been carried out at an ambient temperature (25 °C), and a dual solvent
— dual salt electrolyte (2M LiFSI + 1M LiTFSI in DOL/DME (1:1 v:v)) has been used for all

experiments.

Methods
Cathode CR2032 _
preparation with - tvoe Galvanostatic
NMP based slurry _yp cycling
coin cells
method
Materials
Electrodes Electrolyte
Cathode active Copper Lithium 2M LiFSI
materials foil metal + 1M LIiTFSI
in DOL/DME
LFP Li,-PTtSA (1:1vwv)

Figure 3.1: An overview for the experimental aspects of this work.
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3.1 Overview of materials

3.1.1 Primary cathode active material

Lithium iron phosphate, LiFePO4 (LFP) is a polyanion type cathode material which was first
identified in 1997 *° and it is currently used in multiple EV and ESS applications. Currently,
the cathode active materials (CAM) market is dominated by NMC and NCA materials which
make use of nickel and cobalt. These two elements suffer from multiple supply chain issues
ranging from environmental and human impacts of mining to a volatile price environment.
These factors have led the industry and academia to develop ‘nickel and cathode free’
cathode chemistries. LFP is one premier material in this group of chemistries. As of
September 2022, the market share for LFP batteries in the global EV market was 31% *° and
this value is set to rise as patents have started to expire. With a theoretical specific capacity of
170 mAh/g and a working potential of 3.4 V vs Li*/Li®*®, LFP works with a biphasic
delithiation process. Higher thermal stability due to strong P-O covalent bonds results in
higher operational safety at the battery level °. Among other benefits, LFP offers cost
benefits and a higher cycle life °”. The low specific capacity of LFP against other chemistries
currently limits its applications to ESS products and battery applications for low to medium

range EVs.

3.1.2 Sacrificial agent

As outlined in Chapter 2, an alternative approach to improve anode free battery performance
IS to use an additive acting as a sacrificial agent to make a lithium reservoir on the anode
substrate by the electrochemical in-situ deposition of lithium metal. On a broad level,
multiple additives have been explored so far to improve battery performance in general, e.g.,
Co/Li,0 %8 and LiFeO; incorporated Li-MoOs . The general concept is to use the cathode
additive as a sacrificial compound to generate lithium ions which can compensate for the loss
of active lithium at each cycle. One recent study focused on the use of lithium oxalate
(Li2C204) as a sacrificial compound ® for increasing the life of NMC based anode free cells.
The idea here was to decompose Li2C204 in the first cycle to form Li* ions, which can be
deposited on the anode substrate to behave as a lithium reservoir for the subsequent cycles.
The details of selected cathode additives/sacrificial compounds studied in the past have been

summarised in Table 3.1.
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An ideal cathode additive must yield lithium ions within a narrow potential window which is
outside the standard operating window for the given cell. A narrow potential window implies
a near-constant potential Li* ion release process. As it can be seen in Table 3.1, many
previously tested additives generate Li* ions over a wide potential window.

Table 3.1: Overview of recently studied cathode additives.

Additive Potential Charge Reference

vs Li*/Li° (V) | capacity
(mAh/qg)

Li2C204 45-49V 532 60
(Oxidation)

Li2MoOs 23-30V 244 59, 61
(Delithiation)

0.8 Li2M0oO3 — 0.2 ]23-3.0V 221.7 59

LiFeO; (Delithiation)

Co/LiO (3:4 molar | 25-4.1V 619 58

ratio) Nanocomposite | (Delithiation)

For an LFP cathode, the cell has a standard operating window of 3.0 — 3.8 V vs Li*/Li° This
implies that any additive that is selected, must yield lithium ions in a window outside 3.0 —
3.8 V. Preferably, the ions must be generated at a potential lower than the operating window.
For instance, if lithium oxalate were to be used as a cathode additive for an LFP cell, the cell
would have to be subjected to a high potential of 4.7 V' vs Li*/Li° only for the purpose of
generating a lithium reservoir. This would result in a complicated formation/ageing procedure.
Thus, for an LFP cell, it is strongly recommended to use an additive which generates Li* ions
below 3.0 V vs Li*/Li°.

And, it is highly desirable that the selected additive does not contain any metal that is not
originally present in the cell as this would lead to additional complications for battery
recycling, which is becoming more important day by day and which is already a complicated
process. For instance, the use of LiMoOs as a cathode additive for any given purpose would
introduce molybdenum in the battery system. Battery recycling for such type of batteries

would require a separate process for molybdenum recovery.
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Figure 3.2: Overview of criteria for sacrificial agent selection.

Lithium oxalate (Li2C204) was used as a cathode additive to increase the cycle life of NMC
based anode free cells by lithium reservoir formation °, but the oxidation of the Li»C,04
molecule involves evolution of CO. gas, which reacts further with lithium from the
electrolyte and the cathode material to form Li.COs SEI layers. This entire process requires
the consumption of lithium and requires a high potential of 4.7 V vs Li*/Li°. Also, due to
efficiency reasons all the CO2 gas may not react and this may lead to the accumulation of gas
inside the cell.

Cobalt — lithium oxide nanocomposites have been used as cathode additives to increase the
life of LFP — graphite full cells 8 but using this specific additive goes against one of the basic
motivations to move to LFP based systems from NMC and NCA based systems. One of the
basic ideas about adopting cobalt free systems e.g., LFP is that battery manufacturers can

become immune to the numerous issues related to the supply chain and ethical sourcing of
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Cobalt. Thus, it can be said that it is quite befitting that any cathode additive selected for an

LFP based system be free of cobalt and nickel.

Finally, an important part of selecting a sacrificial agent is considering the manufacturing
process compatibility. Currently, cathode manufacturing utilises a slurry-based coating
process with N-Methyl-2-pyrrolidone (NMP) as a solvent. The coating must be vacuum dried
at 110 °C for complete NMP evaporation in order to obtain a solid coated cathode. These
conditions imply that the selected sacrificial agent must be completely stable in contact with
NMP as well as be stable at high temperatures up to 110 °C. An overview of the criteria for

sacrificial agent selection has been given in Figure 3.2.

As we have seen, the key requirement for a sacrificial agent is that the redox potential must
be located outside the routine potential window of cell operation. This window for an LFP
cell is 3.0-3.8 V vs Li*/Li° (Working potential of LFP is 3.4 V vs Li*/Li%. Keeping this and
the other selection criteria in perspective, Lis-PTtSA appears to be a sacrificial agent which
could potentially be used to optimise LFP anode free cell performance via lithium reservoir

formation.

Tetralithiumbenzene-1,2,4,5-tetrayltetrakis((methylsulfonyl)amide)[Lis-PTtSA] is a type of
conjugated sulfonamide which is an organic battery material and has a redox potential of 2.75
V vs Li*/Li° 8 in solid phase and has a specific capacity of 120 mAh/g with a molar mass of

474 g/mol. The structure of the molecule has been shown in Figure 3.3.

+
H,CO,8 1 Ai +

Li
N\SOZCH
H30023\,;
+L |:Li"§‘*soch3

Figure 3.3: Molecular structure of Lis-PTtSA 6 (L),
Lis-PTtSA Sample (R).
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The redox reactions can be given as follows:
Lis-PTtSA — Li>-PTtSA + 2Li* +2¢ (Oxidation)
Lio-PTtSA + 2Li* +2e” — Lis-PTtSA (Reduction)

A powder cell is used to understand the energy storage capability and redox behaviour of Lis-
PTtSA, and it can be clearly seen that oxidation takes place within a very narrow potential
window which is located below the LFP cell operation window of 3.0-3.8 V. The
galvanostatic cycling data has been shown in Section 6.1 of the Supplementary information.
Lis-PTtSA contains only lithium among metals, and no new metal is introduced in the cell
which would require a separate recovery process during recycling. Thus, it can be said that

Lis-PTtSA may act as a potential sacrificial agent for LFP anode free cell optimization.

3.2 Overview of methods

CR2032 type coin cells are used to observe multiple of types of energy storage systems in
order to understand the behaviour and performance of LFP and Hybrid cathodes and the
copper anode substrate. With regards to cathode preparation, a standard slurry-based coating
method is used with aluminium foil as the cathode substrate. LFP cathodes are prepared in an
ambient atmosphere while hybrid cathodes are prepared in an inert atmosphere inside a glove
box and are never exposed to air. For electrochemical characterisation, galvanostatic charge

and discharge is used. Standard cell assembly processes are used to assemble the cells.

3.2.1 Use of coin cells to understand energy storage behaviour

CR2032 type coin cells are constructed with different types of cathodes and anodes in order
to understand the nuances of anode free batteries. Exploded views of the constructed cells are
shown in Figure 3.9 on Page 37.

A lithium half cell (henceforth referred to as Li half cell) is a system which resembles a
typical lithium metal battery, with a polished lithium chip used as the anode. The choice of
lithium as the anode material makes the potential at the anode equal to 0 V vs Li*/Li%. This
allows us to understand the behaviour and performance of the cathode active materials, LFP

and Lis-PTtSA, as well the quality of cathode manufacturing. A lithium copper cell
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(henceforth referred to as Li Cu cell) does not represent any potential type of battery, but it is
a system which is used to study electroplating/electrodissolution of lithium on a copper
surface as the system is charged/discharged. An anode free cell is a system which resembles a
typical anode free battery. The conventional graphite anode of a lithium ion battery is
replaced by a copper foil anode substrate. The basic differences in the structure of the cells
can be seen in Figure 3.4. It can be clearly observed that the intercalation/deintercalation
processes at the cathode in a lithium half cell and lithium electroplating/electrodissolution
processes at the copper surface in a lithium copper cell occur together in an anode free cell to
give a reversible energy storage behaviour. The lithium half and lithium copper cells allow us

to understand the cathode and anode processes occurring in an anode free cell individually.

A powder cell is a crude arrangement in which the cathode lacks a substrate and consists of
only of a powdered mixture in which the active material is the major component. This type of
cell uses a glass microfiber separator and provides information about the behaviour of the

active material.

Anode free Lithium
cell half cell

LFP/ Hybrid cathode

Lithium metal anode

Copper anode substrate

Lithium
copper cell

Figure 3.4: Schematic representation of anode free, lithium half and lithium copper cell.
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3.2.2 Cathode preparation
3.2.2A LFP cathode preparation

Inorganic cathodes use only LFP (LiFePOs) as an active material and aluminium foil (MTI,
25 micron) is used as a cathode substrate. PVDF (Kynar brand, Arkema) binder is mixed with
calculated amount of NMP (Thermo scientific, 99%+) in a vial and is stirred using a
magnetic stirrer (Arex digital PRO) and a stirrer bar for a minimum of 20 hours until a
homogenous colourless solution is formed. Using a spatula and an agate pestle & mortar,
carefully weighed amounts of LFP (Johnson Matthey) and C65 (Imerys) are mixed to form a
smooth mixture. The mixed powder is then carefully transferred to the vial and this final
mixture is subjected to stirring for a period of 24 hours, forming a smooth and viscous slurry.
The ratio of the active material to C65, binder is 8:1:1 (by weight).

Aluminium

foil
1. 2. 3. High 4.
Mixing Coating temp. (110°C) Cutting
vacuum drying

Cathode
active — Cathode
material PVDF, NMP

C65, is

NMP removed

are

added

Figure 3.5: Basic overview of processes involved in cathode preparation.

A sheet of aluminum foil is prepared by cleaning with ethanol and drying in air. The foil has
a rough side which appears dull and a smooth side, which appears bright. The rough side is
used for the coating process. Using a vacuum coater (TOB VFC-300) a coating of 100 micron
thickness is prepared on the foil with the prepared cathode slurry using a coater bar under the
fume hood. The composition of the slurry can be found in Table S1, in Section 6.3 of the

supplementary information. It must be noted that all processes involving NMP are carried out
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inside a fume hood to minimise any health hazard caused due to evaporated NMP. The
coating is allowed to settle for 15 minutes under the force of the vacuum after which the foil
is transferred to an oven (VWR Dryline) for air heating at 70 °C for 1.5 hours. After this, the
foil is moved to a vacuum oven (PCD C6-5000) for vacuum heating at 110 °C for 22.5 hours.

After this heating/drying process the foils are adequately cooled and cut into circles having
13 mm diameter using a hand cutting machine (EL-CELL, EL-cut). Weighing paper is used
during the cutting process so that the electrodes are not damaged in any way. They are dried

adequately in vacuum at 70 °C before they are transferred to the glove box for cell assembly.

Figure 3.6: Aluminium foil with coated slurry for LFP cathode (before heating).
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Figure 3.7: LFP cathode prepared by NMP based slurry method, @ 13 mm.

3.2.2B Hybrid cathode preparation

Hybrid cathodes use both LFP and Lis-PTtSA as active materials and aluminium foil is used
as a cathode substrate. The hybrid cathode preparation is entirely done inside the glove box.
A separate Kynar binder stock solution is prepared (80 mg per 1 ml NMP) using a magnetic
stirrer (IKA RCT Basic). LFP and 50% of the C65 by weight are mixed using a pestle and
mortar. Lis-PTtSA and the remaining C65 are mixed separately. 500 microliters of the stock
solution are added to the LFP - C65 mixture and mixed well. The Lis-PTtSA — C65 mixture is
added to the formed paste and this final mixture is ground with the gradual addition of 400
microliters of NMP. The formed slurry is put on a cleaned aluminium foil (rough side) and a
100-micron thick coating is made using a coater bar. Composition of the slurry used for
coating can be found in Table S2, in Section 6.3 of the supplementary information. The ratio
of the active material to C65, binder is 8:1:1 (by weight). The ratio of Lis-PTtSA to LFP is
1:4 (by weight). This coating is allowed to dry for 2 hours, after which it is heated at 110 °C
in a tube furnace (BUCHI Glass oven B-585) for 20 hours. After this heating process, the
coated foil is cut into circular electrodes of 11 mm diameter using a hand cutter, inside the
glove box. Weighing paper is used during the cutting process to prevent any damage to the

electrodes. These hybrid cathodes are always kept under an inert atmosphere.

35



Figure 3.8: Aluminium foil with coated slurry for hybrid cathode (before heating).

3.2.3 Cell assembly processes

All cell components except electrolyte salts/solvents were adequately vacuum dried at 70 °C
before they were transferred to the glove box (MBraun MB200B). Electrolyte or individual
salt/solvent bottles were transferred in a packed and sealed condition and were opened only
inside the glove box. Lithium anodes used in the cells were hand polished inside the glove

box before assembly and were cut into 13mm diameter circles in case of Li-Cu cells.

Copper current collectors used in anode free and lithium half cells were cut as circles of
19mm diameter from copper foil (15 micron thickness) and cleaned by shaking in 1M HCI
for 5 minutes followed by repeated rinsing with water and ethanol (3 times each). It must be
noted that the copper foil has a rough side which appears dull and has a linear surface texture
and a smooth side, which appears bright. The rough side is used for electrochemical study.
Celgard separators were cut as circles of 19 mm diameter from the available roll (Celgard
2325). Cell casings, springs and stainless steel current collectors were used without any

pretreatment. SS316 cell casings of CR2032 type coin cells were used

The Li half cells, Li-Cu cells, powder cells and anode free cells were assembled inside the

glove box. The assembly scheme for the cells is shown in Figure 3.9. The general method
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was to start from the cathode (+) case and finish with the anode (-) case. After assembly the

cell was pressed using a cell assembly machine (TOB MR-120) with a force of 700 kg.

«——Anode (-) case
«——Anode (-) case

> s
<«——Spring
Stainless steel - : Stainless steel

current collector current collectors

<«—Lithium chip o>
D <«——LFP cathode

<——Electrolyte

=0

O <«——Electrolyte
<«—Separator
0 0 <«—Electrolyte < > <—Celgard separator
‘__LFP;’ Hybrid - . Copper current
cathode collector

«——Cathode (+) case @ «+——Cathode (4) case

Figure 3.9 a: Assembly schemes for Li half cell (L) and anode free cell (R).
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Figure 3.9 b: Assembly schemes for Li-Cu cell (L) and powder cell (R).
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3.2.4 Galvanostatic cycling

Galvanostatic cycling (GC) is one of the most common methods applied to batteries for
electrochemical characterization. It is primarily aimed at analysing and comparing the
performance of a cell for different electrode/electrolyte systems for a given number of cycles.
Essentially a selected value of current is applied to the cell until it is charged for a selected
capacity (Capacity controlled cycling) or to a selected cut-off potential (Potential controlled
cycling). Then the cell is discharged for a selected capacity or to a selected cut-off potential.
The various variables involved like the time, current, potential, capacity and energy are
recorded by the software. BioLogic BCS-05 with BT-Lab V1.60 software, and Neware
battery testing system with BTS 7.6.0 software are used for recording the data. BTSDA 7.6.0
and OriginPro 2021b are used for data analysis.

An overview of galvanostatic cycling results for a LFP — Lithium half cell has been shown in
Figure 3.10. The cell is cycled between cut-off potentials of 3.0 and 3.8 V. Variation of
capacity with potential has been shown for the first cycle and variation of charge and

discharge capacities has been shown for the first 150 cycles.
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Figure 3.10 b. Specific charge and discharge capacities for 150 cycles.
Figure 3.10: GCD data for LF8P — lithium half cell: Current density of 0.2 mA/cm?
Cathode/Anode: LFP electrode/Polished lithium chip
Electrolyte: 2M LiFSI + 1M LiTFSI in DOL/DME (1:1 v/v)
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4 Experiments towards anode free battery
optimization

4.1 Lithium copper cells: Observing the copper anode substrate

It has been clearly established that a net improvement in the long term performance of an
anode free cell will be a result of two separate actions:

1. Improving the quality of the initially formed SEI at the anode substrate surface, to increase
average coulombic efficiency by minimizing the active lithium lost at each cycle.

2. Forming an in-situ developed lithium reservoir on the anode substrate, to replenish active

lithium lost at each cycle.

Towards this end, the copper anode substrate can be paired with lithium metal to form a
reversible energy storage system (henceforth referred to as Li-Cu cell) which can help in
understanding the nuances regarding improving the initial SEI formation and forming the in-
situ developed lithium reservoir. It is important to note that although this system shows a
reversible energy storage behaviour, it does not resemble a potential type of rechargeable

battery. An exploded view of the Li-Cu cell structure has been shown in Figure 4.1.
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Figure 4.1: Exploded view of the Li-Cu cell structure.
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Figure 4.2 b: Charge and discharge capacities for 100 cycles.

GCD data for Li — Cu half cell: Current density of 0.2 mA/cm?
Cathode/Anode: Copper foil/Polished lithium chip
Electrolyte: 2M LiFSI + 1M LiTFSI in DOL/DME (1:1 v/v)
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As it can be seen in the Figure 4.1, the cathode (copper foil) is initially in a delithiated state
which implies that the cell is assembled in a charged state. Hence the energy storage cycle
consists of a discharge process followed by a charge process. The discharge process consists
of deposition of a specified capacity of lithium metal on the copper foil (lithium
electroplating), and the charge process consists of a specified capacity of lithium metal
leaving the copper surface and returning to the lithium chip (lithium electrodissolution).
Special attention must be paid to the fact that the GCD pattern for a Li-Cu cell appears very
different than that for a Li half cell or anode free cell. GCD data for a Li half cell was shown
in Figure 3.10 on Page 39. In Figure 4.2, GCD data has been shown for the Li-Cu cell
cycled with an uninterrupted first cycle (Cycling protocol given in Table 4.1, left part).

As it can be seen in Figure 4.2 a, The GCD pattern for a Li-Cu cell is substantially different
for a Li-Cu cell from that for a Li half cell or anode free cell. For the specific cell involved,
the OCV after cell assembly was approximately 2.25 V. As the cell is discharged, a certain
mass of lithium corresponding to 0.9 mAh is electroplated onto the copper foil. When the cell
is charged, theoretically the same amount (0.9 mAh) of lithium must strip from the copper
foil and deposit back onto the lithium chip, but around 0.06 mAh worth of lithium is lost due
to SEI formation and other inefficiencies. The difference between the discharge and charge

capacities for 100 cycles has been shown in Figure 4.2 b.

It is also important to note that while a change in the specific capacity is normally used to
quantify cell performance, this value cannot be calculated for a Li-Cu cell as no characteristic
mass is associated with a particular Li-Cu cell. Hence capacity is used instead of specific
capacity.
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4.1.1 Application of the intermediate rest step

It is well understood that the long term performance of a rechargeable battery is heavily
influenced by the formation of a stable and robust SEI. In order to understand the effects of
improved SEI formation at the anode substrate surface, Li-Cu cells are cycled by two
methods:

1. With an uninterrupted first cycle

2. With a 24 hour rest between the 1% discharge and 1% charge (Intermediate rest step), and

the performance for the two cases is compared.

The main rationale behind having a 24 hour rest period after the 1% discharge is to give the
system a certain amount of time with no electrical activity, to form a stable SEI on the copper
foil after initial lithium deposition. This technique was highlighted in a past work 52 which
investigated the effects of electrolyte concentration and resting protocol on the cycling
stability of anode free batteries. The cycling protocols for cycling with an intermediate rest
step and the control case (Uninterrupted first cycle) are given in Table 4.1.

Table 4.1: Cycling protocols for cycling with uninterrupted first cycle and cycling with an
intermediate rest step for a Li-Cu cell.

Uninterrupted first cycle 24-hour rest between 1% discharge and 1%
(control case) charge (intermediate rest step)

ID | Step Step Volt | Curr. | Cap. | Step Step | Volt | Curr. | Cap.
name time V) (mA) | (mAh) | name time | (V) | (mA) | (mAh)

(hrs) (hrs)

1 | Rest 4 Rest 4

2 | Discharge 0.265 | 0.9 Discharge 0.265 | 0.9

3 | Charge 1 0.265 | 0.9 Rest 24

4 | Cycle Begin ID: 2 Times: 99 Charge 1 0.265 | 0.9

5 Discharge 0.265 | 0.9

6 Charge 1 0.265 | 0.9

7 Cycle Begin ID: 5 | Times: 98
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Figure 4.3: CE data for two cases, with and without the intermediate rest step.

The efficiency data for the two cases is shown in Figure 4.3 and it is observed that on
introduction of the intermediate rest step, the first cycle CE decreases by ca. 1 %, implying
higher consumption of active consumption during initial SEI formation. But on the other
hand, introduction of the intermediate rest step improves cell performance by a certain extent.
While the 80 cycle average CE for the cell with no intermediate rest step is 97.5 %, with an
intermediate rest step it is 98.7 %. This improvement may appear marginal but when one
observes the data in Table 4.2, it can easily be understood that this increase in average CE

will improve long term cell performance by a large extent.

Moreover, it can be shown that this increase in average CE from 97.5 % to 98.7 % improves
the cycle life by more than 100 %. It is assumed that the cell reaches end of life when it can
only charge up to 80 % of the initial charge capacity and ‘n’ cycles are completed before end
of life is reached. It is well known that Coulombic efficiency for a given cycle is the ratio of
discharge capacity to charge capacity. Considering this basic definition, the following

equations can be written:

80 =100 (E)”1 (Equation 4.1)
80 = 100 (>)" (Equation 4.2)
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The solutions of these equations are n, = 8.81 and n, = 17.05.

The number of cycles completed before the cell reaches end of life are 8 and 17 in the
absence and presence of the intermediate rest step. This means that the cycle life increases by
more than a 100 % in the case of application of an intermediate rest step. Thus, it can be said
that if this intermediate rest step strategy is applied to an anode free cell, it has the potential
to increase the life of an anode free cell by forming an initial SEI that is more stable and

robust as compared to an initial SEI formed without an intermediate rest step.

Table 4.2: Cycles completed with 80% capacity retention for selected average CE values.

Average coulombic | Number of cycles completed as charge
efficiency (%) capacity decreases to 80 % of initial value
99.99 2232

99.98 1116

99.95 447

99.8 112

99.5 45

99 23

4.1.2 Use of limited cycling to build a lithium reservoir

As outlined in Chapter 2, one of the goals of this study is to understand the use of Lis-PTtSA
as a sacrificial agent in anode free batteries, which would form a lithium reservoir on the
copper anode substrate. In order to understand the nuances of this approach, it is important to
understand the effect of presence of a lithium reservoir on the long term cell performance.
With this aim, Li-Cu cells are cycled in two modes:

1. Full (Standard) cycling mode

2. Limited cycling mode, and performance for the two cells is compared.

The details of lithium reservoir formation, by limited cycling and with the help of a
‘sacrificial agent’ have been shown in Figure 4.4. Full cycling is the cycling of a Li-Cu cell
such that the specified values of the discharge and charge capacities for the cell are equal

throughout the life of the cell. The realized discharge capacity value will be equal for every
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cycle as the lithium chip behaves as an infinite source of lithium. The realized charge
capacity value will decrease with every cycle as active lithium is lost due to SEI, dead lithium
and dendrite formation. Hence it can be said that full cycling helps to understand the details
of SEI formation on a copper surface and active lithium loss with every cycle. Limited
cycling is the cycling of a Li-Cu cell such that in the second cycle, a lithium reservoir is
formed in-situ on the copper foil. The realized discharge capacity value will be equal to the
specified discharge capacity value for each cycle, with the lithium chip behaving as an
infinite source of lithium. The realized charge capacity value will decrease with every cycle
as in the case of full cycling, but this decrease will be lower on average. The reason for this is
that the active lithium lost in every charge process will be compensated by lithium present in
the reservoir, for a part of the cycle life. The cycling protocols for full and limited cycling

have been shown in Table 4.3.
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Figure 4.4: First cycle processes for three cases of anode free cells
A: Conventional anode free cell operation
B: Lithium reservoir formation by use of a sacrificial compound
C: Lithium reservoir formation by limited cycling

46



Since initial SEI formation is an important part of the ageing and the functioning of a cell,
and a comparison can be made only when background factors are equal, both cells are
allowed to form a full SEI with a 100 % initial discharge. In this way, ‘SEI exclusion’ is done
to have an equal comparison. Thus, the first cycle for full and limited cycling comprises of a

100 % discharge and charge with a specified capacity of 0.9 mAh.

The next 99 cycles for full cycling also correspond to a 100 % discharge and charge with a
specified capacity of 0.9 mAh. But the 2" cycle for limited cycling involves a 100 %
discharge and 80 % charge, which implies the creation of a lithium reservoir corresponding to
20 % of 0.9 mAh or 0.18 mAh. 3" cycle onwards, limited cycling involves a discharge and
charge with a specified capacity of 0.72 mAh (80 % of 0.9 mAh). In this way, a lithium
reservoir is used to replenish the active lithium lost for a few cycles from the 3" cycle

onwards.
Table 4.3: Cycling protocols for full and limited cycling for a Li-Cu cell.

Full cycling (100 %) Limited cycling (80 %)
ID | Step Step Volt | Curr. | Cap. | Step Step | Volt | Curr. | Cap.

name time (V) | (mA) | (mAh) | name time | (V) | (mA) | (mAh)

(hrs) (hrs)

1 | Rest 4 Rest 4
2 | Discharge 0.265 | 0.9 Discharge 0.265 | 0.9
3 | Charge 1 0.265 [ 0.9 Charge 1 0.265 | 0.9
4 | Discharge 0.265 | 0.9 Discharge 0.265 | 0.9
5 | Charge 1 0.265 | 0.9 Charge 1 0.265 | 0.72
6 | Cycle Begin ID: 4 Times: 98 Discharge 0.265 | 0.72
7 Charge 1 0.265 | 0.72
8 Cycle Begin ID:6 | Times: 97

It has been clearly explained that the lithium reservoir is formed in the 2" cycle and its
capacity value is 0.18 mAh. A basic thumb rule says that 1 mAh of charge corresponds to

0.259 mg of deposited lithium, with 0.259 mg/cm? of lithium ideally being equivalent to a
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4.82 um thick layer 3. Areal charge passed here is 0.136 mAh/cm?, corresponding to an areal

lithium deposition of 0.196 mg/cm? or a 3.65 um thick layer of lithium.

Efficiency data for the two cycling modes has been shown in Figure 4.5. In case of limited
cycling, it is observed that from the 3 cycle onwards, the CE for a few cycles (11 to be
precise) is 100 %. This is because the formed lithium reservoir replenishes the active lithium
that is lost during cycling. Therefore, it can be said that in an anode free cell, a lithium
reservoir (formed by use of a sacrificial agent or otherwise) has the potential to replenish the
lost active lithium for a given number of cycles (11 cycles for 3.65 um thick reservoir). This
improves the long term capacity retention. When this concept is applied to an anode free cell
(Figure 4.9 on Page 55), there is an improvement in the average CE and the number of cycles
completed for 70 % capacity retention increases by a large extent.
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Figure 4.5: CE data for a Li-Cu cell with two cases, full and limited cycling.
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4.2 Lithium half cells: Understanding the LFP cathode
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Figure 4.6: Exploded view of the Li half cell structure.

It is elementary knowledge for engineers and scientists specializing in batteries that in current
lithium ion batteries, the cathode active material (CAM) contained in the cathode acts as the
source of active lithium. As stated in Chapter 3, LFP is used as the CAM for this study.
Currently used cathodes for lithium ion batteries consist of a solid aggregate supported on an
aluminium substrate. At a laboratory level, the aggregate comprises of three materials: CAM
particles (acting as lithium ion source and host), carbon based additive (to enhance electronic
conductivity) and binder (responsible for structural integrity and adhesion with substrate).
The cathode is prepared by a slurry based coating method where NMP is used as a solvent,

the process has been outlined in Section 3.2.2.

On a broad level, the long term performance of a cathode is a function of two sets of
parameters, compositional variables and process variables. Compositional variables include
the CAM: carbon additive ratio and the CAM: binder ratio. Optimization is necessary here as
a larger amount of carbon additive or binder decreases the areal capacity of the cathode. Also,
LFP having a lower electronic conductivity %, LFP cathodes require the use of an increased
amount of carbon additive. Process variables include quality of slurry preparation, viscosity
of slurry (controlled by amount of NMP used), pretreatment of substrate and quality of the

coating process among others. In order to understand the working and performance of the
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prepared cathode and the selected CAM, the cathode is paired with lithium metal to form a
lithium metal system (henceforth referred to as Li half cell). This configuration resembles a
lithium metal battery and the exploded view of the Li half cell structure has been shown in
Figure 4.6.

One of the benchmark experiments involving Li half cells is to build a cell with an LFP
cathode with cathode preparation as described in Section 3.2.2A. This allows us to observe
the long term performance of the cathode and quality of the preparation process that is used.

Performance data for the cell has been shown in Figure 4.7 and Table 4.4.

With a discharge capacity loss of around 12% over 150 cycles and a 150 cycle average CE of
99.47 %, it can be said the efficiency wise, the performance is reasonable. But on the other
hand, it can be clearly seen that the cathode suffers from a large increase in overpotential as
number of completed cycles increases. This increase is termed as ‘polarisation’. This is a
disadvantage as polarisation results in the cell charging at a higher potential than expected
and the cell discharging at a lower potential than expected. Other than characteristic
polarisation expected from the cathode material, there are multiple other factors related to the
cathode fabrication and battery chemistry which give rise to polarisation. A major
contribution is due to delamination of the cathode coating from cathode substrate (aluminium
current collector). Regarding the chosen electrolyte, the presence of a high concentration of
LiFSI salt may have a corrosive effect on the aluminium surface, which may result in

increased polarisation.

Also, the first cycle CE is only ca. 93%. The LFP, C65 and Kynar used were used directly
from their containers and it is believed that this leads to water being present in the slurry.
Drying the powders before use can possibly lead to an improvement in the first cycle CE and

stability of the cathode.

50



Table 4.4: Performance data for LFP — Li half cell.

Cycleno. | CE (%) | Relative discharge capacity | Approximate polarization (mV)
1 92.98 1 140
30 99.53 0.952 180
60 99.97 0.932 200
90 99.61 0.916 230
120 99.19 0.893 240
150 99.41 0.878 300
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Figure 4.7: GCD data for LFP — lithium half cell: Current density of 0.2 mA/cm?
Cathode/Anode: LFP electrode/Polished lithium chip
Electrolyte: 2M LiFSI + 1M LiTFSI in DOL/DME (1:1 v/v)
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4.3 Anode free cells: Brief experiments

In order to understand the behaviour of an anode free cell, an LFP cathode is paired with a
copper anode substrate and the resulting configuration resembles a typical anode free battery.
It can be said that the net inefficiency for this system is a result of the inefficiency of
intercalation/deintercalation at the coated cathode and inefficiency of lithium electroplating/
electrodissolution at the copper anode substrate. Exploded view of the anode free cell

structure has been shown in Figure 4.8.
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Figure 4.8: Exploded view of the structure of an anode free cell

With regards to nuances in construction, two stainless steel current collectors are used instead
of one to accommodate for the lost thickness as here the cathode (LFP electrode) and anode

substrate (copper foil) both are foils and have thicknesses in the micrometre domain.

In order to understand the effect of lithium reservoir formation on anode free cell
performance, behaviour for full and limited cycling are compared with each other. Full
cycling consists of varying the cell potential between 3.0 and 3.8 V at a constant current
density of 0.2 mA/cm?. In this case the entire available capacity of the cathode is utilised for
all cycles. Limited cycling uses a 70 % discharge step in the second cycle to build a lithium
reservoir on the copper anode substrate which is equal to 30% of the initial cathode capacity.
The cycling protocols for the full and limited cycling have been shown in Table 4.5.
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Table 4.5: Cycling protocols for full (standard) and limited cycling for an anode free cell.

Full (Standard cycling) (100 %) Limited cycling (70 %)
ID | Step Step Volt | Curr. | Cap. Step Step | Volt | Curr. | Cap.
name time (V) | (mA) | (mAh) | name time [ (V) | (mA) | (mAh)
(hrs) (hrs)
1 | Rest 4 Rest 4
2 | Charge 3.8 |0.265 Charge 3.8 0.265
3 | Discharge 3.0 |0.265 Discharge 3.0 |0.265
4 Begin ID: 2 Times: 99 Charge 3.8 0.265
5 Discharge 3.0 ]0.265 | 0.487
6 Charge 3.8 0.265 | 0.487
7 Discharge 3.0 |0.265 | 0.487
8 Cycle Begin ID:6 | Times: 97
Table 4.6: Limited cycling capacity data for 4 initial cycles.
Cycle Capacity (mAh) Coulombic efficiency (%)
Charge 0.71625
1 77.52
Discharge 0.55522
Charge 0.55993
2 : 87.02
Discharge 0.48723
Charge 0.48726
3 99.99
Discharge 0.48722
Charge 0.48722
4 _ 100.00
Discharge 0.48722

A detailed analysis of the .nda file for limited cycling as shown in Table. 4.6 shows that
capacity of the lithium reservoir in the second cycle formed is 0.0727 mAh, and thus the
thickness of the lithium reservoir is ca. 0.26 um. In an ideal case, the reservoir capacity
should have been nearly equal to 30% (ca. 0.29 mAh) of the initial cathode capacity (0.696
mAnh calculated, 0.716 mAh observed). But due to high lithium consumption in the first cycle
due to low first cycle CE, 0.161 mAh worth of lithium was lost in SEI formation. As a result,
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Figure 4.9 a: Butterfly plots for first 3 cycles of anode free cells with full and limited cycling.
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the reservoir contained only 0.0727 mAh worth of lithium. The CE was found to be 87 %
instead of 70 % as the charge capacity for the second cycle was lower than what it was

supposed to be.

Discharge capacity

Coulombic ef ficiency = x 100 % (Equation 4.3)

Charge capacity

It can be said that as of now the low first cycle CE does not allow to implement a proper
limited cycling protocol for lithium reservoir formation. The first cycle CE for anode free
cells for standard and limited cycling is 78(£0.5) % (as shown in Figure 4.9 a). Such a high
inefficiency again points towards the need for a detailed study about SEI structure and SEI
formation processes, with optimization of first cycle conditions to form a high quality SEI
with low active lithium loss. One could argue that the low first cycle CE could be offset by
increasing ideal reservoir capacity from 30 % to 50 %. But as this percentage increases, the
normal cycling capacity of the cell decreases (70 % to 50 %) which leads to inefficient use of
the cathode in the long term.

On the other hand, lithium reservoir formation does improve the cycle life to a certain extent.
The formed reservoir replenishes the lost active lithium for cycles 4 & 5, and therefore CE
for these cycles is 100% (Refer Figure 4.9 b). In fact, even for cycle 3 with limited cycling
the CE is 99.99 % while for standard cycling it is only 96.77 % (Refer Figure 4.9 a). It can
be seen in Figure 4.9 c that this replenishment increases the number of cycles it takes for the
cell to lose a given fraction of its initial discharge capacity. For instance, the anode free cell
without a lithium reservoir loses half of its initial discharge capacity in 20 cycles, while the
one with a lithium reservoir does so in 28 cycles. This corresponds to a cycle life increase of
40%. This increase is observed with a lithium reservoir that is capacity wise much smaller

than the targeted capacity.
On a broad level, it can be said that if the lithium reservoir would have been constructed by

oxidation of Lis-PTtSA acting as a sacrificial agent, the lithium layer formed would have

given a similar improvement in cycle life given that the lithium reservoir had an equal mass.
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4.4 LFP — Lis-PTtSA mixtures: Wet coated & Dry powder electrodes

As stated in Chapter 2, one of the aims of this study is to investigate the feasibility of Lis-
PTtSA for use in anode free batteries as a sacrificial agent for lithium reservoir formation.
This organic compound will be contained in the cathode, thus calling for a hybrid cathode
which contains two active materials. Thus it is also important to observe the joint behaviour
of LFP and Lis-PTtSA as a mixture. Powder cells are used for this purpose. A powder cell
uses a substrate-less cathode consisting of the active material mixture in powder form paired
with lithium metal as the anode. The exploded view of the powder cell has been shown in
Figure 4.10. A glass microfiber separator is used in a powder cell instead of a Celgard

separator.
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L —
o>

Stainless steel
current collector

C::) <«——Lithium chip

0000 «+——FElectrolyte
Glass micro
fiber separator

Active material
o .
mixture

@ «——Cathode (+) case

Figure 4.10: Exploded view of a powder cell.
4.4.1 Dry powder electrode

It is well established that LFP releases/accepts Li* ions by deintercalation/intercalation while
and Lis-PTtSA does by a standard oxidation/reduction process. It is important to understand
the nuances of these processes when both these materials are used together as active materials.
For a basic understanding, a powder cell is used with an active material mixture where the
ratio of the constituents is the same as it will be in the hybrid cathode. Ratio of LFP to Lis-
PTtSA by mass is 4:1. The GCD pattern for the first two cycles has been shown for the first
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two cycles in Figure 4.11. It can be clearly seen that both the active materials show a near-
constant potential lithium ion release/absorption. And although the first Lis-PTtSA oxidation
process involves a ~120 mV overpotential, the oxidation still occurs outside the 3.0-3.8 V
window. The GCD data for a powder cell consisting of an LFP - Lis-PTtSA mixture thus

allows us to get a basic idea about the joint behaviour of the two active materials.
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Figure 4.11: GCD data for powder cell: Current rate = C/10
Cathode/Anode: AM:C65:PVDF = 8:1:1 powder/Polished lithium chip
Electrolyte: 2M LiFSI + 1M LiTFSI in DOL/DME (1:1 v/v)

4.4.2 Wet coated electrode

To understand the joint behaviour of an LFP - Lis-PTtSA mixture in a wet coated electrode
(typical cell cathode), a wet coated electrode is prepared with coating thickness equal to 100
microns. This cathode is prepared inside the glove box and it is never exposed to ambient air.
The preparation process has been explained in section 3.2.2B. The prepared cathode is used
to assemble a lithium half cell and GCD data is observed. The GCD data for first 3 cycles for

this cell has been given in Section 6.2 of the supplementary information.
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The joint behaviour observed in case of a wet coated electrode is very different from the case
of a dry powder electrode, despite the same LFP: Lis-PTtSA ratio. In case of a wet coated
electrode, Lis-PTtSA oxidation does not occur over a near constant potential vs Li*/Li° In
order to understand the differences, the 1% cycle for both electrodes is compared. The relevant
GCD data is shown in Figure 4.12.
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Figure 4.12: First cycle GCD data for coated (hybrid) electrode and powder cell. Active
material for both cases is LFP: Lis-PTtSA = 4:1

In case of a dry powder electrode, Lis-PTtSA redox processes can be clearly identified
whereas in a wet coated electrode these processes are not distinctly visible. This observation
is attributed to the interaction of Lis-PTtSA with NMP as the cathode coating and handling is
done in an inert atmosphere inside the glove box and the electrode is never exposed to
ambient air. Possible reactions of Lis-PTtSA with NMP are not completely understood at this
point of time. It is suspected that NMP partially dissolves Lis-PTtSA with possible phase
separation. At this point of time, it can be said that the given fabrication process for Lis-
PTtSA containing wet coated electrodes is sub-optimal and requires a substantial degree of

improvement for production of cathodes capable of showing the required behaviour.
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5 Conclusion and Perspectives

On a broad level it can be said that multiple battery systems exist which can be a potential
replacement for lithium ion batteries. An anode free battery is one such alternative to the lack
of low cost high specific energy batteries. But at present, copious research and optimization
are required before anode free batteries can be implemented as a viable product. Multiple
optimization strategies have been tested so far for improving the coulombic efficiency (CE)
of anode free batteries. This work primarily focused on optimization using Lis-PTtSA as a
sacrificial agent to develop a lithium reservoir on the anode substrate to improve the cycle
life of the cell.

Application of an intermediate rest step in the first cycle resulted in an increase in the long-
term average CE of a lithium copper system. This improvement stems from an increase in the
initial SEI stability due to the rest period available after the initial lithium deposition on the
copper surface. As a result of this modification, the long term coulombic efficiency improved
from 97.5 % to 98.8 %, which translates to a more than 100 % increase in cycle life. This

concept can be carried over to an anode free system to improve long term performance.

Lis-PTtSA was examined for use as a sacrificial agent for lithium reservoir development for
anode free battery optimization. The sacrificial agent generates lithium ions which form a
lithium reservoir on the anode substrate. As per the concept the lithium reservoir replenishes
the active lithium lost during the initial cycles and directly results in an increase in the cycle
life. Lis-PTtSA containing hybrid cathodes were successfully fabricated in an inert
atmosphere, but it was observed that NMP partially dissolves Lis-PTtSA with possible phase
separation. The fabrication process requires a substantial improvement. The lithium reservoir
is also built without the use of a sacrificial agent by making use of limited cycling. With this
process, an increase of 40% in the cell life is realised in an anode free cell for the considered

case.

Speaking about the next steps that can be taken towards anode free battery optimization by
building a lithium reservoir with a sacrificial agent, four things can be done in the short term.

The first step is to develop a mathematical relationship between the mass of the lithium
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reservoir and the increase in the cycle life of the cell. This will help to estimate the amount of
Lis-PTtSA required per cm? which must be present in the hybrid cathode (The oxidation
efficiency of Lis-PTtSA embedded in the hybrid cathode will also have to be established).
After that, exhaustive studies will be required to analyse the effect of NMP on the Lis-PTtSA

molecule. If needed, a different solvent may have to be selected.

And keeping in mind that Lis-PTtSA and LFP molecules are very different in terms of size,
geometry and the chemical bonds involved (Both materials have different solubility
properties as well), it will be intriguing to look at SEM/ TEM studies for the hybrid cathode
in the lithiated/delithiated states before and after Lis-PTtSA oxidation. Since the hybrid
cathode will contain Li>-PTtSA for the remaining life of the cell, it is important to work with
electrochemical impedance spectroscopy or other in-situ studies to understand its behaviour

on the performance of the cell.

In the long term, an important aspect of hybrid cathode development will be to increase the
cathode coating thickness from 0.33 mAh/cm? LFP equivalent (100 micron) to 3 mAh/cm?
LFP equivalent or higher. This is because commercial battery cathodes tend to have a
minimum mass loading of 3 mAh/cm?. Regarding lithium reservoir formation, optimization
must be done for the first cycle charge and discharge current densities for better lithium

reservoir integrity and adhesion to the copper anode substrate.
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6 Supplementary information

6.1 Energy storage (redox) behaviour of Lis-PTtSA

3.4 -
S ]
o 3.2
= ]
+

= 3.0 1
Qo8-
E p
b=

9

o

5 W

N
i
1

221 —— 18t Cycle
1 ——— 2"Cycle

- —— 3" Cycle
1.8 — T T T T T T T T 1
-20 0 20 40 60 80 100 120 140

Specific capacity (mAh/g)

Figure S1: GCD data for powder cell at current rate = C/10
Cathode/Anode: = Lis-PTtSA:SP = 2:1 powder/Polished lithium chip
Electrolyte: 2M LiFSI + 1M LiTFSI in DOL/DME (1:1 v/v)

A powder cell with Super-P carbon additive was used to verify the quality of Lis-PTtSA that
was prepared in-house. Synthesis of Lis-PTtSA was done in accordance with the procedure as
explained in prior research about the compound 2. From the GCD data for 3 cycles, it can be
clearly seen that the redox processes for Lis-PTtSA are broadly confined to a potential region
(green band) that is outside the standard LFP cell operation potential window of 3.0 — 3.8 V
vs Li*/Li° (blue band). This implies that Lis-PTtSA can be oxidised to generate lithium ions
(which would build a lithium reservoir on the copper anode substrate) in the first cycle itself
before the potential reaches 3.0 V. More importantly, the cycling of the cell between 3.0 — 3.8
V will not involve any redox process concerning Lis-PTtSA. Performance wise, the specific
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capacity obtained is 120 mAh/g minimum, where the standard oxidation potential is ca. 2.75
V vs Li*/Li% The oxidation potential for the first cycle is higher at ca. 2.85 V vs Li*/Li°. This
is because Lis-PTtSA in pristine (as prepared) case is poorly crystalline while at the end of
the first charge Lis-PTtSA appears to convert to a crystalline phase, as verified with in situ

PXRD measurements 62,

6.2 Galvanostatic cycling behaviour for wet coated electrode with
active material composition LFP: Lis-PTtSA =4:1
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Figure 4.10: GCD data for wet coated electrode — lithium half cell
Current density of 0.2 mA/cm?
Cathode/Anode: 100 micron wet coated electrode/Polished lithium chip
Coating composition: AM:PVDF:C65 =8:1:1
Electrolyte: 2M LiFSI + 1M LiTFSI in DOL/DME (1:1 v/v)

For a wet coated electrode with active materials LFP & Lis-PTtSA in the ratio 4:1, it
observed that the redox behaviour of Lis-PTtSA deviates from the behaviour observed for a

dry powder electrode. The cause of this unwanted behaviour is attributed to the interaction of
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Lis-PTtSA with NMP as the cathode coating and handling is done in an inert atmosphere
inside the glove box and the electrode is never exposed to ambient air. Possible reactions of

Lis-PTtSA with NMP are not completely understood at this point of time. It is suspected that

NMP partially dissolves Lis-PTtSA with possible phase separation.

6.3 Slurry composition for wet coated cathode preparation

Table S1: Composition of slurry used for LFP cathode preparation

No. | Material Amount

1 LFP 160 mg

2 PVDF 20 mg

3 C65 20 mg

4 NMP 300 microliters

Table S2: Composition* of slurry used for hybrid cathode preparation

No. | Material Amount

1 Lis-PTtSA 64 mg

2 LFP 256 mg

3 C65 40 mg

4 Stock solution (80mg PVDF per 1ml NMP) 500 microliters

5 NMP ca. 400 microliters

*This composition is only indicative as the viscous nature of the stock solution causes air
bubbles to enter the micropipette when the volume of stock solution is being measured.
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