Joakim Hirsch

Choice of Liquid Electrolytes In
Anode Free Lithium Metal Batteries
and its Impact on Lithium
Morphology

Bachelor’s thesis in Chemistry
Supervisor: @ystein Gullbrekken

April 2022

2
4
=
P

B
S°R
ego¢E
_CCI.)
=G
SN i
- 3 O
St €
mﬂ)
g% E
x5
VU= QO
v g o
Y

OD
2
(%]
_
(O]
2
C
)
C
S
bo
$
[e]
z

n
(V)
o
c

2
(w]

w0
°
=1

=1
©

P4

[T
o]

=]
o
©

e

@ NTNU

Norwegian University of
Science and Technology






Joakim Hirsch

Choice of Liquid Electrolytes In Anode
Free Lithium Metal Batteries and its
Impact on Lithium Morphology

Bachelor’s thesis in Chemistry
Supervisor: @ystein Gullbrekken
April 2022

Norwegian University of Science and Technology
Faculty of Natural Sciences
Department of Chemistry

@ NTNU

Norwegian University of
Science and Technology






Abstract

An increase in demand for energy dense batteries coming from electric vehicle has created an
incentive to develop new technology for energy dense electricity storage. One technology that
has the possibility to fulfill these demands is anode free lithium metal batteries (AFLMBs).
The lack of an initial anode material gives AFLMBs an increased energy density over lithium
ion batteries, but also results in AFLMBs having low cycle life alongside some safety concerns.
In this thesis the current strategies and challenges of AFLMBs are discussed, with a focus
on the choice of electrolyte. The use of ether based solvents with a high dual lithium salt
concentration were found to give the best performance. The cycle life and safety of the battery
remains too poor for practical applications, even with the optimized electrolyte. AFLMBs
show great promise and may show widespread adoption in the future, but more research into

stabilizing the deposited lithium’s morphology is needed to see this adoption.
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1 Introduction

The need for efficient and sustainable energy storage is increasing with the shift towards more
environmentally friendly transportation™. The transition towards more electric vehicles has
produced a greater incentive to create batteries with a higher energy density. One of the
possible technologies that could underpin the efforts to move to electric transportation are
anode free lithium metal batteries (AFLMBs). These batteries have a substantially greater

B4l Fven

energy density than the lithium ion batteries (LIBs) that are state of the art today
though LIBs are the most energy dense batteries in commercial use today a more energy dense

battery is advantageous in application such as electric vehicles and electric aviation.

The two greatest problem hindering the adoption of AFLMB today is their low cycle life and
safety P87 The low cycle life of the batteries are a consequence of the anode free design. The
lack of an anode material for the lithium ions to intercalate into results in the lithium being
plated directly onto the anode current collector as lithium metal. The relatively low reversibility

BT The safety concerns are also a

of this plating/stripping is the cause of the low cycle life
result of the plating of lithium metal. The possibility of lithium dendrites short circuiting the

battery and causing thermal runaway or in worst the case combustion .

The design of the electrolyte is regarded as one of the most promising modes of improving the
cyclability of AFLMBs Bl as such the focus of this thesis will be on design /choice of electrolyte
in AFLMBs and the impact this has on the lithium morphology and resulting cycle life. The
cycle life and energy density of AFLMBs and LIBs will be compared and the potential future
use of AFLMBs will be discussed.

2 Theory

2.1 Lithium ion batteries

Lithium ion batteries (LIBs) are energy storage devices that stores electrical energy by using
the difference in electrochemical potential between two electrode materials where lithium is

reversibly oxidized and reduced.

A conventional lithium ion battery (LIB) consists of seven parts: The cathode current collec-
tor, the cathode material, a separator, the anode material, the anode current collector, the

M| During discharge, energy is released from the bat-

electrolyte, and a containment material
tery in the form of electrons flowing from the anode (negative electrode, negative [-] terminal)
to the cathode (positive electrode, positive [+] terminal) through the current collectors and an
external circuit. The names of the electrodes are assigned during discharge even though their
function changes during charging. An oxidation reaction is taking place at the anode during
discharge, and a reduction reaction is taking place at the cathode. At the same time and rate
of electrons flowing though the circuit there are lithium ions also moving from the anode to the
cathode through the electrolyte. The energy that is released as electrical energy stems from
the potential difference of lithium ions intercalated in the anode and the cathode. Lithium in
the anode has a higher potential than lithium in the cathode. If an external electrical potential

greater than the potential difference of the battery is applied then the movement of electrons
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and lithium ions is reversed and the battery is charged.
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Figure 1: (a): The general structure of of a lithium ion battery. (b): The general structure of a lithium metal
battery. (c): The general structure of an anode free lithium metal battery.

As mentioned previously the function of the cathode is to be a lithium ion acceptor dur-
ing discharge and a lithium ion source during charging. For this purpose cathode materials
used in LIBs are lithium containing inorganic materials, most commonly lithium iron phos-
phate (LiFePO,), lithium cobalt oxide (LiCoO,) or lithium nickel manganese cobalt oxide
(NMC) B, Several different compositions of NMC has been used in batteries. To denote differ-
ent compositions the ratio of nickel, manganese and cobalt is given after NMC. As an example
Li[Ni, sMn, 5Coq 5]O, is abbreviated as NMC532.

The anode functions as a Li" source during discharge and a Li" acceptor during charging. The
most commonly used anode material in LIBs is graphite ™. The mechanism of lithium exchange
is intercalation. Intercalation is the reversible insertion of a ion/atom/molecule in between the
layers of a layered structure. Both electrodes should have a high degree of reversibility in

lithium intercalation/deintercalation and high chemical, electrochemical and thermal stability.

The current collector is used to extract electrical current from the anode, and the cathode
and guide it to the external circuit the battery is powering®. This function is relatively
simple but essential. For a current collector to function properly it needs to have a high
electronic conductivity. The stability of the current collector is also of great importance. It
must be chemically and electronically stable against corrosion and parasitic reaction, but also
it must have sufficient mechanical strength to withstand the pressure exerted on it from the
volume changes during cycling. The thermal stability of the material is also important. A
high thermal stability facilitates a wider range of operating temperatures. Materials that
have these characteristics are typically transition metals. The cathode current collector is most

often made of aluminum (Al) and the anode current collector is made of copper (Cu)Hl.

Between the cathode and the anode there is a separator. The separator acts as a semipermeable
insulator between the anode and the cathode. Its function is to inhibit current flow directly
between the cathode and the anode, and forcing all the current through the current collectors
therefore inhibiting short circuiting, but to still allow for ionic conduction between the elec-
trodes. The important characteristics of a separator is its permeability, porosity, electrolyte ab-
[10]

sorption/retention and its chemical, mechanical and thermal stability Separators are most

often polymer based materials. The most used polymers are polyethylene (PE), polypropylene
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(PP), polyethylene oxide (PEO), Polyacrylonitrile (PAN), polymethyl methacrylate (PMMA)
and Polyvinylidene fluoride (PVDF) R0,

For the battery to function there must be lithium ion transport between the electrodes. A
solution of lithium salts dissolved in organic solvents are used to facilitate this transport. Elec-
trolytes for LIBs are hard to optimize since they are a compromise between several properties
where the lack of a single one can drastically reduce the electrolyte’s performance and there-
fore the batteries performance. The important properties of a electrolyte is: electrochemical,
chemical and thermal stability, low electrical conductivity, high ionic conductivity, great wetta-
bility of electrodes, and separator and formation of thin and stable solid electrolyte interphase

(SEI)IT. A description of what a SEI is and its function and properties is found below.

The electrolyte in LIBs is most often an organic solvent with dissolved lithium salts and possibly
additives. The most commonly used solvents are either linear or cyclic organic carbonate.
Common linear carbonates are dimethyl carbonate (DMC), ethyl methyl carbonate (EMC),
diethyl carbonate (DEC)Hl. Common cyclic carbonates are ethylene carbonate (EC) and
propylene carbonate (PC)Hl. These solvents are chosen for their electrochemical stability, low
cost and their favorable compatibility with intercalation electrodes. EC specifically is chosen
for its ability to readily dissolve lithium salts. Other (often linear) solvents are often added to

reduce the viscosity of EC, and to help increase the ionic conductivity.

The most commonly used lithium salt is lithium hexafluorophosphate (LiPFg), but other
salts are also used, such as: lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), lithium
bis(fluorosulfonyl)imide (LiF'SI), lithium bis(oxalato)borate (LiBOB) and lithium difluoro-
(oxalato)borate (LIDFOB) B, These salts are selected for their great solubility in the solvents,
their high electrochemical stability, high ionic conductivity and their interaction with and for-
mation of favourable SEI Il Additives are also used in electrolytes. The most used additives
are vinylene carbonate (VC) and fluoroethylene carbonate (FEC). Additives are often added
to improve the formation of a favourable SEI during the initial cycles of a battery. After the
formation of a SEI the additives have less favourable characteristics than other solvents, so the

concentration of the additives is often just large enough to create the SEI.

During cycling, electrolyte in contact with the electrode will form a solid layer of decomposed
electrolyte components in the interphase between the electrolyte and the electrode ™. This
solid electrolyte interphase (SEI) comes from electrolyte components that are not stable at the
high /low potentials of the electrodes and decompose and deposit on the surface of the electrode.
The properties of this interphase has a great impact on the performance of the battery. The
SEI passivates the electrodes therefore hindering further electrolyte decomposition. An ideal
SEI has low electron conductivity, high Li" conductivity and high electrochemical, chemical
and thermal stability P11, A large portion of the SEI formed during the entire life of the battery
is formed during the initial cycles of the battery when the electrodes are in direct contact with

the electrolyte. This results in the battery having a low CE during the initial cycles.

2.2 Lithium metal batteries and anode free lithium batteries

The principle structural change from a lithium ion battery (LIB) to a lithium metal battery

(LMB) is the use of metallic lithium as a anode material instead of graphite, as can be seen
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in the structure of the battery given in figure Lithium metal is an ideal anode material
due to its very low electrode potential (—3.04 V vs standard hydrogen electrode) and low den-
sity (0.543gcm—3)E2. Li’s low density also results in it having a very high specific capacity
(3820mAhg—1)2I. These properties gives a LMB a greater energy density than a LIB. An-
other change is in the charge/discharge mechanism of the anode. During charging of a lithium
ion battery lithium ions are intercalated into the anode material, and deintercalated during
discharging. In a lithium metal battery the lithium ions are plated onto the lithium anode,

and are stripped off the anode into the electrolyte during discharging.

Lithium metal batteries have some challenges. The main challenges are safety, cycle life and
cost B0 Metallic lithium at the anode reacts violently in contact with the moisture in the air
in case of a battery puncture or moisture in the electrolyte. The lithium foil that is used as the
anode material is also expensive to produce and expensive/difficult to handle in production
of the batteries®. Some fraction of the metal at the anode in a LMB is also redundant.
This excess lithium, lithium metal at the anode that does not take part in the electrochemical
process of the battery, is extra weight and volume that is not necessary for the function of
the battery. A reduction in the amount of excess lithium increases the energy density of the
battery P70, This increase continues until there is no lithium at the anode at all when the
battery is fully discharged. This means all the lithium used in the cycling of the cell comes

from the cathode. This design is called an anode free lithium metal battery 13l

The structure of an AFLMB is given in Figure These anode free lithium metal batteries
(AFLMBs) functions quite similarly to a LMB during regular cycling, the difference is in the
start of charging and end of discharging. At the start of charging lithium is deposited onto
the copper current collector instead of onto the lithium anode as in LMBs, likewise during
the end of discharging where lithium is stripped off this current collector instead of off the
lithium anode!®. During the rest of the cycle when there is a substantial layer of lithium on
the current collector the AFLMB functions identically to a LMB. As a consequence of not
having excess lithium metal at the anode, AFLMBs have higher volumetric and gravimetric
energy density I, Potentially the biggest problem limiting the use of AFLMBs is their poor

cycle life BT

Since all the lithium used in the charging/discharging process is originally from the cathode,
any lithium that is not reversibly plated onto the current collector is no longer available to

be used in cycling thus reducing the capacity of the battery M.

The two most important
mechanisms that cause lithium to no longer be available to the battery is: SEI growth and
creation of "dead" lithium. SEI formation consumes the electrolyte. Dead lithium is metallic
lithium that is no longer has an electrical connection to the anode current connector and does

therefore not take part in the battery cycling 19l

A method for quantifying the loss of available lithium is coulombic efficiency (CE). Coulombic
efficiency is defined in this application as the ratio between lithium ions that are stripped from

the current collector during discharge and the number of lithium ions that are deposited onto

B51 - The relationship is given in equation |1l A battery

i)

the current collector during charging
should be replaced when its capacity drops under 80% of its original capacity From this

and the coulombic efficiency of the battery an estimate of the cycle life of the battery can be
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calculated 151, A selection of cycle lives and the average CE that is required to reach this cycle
life is given in Table [I} From this table it can also be observed that a CE very close to 100%

is needed to reach a long cycle life.

Number of Li* ions stripped _ Discharge capacity

CE = — — = .
Number of Li™ ions deposited Charge capacity

(1)

Table 1: Theoretically required coulombic efficiency (given in percent) for a battery for a number of cycles,
given that the battery retains 80% of its starting capacity at the specified number of cycles.

Number of cycles Required CE

50 99.55%
100 99.78%
200 99.89%
500 99.96%
1000 99.98%

3 Discussion

The main benefit of AFLMBs over LIBs are their increase in theoretical energy density. The
theoretical specific capacity of lithium metal as an anode is 3862mAhg~! compared to the

—1I6] | This increase in theoretical specific

much lower capacity of the graphite anode: 372mAhg
capacity of the anode gives the battery as a whole greater theoretical energy density. Louli et al.
compared an anode free lithium metal battery with a lithium ion battery. Both batteries used
and identical NMC (Li|Niy sMng 5Co( 5]O,) cathodes. The LIB had an synthetic graphite
anode, while the AFLMB had no anode. The AFLMB had an 80% increase in volumetric
energy density and 54% increase in specific energy density compared to the LIBHS, Even
though AFLMBs have a energy density advantage over LIBs they have yet to be used in
practical applications, and have yet to be commercialised. This in mainly because of safety

issues and the previously mentioned poor cycle life P61

One of the obstacles that hinders homogeneous lithium deposition is the mismatch in lattice
structures between Li and Cu (bec (110) for Li and fee (111) for Cu). B89 T also has a
large nucleation overpotential /nucleation energy against Cu. This mismatch results in Li not
being able to wet the surface of the Cu current collector leading to inhomogeneous lithium

6] Another obstacle is the mass transport of Li™ from the bulk electrolyte to the

deposition
surface of the current collector, their adsorption and reduction, and the surface diffusion before
the ions are incorporated into the latticeY. During the charging process, Li' is deposited
onto the current collector from the electrolyte, reducing the concentration of Li™ at the surface
of the deposited lithium. This reduction in Li" concentration and unavoidable convection can

Ol The deposition rate of Li is

cause a concentration gradient of Li" to form in the electrolyte
dependent on the concentration at the surface. If an inhomogeneous lithium deposition appears
at the current collector its outer part is in a higher concentration than its inner parts. This is
shown in Figure[2] This causes a cascade where the now dendritic formation grows further into
the electrolyte which further increases the concentration which again accelerates the growth of

the dendritePY. Another cause of this formation is the low surface mobility /migration of de-
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posited Li.This low surface mobility /migration causes inhomogeneous deposition to propagate

instead of terminate 19,

[Li*]

Current collector

X

Figure 2: A visualization of the concentration gradient of LiT close to the deposited lithium, and a lithium
dendrite growing out into the more concentrated electrolyte.

The formation of dendrites and inhomogeneous morphology is the main cause of the low CE
of AFLMBs. The formation of dendrites and "mossy" lithium morphology results in a large
surface to mass ratio. Since the formation of SEI happens at the surface of the deposited
lithium a high surface to mass ratio will cause increased formation of SEI. This will consume
more of the electrolyte and more of the available lithium. The inhomogeneous SEI does also
contribute to further inhomogeneity in future lithium deposition. A inhomogeneous SEI will

cause inhomogeneous ionic conduction since the thickness of the SEI is changing. .

Several possible methods to suppress the formation of dendrites and inhomogeneous deposition
have been proposed. These methods (except for liquid electrolyte design) are not the focus of
this thesis, but should be mentioned for perspective. One method of improving Li morphology
is the application of mechanical pressure. Louli et al. found that an increase in initial average
pressure exerted onto the cell from 75 kPa to 2205 kPa was generally beneficial to the plating
efficiency in AFLMBsP!. Another possible solution to the cycle life problem is the use of a
specially designed current collector. There are multiple possible ways to improve the current
collector. Using a wetting agent, such as Au, Ag, Pt, Zn, Al, Mg, Si, Sn, and C, can improve the
Li morphology by reducing the nucleation overpotential 8. The use of 3D porous Cu/C/Ni
electrodes has also shown promise™l. Another but less practical method is the specially
designed cycling protocols. A slow charge rate and a fast discharge rate has been found to
increase cycling stability 1. This is impractical since the most common uses of batteries, such
as in electric vehicles and mobile electric devices, benefit from a fast charge and slow discharge
rates. Solid electrolytes has potential to improve AFLMBs owing to their good mechanical
strength, low flammability, chemical /electrochemical /thermal stability, possibility for high Li*
conductivity and high Li" transport numbers .

The choice of solvent is a big factor in determining the ionic conductivity, viscosity, wetta-
bility of the electrolyte, and has a big impact on the structure and composition of the SEIL.
Both carbonate based electrolytes and ether based electrolytes have shown good results in
AFLMBs 1222881 Traditional carbonate based electrolytes, such a EC/DEC, have shown
good results without additives or novel salt selections. Sahalie et al. found that a AFLMB
(Cu || NMC111) with a 1M LiPF; EC/DEC 1:1 v/v electrolyte only retained ~ 40% capacity
after 15 cycles23l. The battery performed better with potassium nitrate KNO; as an additive,

o[
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retaining ~ 40% capacity after 50 cycles3. The low cycle life of the battery without the
additive is a result of poor lithium morphology 23!, The increase in performance in the KNO,4
containing battery is a result of the synergistic effects of the K™ and NO; ions. The NO,~
ion is reduced and creates a SEI consisting of a high portion of inorganic components (LizN,
Li,O, LiN, Oy,

electrostatic shielding on the outer parts of dendrites, slowing their growth 231,

and LiF) giving the SEI higher ionic conductivity, while the K" ions exert

X

Several studies suggests ether based solvent shows good compatibility with AFLMBs 81224
Qian et al. found a large improvement in the cycle life of a AFLMB in replacing a conventional
carbonate electrolyte (1M LiPF, - EC/DMC 1/2 v/v) with an ether based solvent (4 M LiFSI
- 1,2-dimethoxyethane (DME)). An increase in the CE of the initial cycle from ~ 25% to
96.6% 24, The reversibility of the DME battery remains good during the entire cycle life

B4 It was found through x-ray

of the battery, reaching an average CE of greater than 99%
diffraction that the DME SEI consisted of a significant amount of lithium containing inorganic
materials. 2. The group argued that the appearance of significant lithium containing inorganic

components in the SEI enhances its ionic conductivity and lengthens the battery’s cycle life 24

One other possible solution to the challenges of solvent choice is solvent molecule tuning. Yu
et al. found that a family of ether based fluorinated-1,2-diethoxyethane(fluorinated-DEE) gave
AFLMBs with high CE and cycle lifell. Through analysis of several variants of fluorinated-
DDE it was found that the (FADEE) and (F5DEE) gave a very high CE and quick stabi-
lization of CE from first charge®®. An anode free battery with a microparticle-LFP cathode
(~2.1mAhg~!) with a 1.2 M LiFSI/F5DEE electrolyte retained 80% capacity for greater than
140 cycles®l. A homogeneous and flat lithium morphology was observed in all the fluorinated-
DEE solvents, but the batteries using FADEE and FSDEE showed a slightly better morphol-
ogy®l. The group claimed that the increased performance the fluorinated solvents presents
was a result of greater proportion of LiF in the SEI. Yu et al. also claimed that the poorer
performance of F3DEE and F6DEE compared to the FADEE and FS5DEE came SO, F species
remained at the top surface of the Li metal in the FSDEE and F6DEE cells. The presence
of SO.F indicates incomplete anion decomposition Bl A complete anion decomposition can
results in a higher proportion of ionically conductive species, such as LiF or Li,O, in the SEI.
These results indicates that a high proportion of inorganic species in the SEI is advantageous

in formation of a homogeneous lithium deposition.

One commonality in the previous studies is how the composition of the SEI impacts CE. A
high portion of inorganic species is tied to good reversibility. This is also supported by the
study performed by Jurng et al. Their study focused on how the electrolyte influences the
nanostructure of the SEI, and its influence in the battery’s performance. They found that a
homogeneous nanostructure of LiF particles leads to a uniform diffusion field gradient that

leads to a uniform deposition of lithium on the current collector 3.

A lot of interesting research has recently been done on different lithium salts in AFLMB
electrolytes. The effect different lithium salts has on SEI formation, lithium morphology an
performance of the battery has been studied. Beyene et al. compared AFLMB three cells
(Cu||LFP) using the same solvent (DME/1,3-dioxolane (DOL) 1:1 v/v) with three different
salt combinations: 3M LiTFSI (3TFSI), 2M LiFSI + 1M LiTFSI (2FSI+1TFSI), and 1M
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LiFSI + 2M LiTFSI (1FSI+2TFSI). It was found that the (2FSI+1TFSI) outperformed the
other electrolytes, reaching a CE of 98.8% after 100 cycles®2. This increased performance
came from the synergistic effects of LiFSI and LiTFSI®2. LiFSI is reduced earlier than LiTFSI
and results in a thin, strong SEI that is rich in ion conduction inorganic species (LiF, Li,O
and Li,COg), while LiTFSI remains in the electrolyte and keeps the ionic conductivity of the
electrolyte highP2. This was confirmed with scanning electron microscopy of the deposited
lithium, where the morphology of (2FSI+1TFSI) was observed to be more uniform and flatter
than for the other electrolytes™. The lithium morphology of the (1FSI+2TFSI) electrolyte
was more uniform than that for (3TFSI) reinforcing that the increase in performance came from
the reduction of LiIFSIP2l. The importance of a thin and strong SEI is again demonstrated. The
observation of a SEI with a high content of inorganic components improving the performance
of the battery is also in agreement with previously mentioned studies. This also indicates that
it is possible to select different salts for SEI formation and ion transport, instead of optimizing

one salt for both tasks.

Another group that investigated the effects of dual salt electrolytes was Weber et al. They
compared a range of salts and salt combinations in a carbonate based (fluoroethylene carbonate

(FEC):DEC 1:2 v/v) electrolyte2. The single salt electrolytes (1M LiPF; and 1M LiBF,)

22

showed poor cyclability, falling under 80% capacity retention within 15 cycles The single

salt electrolyte using 0.6 M and 1 M LiDFOB showed greater performance, dropping under 80%

2l The best performing electrolytes

capacity retention within 50 and 60 cycles respectively
were the dual salt electrolytes consisting of LIDFOB and LiBF,. Two different concentrations
of this electrolyte was tested: 0.6 M LiDFOB + 0.6 M LiBF, and 1M LiDFOB + 0.2 M LiBF,
reaching 80 and 90 cycles before dropping under 80% respectively 221,
was observed with an electrolyte containing 0.6 M LiDFOB and 0.6 M LiPFg. This electrolyte
showed no improvement over 0.6 M LiDFOB 22! indicating that there are no synergistic effects
between the two salts. The SEI of cells containing salts LIDFOB + LiBF, were found to

contain significant amounts of both organic and inorganic fluorine components 2. This shows

One interesting result

both agreement and disagreement with the previously mentioned studies. The best performing
batteries contained a significant amount of inorganic fluorine. But there were also cells with
a higher proportion of inorganic fluorine that had a shorter cycle life than the LiDFOB +
LiBF, cells. This indicates that there may be a optimal proportion of organic and inorganic

components that forms an idela SEI.

A followup study performed by the same group was performed. Louli et al. found that
a 0.6 M LiDFOB + 0.6 M LiBF, FEC:DEC 1:2 v/v electrolyte performed better than the
conventional 1M LiPF; EC:DEC electrolyte Bl They also found that a more concentrated
electrolyte (2M LiDFOB + 1.4 M LiBF, FEC:DEC 1:2 v/v) resulted in longer cycle life than
a less concentrated electrolyte 0.6 M LiDFOB + 0.6 M LiBF, FEC:DEC 1:2 v/vBl. A high
concentration electrolyte battery also retained greater energy density than a LIB with the same
cathode (Li[Ni, sMng 5Coq 5]Oy (NMC532) | graphite, 1.2 MLiPFy EC:EMC + 2% VC + 1%
1,3,2-dioxathiolane 2,2-dioxide (DTD)) for more than 100 cyclesBl. The group stated that one
possible cause of this remarkably high cycle life came from the decomposition of LiDFOB at
the cathode. The oxidation of LIDFOB at the cathode produces LiBF, which is beneficial for
the lithium anodeP!. The combined oxidation and reduction of LiDFOB at the cathode and

JE
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anode respectively cause a large consumption of LiDFOB. This high consummation limits the

cycle life of the cell.

One of the problems of AFLMBs is their safety. Louli et al. characterised the safety of
AFLMBs with a qualitative water submersion test and a nail puncture testBl. The submersion
test was performed by submerging the plated lithium in water. Lithium plated with the dual
salt 0.6 M LiDFOB + 0.6 M LiBF, FEC:DEC 1:2 v/v electrolyte after 20 and 80 cycles were
tested. Lithium plated with a single salt 1.2M LiPFy; FEC:DEC 1:2 v/v electrolyte after 20
and 80 cycles was also tested. A charged graphite anode was also tested for reference. The
lithium from the dual salt at 20 cycles gassed and foamed at the surface of the water, the
same result as the charged graphite anodeBl. The lithium from the dual salt at 80 cycles
produced a small flame in addition to gassing and foaming®!. The lithium from the single
salt electrolyte produced large explosions when submergedBl. This indicated that the surface
area of the deposited lithium may be a factor in the safety of a AFLMB. A puncture test
was performed with full AFLMB cells. All cells were at top of charge after 1, 20 and 50
cycles. A cell using the previously mentioned dual salt electrolyte, a cell using a 1.73 M
LiFSI (DME):1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE) electrolyte, and a
cell using a 4 M LiFSI FEC:DEC electrolyte were tested. A thermocouple at the tip of the nail
measured the temperature during the puncture test. The dual salt electrolyte cell exhibited
temperature increase with a increased number of cycles, but never exceeded 100°CHBl. Both
of the other cells also exhibited an increase in temperature with cycles, but after 50 cycles
the chemistry of the cells caused an explosion resulting in a temperature >300°CEl. This
once again suggests that the safety of the battery is dependent on the morphology of deposited
lithium. The increased surface area of the dendritic and mossy lithium may cause the reactions
with water or air to occur faster and more violently. This shows that an improvement in the

homogeneity of deposited lithium has benefits for the safety of the battery, not just cycle life.

Anode free lithium metal batteries are still quite far away from commercialization. The best
performing AFLMBs the author has knowledge of currently, using all previously mentioned
techniques, outperform LIBs in initial energy density, but falls behind in cycle life and safety.
Louli et al. tested a cell stack using 2M LiDFOB + 1.4 M LiBF, electrolyte operating at
40°C and 1170 kPa that retained greater energy density than a lithium ion battery (NMC532 |
graphite, 1.2 MLiPF EC:EMC + 2% VC + 1% (DTD)) for 200 cyclesl. LIBs used in practical
applications today have a estimated cycle life of 1000 cycles®l. The safety of LIBsP9 is better
than AFLMBs for all relevant points. Although AFLMBs show greater initial energy density
the poor cycle life and safety concerns rule out the use of AFLMBs in practical applications.
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4 Conclusion

The advantages and challenges of anode free lithium ion has been discussed with a focus on
electrolyte design, solid electrolyte interface and lithium morphology. The characteristics that
make for a good electrolyte and why it is hard to achieve an ideal SEI has been discussed. The
creation of a strong ionically conductive SEI has been identified as a necessity for favourable
lithium morphology. The deposition of an ideally flat homogeneous lithium morphology has
been shown to be important in the reversibility of the deposition/stripping of lithium during

battery cycling.

Today’s best performing electrolytes are concentrated dual salt electrolytes which separate the
SEI creating salt from the conductive salt. This helps achieve a mechanically stable SEI with
good ionic conductivity, while retaining the conductivity of the electrolyte. This SEI facilitates
a homogeneous flat lithium deposition. This flat lithium deposition shows better reversibility
and safety. The AFLMB with the performance currently outperforms a LIB in initial energy
density, but falls behind in cycle life and safety.

The cycle life and safety of the battery remains too poor for any practical applications, even
with the optimized electrolyte. AFLMBs show great promise with a great deal of improvement
having been achieved recently. This improvement points to possible widespread adoption in
the future, but more research into stabilizing the deposited lithium’s morphology is needed to

see this adoption.
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