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Abstract

Nuclear Magnetic Resonance Studies of Lithium Metal Anodes
Anna Bergljot Gunnarsdottir

Lithium metal has received a renewed interest as a promising anode material for next-
generation, high-energy batteries owing to its high specific capacity (3860 mAh g') and low
reduction potential (-3.04 V vs. the standard hydrogen electrode). However, lithium metal
batteries suffer from low capacity retention, short cycle life and safety problems associated
with microstructural and dendritic growth of lithium. In this work, nuclear magnetic resonance
(NMR) spectroscopy is used to understand the effect of the solid electrolyte interphase (SEI)

on lithium metal deposition.

In situ NMR is used to quantify the lithium microstructures formed during plating and allows
the current efficiency and porosity of the structures to be estimated. The effect of the
fluoroethylene carbonate (FEC) additive is explored along with a range of plating conditions.
NMR measurements show that the isotope exchange between a SLi-enriched lithium metal and
a natural abundance electrolyte depends significantly on the electrolyte and the corresponding
SEI. A numerical model is developed to describe the processes during isotope exchange and is
discussed in the context of the standard model of electrochemical kinetics. The model is used
to extract both an exchange current at the open circuit voltage and the SEI formation current

as a function of time.

In situ NMR methods are then developed to study ‘anode-free’ lithium metal batteries where
the lithium is plated directly onto a bare copper current collector from a LiFePO4 cathode. The
low cycling stability of lithium metal batteries becomes clear when there is no excess of lithium
in the cell. The ‘dead lithium’ and SEI formation can be quantified by NMR and their relative
rates of formation are here compared in carbonate and ether-electrolytes. Importantly, the NMR
experiments reveal that the dissolution of lithium metal during the periods when the battery is
not in use, i.e., when no current is flowing, demonstrating that dissolution of lithium remains a
critical issue for lithium metal batteries. Strategies to mitigate lithium corrosion are explored;
the work demonstrating that both polymer coatings and the modification of the copper surface
chemistry stabilising lithium metal. Overall, this work demonstrates that the NMR approach
offers unique insight into the dynamic processes occurring on lithium metal both during

electrochemical measurements and at the open circuit voltage.
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Figure 5.10 The resistance of the SEI on Li metal, Rser= (R1 + R2+ R3)/2, determined from the
fitting of the impedance spectra in LP30 (green), LP30 + FEC (orange) and 4M-LiFSI (purple).

Figure 5.11 The intensity changes of the "Li NMR spectra (points) for a) the Li metal and b)
the diamagnetic Li* in the LP30 electrolyte and at three temperatures; 298 K (green, also
displayed and analysed in section 5.4.1), 313 K (yellow) and 323 K (blue). In red is the
measurement at 313 K, which has been soaked initially at 298 K for 25 hrs. The electrolyte
was replaced at 25 hours with a fresh LP30 electrolyte and the temperature raised to 313 K.

The corresponding fit to the curves, using Model II explained in 5.3, is shown in black. ....122

Figure 5.12 a) The exchange current density and b) the SEI formation current density
calculated from the fit in LP30 electrolyte at 298 K (green), 313 K (yellow) and 323 K (blue).
In red is the measurement at 313 K, that has prior been soaked at 298 K for 25 hrs. ........... 124

Figure 5.13 The temperature dependence of the exchange rate constant extracted from the

simulation over the initial two hours of measurements. The rate constant is seen to decrease in



magnitude, most noticeable at 323 K. The activation energy is calculated from the slope of the

Arrhenius plot, only taking into account the first hour of measurements.............cccccccveeeneee. 125

Figure 6.1. Schematic of the "Li in situ NMR technique used to study dead Li formation and
the resulting 'Li NMR spectra. a) The Cu-LiFePOs4 (LFP) cell before cycling and the
corresponding 'Li NMR spectrum showing the resonance of the diamagnetic Li (the SEI and
Li* ions) and the absence of the lithium metal peak. b) Charging the cell results in lithium metal
electrodeposition, as shown in the 7Li NMR spectrum of the Li metal region. ¢) At the end of
discharge the Li metal signal can still be observed, which is attributed to dead Li. d) Further
cycling of the Cu-LFP cell results in an accumulation of dead Li over the next cycles (cycle 2-

5), the intensity of the Li metal signal increasing at the end of stripping in each cycle........ 138

Figure 6.2 Experimental nutation curves of a) the Li deposits on Cu (1 mAh/cm?) nutate
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Figure 6.3. In situ 'Li NMR measurement of a Cu-LFP cell cycled in LP30 electrolyte with 0.5
mA/cm? current density and 1 mAh/cm? capacity for each plating step. a) The ’Li NMR spectra
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normalised dead Linwmr intensity at the end of stripping and c) electrochemically obtained CE
for the first five cycles in the three electrolytes, LP30 (green), LP30 + FEC (orange) and
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against the CE. e) The difference in dead Linmr between subsequent cycles plotted against the
capacity loss (mAh/cm?) calculated from the CE. f) The SEI capacity (mAh/cm?) calculated in
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Figure 6.5 The average SEI formation capacity (top) and dead Li (bottom) per cycle, in LP30,
LP30 + FEC and DOL/DME. The dashed lines show the values used to calculate the mean and
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Figure 6.6 The Li metal intensity for the "Li in situ NMR measurements when cycling Cu-LFP

cells in LP30 with polymer-coated Cu. a) The normalised total Linmr intensity at the end of



plating, b) the normalised dead Linmr intensity at the end of stripping and ¢) the CE for PEO-
(blue), PMMA- (yellow) and PVDF-coated (red) Cu electrodes. The measurements for bare
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Figure 6.7 Capacity losses in the first cycle, the SEI capacity Csg; (circles) and the dead Li
capacity C,.qq 1i (triangles) plotted against the corresponding capacity loss, CL. a) In the three
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Figure 6.8 BMS effects on the pristine Li metal resonance: 'Li NMR spectra of pristine Li
metal oriented perpendicular to the magnetic field in three different configurations; Li-Cu cell,
Li-LFP cell and Li-Li cell. The Li shift of Li metal when assembled against the paramagnetic
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Figure 6.9 BMS effects for the Li metal peak in the LP30 electrolyte. a) Stack plot of the Li
metal spectra during charge (plating) in the first cycle (where the same metal spectra are shown
vs. time in Figure 6.3a). b) The Li metal spectra during charge (plating) in the fourth cycle. ¢)
The frequency of the Li metal shift, measured at the maximum intensity of the Li metal
resonance, during cycling. d) The deconvoluted intensities of the Li metal spectra during

cycling. e) An example of the fitted spectra at the end of charge in first and fourth cycle...151

Figure 6.10 BMS effects for the Li metal peak in the LP30 + FEC electrolyte. a) Stack plot of
the Li metal spectra during charge (plating) in the first cycle. b) The Li metal spectra during
charge (plating) in the fourth cycle. ¢) The frequency of the Li metal shift, measured at the
maximum intensity of the Li metal resonance, during cycling. d) The deconvoluted intensities
of the Li metal spectra during cycling. €) An example of the fitted spectra at the end of charge
N fArst and fifth CYCI. ...uviiiiieee e e e 153

Figure 6.11 BMS effects for the Li metal peak in the DOL/DME electrolyte. a) Stack plot of
the Li metal spectra during charge (plating) in the first cycle. b) The Li metal spectra during
charge (plating) in the fourth cycle. ¢) The frequency of the Li metal shift, measured at the

maximum intensity of the Li metal resonance, during cycling. d) The deconvoluted intensities



of the Li metal spectra during cycling. ) An example of the fitted spectra at the end of charge
N first and fOUrth CYCLE. ...cviiiiiicee e e e 154

Figure 6.12 Simulated NMR spectrum of electrodeposits on Li metal from the susceptibility
calculations of a pristine Li metal (in blue) and Li electrodeposits (in orange), the sum of the
two shown in black. a) The simulated NMR spectrum with 20% coverage of Li microstructures
and b) of Li dendrites with 2.5% coverage, reproducing the results found in reference [7°] with
the shift of mossy microstructures at around 260 ppm and around 270 ppm for dendrites. ¢)The
simulated NMR spectrum with a microstructure coverage of 50%. The shift is at 256 ppm for
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Figure 6.13 The Li metal shift as a function of surface coverage of Li microstructures. a) The
simulated NMR spectra of the microstructure deposits on Cu, varying the surface coverage
from 2.5-95%. b) The ’Li metal shift at the peak maxima of the Li microstructure peak on a
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Figure 6.14 The normalised intensity of the deconvoluted peaks at a) the end of charge (plating,
after depositing 1 mAh/cm? of Li metal) and b) at the end of discharge (stripping) in the three
electrolytes. Peak 1, at the lowest ’Li metal shift, increases in intensity between cycles for all
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Figure 6.15 The normalised intensity of the deconvoluted peaks of Li metal spectra during
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Figure 6.16. In situ NMR experiments of Li metal dissolution during the OCV period. a) A
schematic representation of the processes that lead to Li metal corrosion: the chemical
formation of the SEI on Li results in the spontaneous reduction of the electrolyte and oxidation
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LP30 + FEC and DOL/DME. Plating and resting experiments for ¢) different polymer coatings:
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The grey curve shows the effect of a slow SEI formation step before deposition on HCl-treated
Cu at 0.02 mA/cm? followed by a 12 hours voltage hold at 3.2 V before deposition at 0.5
mA/cm? (grey). The green curve in b, ¢ and d) is for the same experiment, performed on bare
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Chapter 1 Introduction

Electrochemical energy storage devices are a key technology for the integration of intermittent
renewable energy technologies into the electric grid. Batteries convert electrical energy into
chemical energy through charge transfer reactions. The Gibbs free energy of the redox

reactions that occur on the anode and the cathode is:
AG®° = AG° qthode — AG® gnodge = —MEFV® (1.1)

where n is the number of electrons transferred and F is the Faraday’s constant (C/mol) and V°
is the open circuit voltage of the cell (in V).! The standard Gibbs energy AG°® is the energy that
would be released if the anode and the cathode were to react under standard conditions. The

specific energy of a battery cell, E,.;; (in Wh/kg) can be calculated as:

Vcell X Ccell

Eceny =
W,
cell

(1.2)
where V,,;; 1s often defined as the mid-point voltage during the discharge process, C..;; is the
cell capacity (in Ah) and W,,;; is the total cell weight (in kg).? Lithium is light-weight and has
low standard reduction potential (V° = -3.04 V of Li/Li vs. the standard hydrogen electrode,
SHE), making it highly suitable for high energy density batteries.

The development of the rechargeable Li-ion battery (LIB) has enabled the portable electronic
revolution. LIBs are transforming the transportation sector; through the electrification of bikes,
buses and cars and are also a potential energy storage technology for the large-scale grid-
storage needed in the nearby future for intermittent, renewable energy sources such as solar

and wind.?

There is a constant push toward further improvements and the shift towards electrified future
demands high-performance batteries with increased energy density and power performance,
long lifetime, as well as being safe, cheap and environmentally friendly.* The typical LIB
comprises of a lithium-containing cathode and a graphite anode that acts as a host (intercalates

Li"). One pathway to increase the energy density is to replace the graphite anode with Li metal.
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However, safety issues associated with dendrite growth of electrodeposited Li as well as the
low capacity retention and short cycle life have hindered the commercialisation of the lithium
metal battery (LMB). Nevertheless, LMBs are generally considered a promising future battery
technology due to the predicted high energy density.’

There is currently an intense research effort underway to study microstructural and dendritic
growth, and the capacity losses in LMBs. The formation of a stable solid electrolyte interphase
(SEI) on the Li metal anode is generally regarded as the most effective strategy to suppress Li
dendrite growth and ensure stable cycling. To optimise the SEI on Li metal and pave the way
for practical LMBs, it is necessary to understand what properties of the SEI lead to more level

Li deposition and high Coulombic efficiencies.

It is challenging to study the dynamic SEI layer and most techniques involve the disassembly
of batteries for ex situ characterisation of its morphology, chemical composition and formation
mechanism. NMR spectroscopy can be used to study LMBs in situ as it is both a non-invasive
and a quantitative technique. The aim of this thesis is to develop and apply in situ NMR
methods to study Li metal and to gain a better understanding of how the SEI affects the
cyclability of LMBs.

1.1 Thesis Overview

Chapter 2 presents an overview of the recent literature in the field of lithium metal batteries

and the essential theory on electrochemistry and electrode kinetics.

Chapter 3 presents the essential theory used in this work regarding NMR spectroscopy, which

is the main technique of this thesis.

In Chapter 4, in situ NMR is used to study electrodeposition of Li metal with and without an
electrolyte additive and the amount of Li microstructures is quantified under different

electrodeposition conditions.

In Chapter 5, the methodology to study the SEI formation and the exchange between Li metal
and the electrolyte at electrochemical equilibrium is developed using isotope labelling and

NMR and the results related to the standard model of electrochemical kinetics.
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Chapter 6 demonstrates a new in situ NMR metrology to study full-cell lithium metal batteries,

and the different processes that leads to capacity losses are quantified.

Chapter 7 presents the main conclusions of this work and possible future research directions

are suggested.
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Chapter 2 Energy Storage and Electrochemistry

2.1 Li-ion Batteries and Beyond

Here a brief introduction is given to the development of the rechargeable Li-ion battery; many
more extensive reviews are available on the subject.*” We will then look beyond the Li-ion

battery and review recent research efforts in the development of the lithium metal battery.

The 2019 Nobel Prize in chemistry was awarded to Stanley Whittingham, John Goodenough,
and Akira Yoshino for their contributions to the development of the lithium-ion battery. During
the oil-crisis in the 1970s, Whittingham worked at Exxon Corporation and demonstrated the
first rechargeable Li battery using layered TiS; as the cathode against a Li metal anode.®
Inspired by this work, Goodenough’s research group began to explore intercalation materials
with higher cell voltage, which led to the discovery of metal oxide cathodes. The layered
LiCoO; (lithium cobalt oxide, LCO) became the cathode of choice, with operating voltage of
~4 V, good structural stability and high electrical and lithium-ion conductivity.” However, the
commercialisation was hindered due to the Li metal anode and the safety problems associated
with Li dendrite growth upon cycling. The Li-ion battery was first commercialized in the early
1990’s by Sony, when Yoshino and his team paired the LCO cathode with a lithium-free carbon
anode.'? This battery is very close to the modern LIBs used today for most electronic consumer
products, with LCO cathode paired against a graphite anode.” However, major limitations are
in the high cost, low abundance and toxicity of cobalt. Thus, there is a drive towards chemistries
that both minimise cobalt and operate at high voltages. Cathode materials that include nickel,
manganese and cobalt (termed NMC cathodes) are cheaper and have higher capacity than LCO,

the NMC has thus become the dominant cathode-chemistry used in electric vehicles.!!

Currently, Li-ion battery technologies are reaching their limit in theoretical energy density and
there is a critical need to find high-energy alternatives.>'?> The graphite has much lower
theoretical gravimetric capacity (372 mAh/g) compared to Li metal (3860 mAh/g).'* The
graphite anode, however, exhibits high reversibility and efficiency with the theoretical capacity

roughly obtained in practice as well as improved safety to compared to Li metal.'?
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Nevertheless, there is a revived interest in Li metal anodes, which has been termed the “Holy
Grail” of battery anode materials.'* Replacing the graphite electrode with lithium metal in a
typical LIB can increase the specific energy by ~35% and the energy density by ~50%.'% In
addition, lithium-air and lithium-sulphur, considered promising high-energy battery
technologies, use lithium metal as the anode.'>'® Long-term cyclability has not yet been
obtained in LMBs and fundamental research is needed to understand the plating and stripping,

and the electrode/electrolyte interface in detail.

2.2 Lithium Metal Batteries

Lithium is the lightest metal and has a low negative potential (-3.04 V vs. SHE), which enables
large operating voltages when assembled with a lithium-containing cathode.'* Cycling of
LMBs entails deposition of Li metal, Li* + e~ — Li° during charge (plating) and the
dissolution (stripping) of Li metal during discharge, Li® — Li* + e™. The greatest obstacles to
the commercialisation of LMBs are (i) safety issues associated with dendrite growth of
electrodeposited Li as well as (ii) poor capacity retention and short cycle life.!” The key issues

in implementing Li metal anodes are summarised in Figure 2.1.
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Figure 2.1 The main challenges of Li metal anodes. a) Before cycling, the SEI forms spontaneously on the Li
metal electrode. The thickness of the SEI depends on the soaking time in the electrolyte.'® b) The nonuniform
plating of Li results in microstructural growth that can eventually lead to ¢) fractal dendritic growth and short-
circuiting of the cell. d) The spontaneous SEI formation that occurs both chemically and electrochemically during
cycling. e) The dissolution of Li during stripping can result in the detachment of the microstructures from the
electrode, which leads to the formation of inactive or ‘dead Li’. f) After continuous plating and stripping there is
an increased impedance of the cell, a combined effect of the thick dead Li layer and depletion of the electrolyte

due to continuous SEI formation.>"

Typically, microstructural growth of Li occurs during plating (Figure 2.1b) due to
inhomogeneous current density on the electrode surface.?’ These Li microstructures can exhibit
a range of different morphologies from needle and whisker-like to nodular and mossy
structures. With continuous plating, this can develop into fractal dendritic growth (Figure 2.1c¢),
which can short-circuit the battery cell and is a serious safety concern for LMBs.?! In general,
the morphology of metal electrodeposits is influenced by the current distribution over the
electrode surface, which is affected by factors such as the geometry of the cell, the nature of
the electrode’s surface, the specific resistivity of the electrolyte solution, the activation
overpotential and the concentration overpotential.?> Of these parameters, the surface of the Li
metal electrode is particularly complex because of the SEI that forms instantaneously when Li
metal is immersed in an electrolyte due to the low electrochemical potential of Li. The high

reactivity of Li metal results in an irreversible decomposition of the electrolyte and
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precipitation of the reduction products on the electrode surface, which forms the heterogeneous
layer known as the SEI (Figure 2.1a). Furthermore, a ‘pristine’ Li metal foil is generally
covered by a passivation layer, the “native SEI”, which is composed mostly of lithium oxides,
hydroxides and carbonates and forms even under “inert atmospheres” (e.g. in a glovebox or a
dry room), from trace amounts of oxygen, nitrogen, water and a variety of organic solvents.?’
This complicates studies of Li metal deposition, compared to electrodeposition of metals such

as copper and silver, as it is difficult to have full control of the surface chemistry.

The morphology of Li metal deposits and the cycling performance is highly dependent on the
choice of electrolyte system where improved cycling efficiencies are generally attributed to a
uniform and stable SEI and will be described in more detail below.2%2!242° The SEI needs to
be homogenous in chemical composition and morphology, electronically insulating but
ionically conductive, mechanically stable and insoluble in the electrolyte.!*3° Full and
homogeneous coverage of the SEI that effectively passivates Li metal is equally important to
mitigate the continuous consumption of the electrolyte (Figure 2.1d) and promote
homogeneous Li deposition.?'3? The irregular microstructural growth has been associated with
local inhomogeneities on the Li metal surface and in the SEI that results in preferential
deposition sites (so-called “hot spots”) with high local current density.??*3335 These
preferential deposition sites can originate from inhomogeneous transport properties in the SEI
or cracks in the SEI where Li grows through the protrusions caused by internal stresses beneath
the SE1.3¢° Thus, the main approach in the development of LMBs has been on mitigating
dendrite formation through electrolyte and interfacial engineering, with the goal of

manipulating the SEI.!

Fang et al. argued in a recent publication that dendrite formation is not the main concern for
LMBs, but rather it is the low Coulombic efficiency (CE) that poses a greater problem,
decreasing the battery cycle life.!” The low CE leads to a loss of active Li in the cell and can
originate from two factors, the SEI formation as described above and with the formation of
inactive Li metal, typically known as ‘dead Li’ in the literature (Figure 2.1¢).#0*! Dead Li
corresponds to Li that no longer has electronic contact with the current collector and forms due
to inhomogeneous stripping of Li microstructures.!®*=# This is attributed to faster Li metal
dissolution at sites with relatively low impedance, e.g. on fresh Li deposits with relatively thin

SEI or where the SEI has ruptured.3”** The accumulation of dead Li at the electrode/electrolyte
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interface after multiple plating and stripping (Figure 2.1f) results in a highly tortuous layer on
the negative electrode, which leads to mass transport limitations during cycling and continuous

consumption of the electrolyte forming the SEI.!4?
2.2.1 Cell configurations

In order to make LMBs a viable technology, reversible Li plating and stripping must occur
upon cycling the battery. However, the Coulombic efficiency (CE) of Li metal cycling in the

commercial carbonate electrolytes is usually around 80-90%.2°4 Here, CE is defined as:

CE = Stripping capacity
"~ Depositing capacity

Advanced electrolytes have achieved CEs of over 99%.4* A CE of 99.9% is required to

@.1)

achieve a cycle life of 200 and 99.98% is required to reach 1,000 cycles, while retaining 80%
of the initial capacity.'>!* However, Xiao et al. argue that the CE is not an effective descriptor
to estimate the lifespan of a LMB.* The cycling performance depends on the cell
configuration, the amount of Li metal in the cell, the amount of electrolyte and cathode

loading.>*°

Symmetric Li-Li cell Li-Cu cell Anode-free cell Li metal cell

Li Li Cathode Cathode
CEl

Figure 2.2 Li metal cell configurations: ‘Symmetrical Li-Li cells’ contain two Li metal electrodes (with an SEI

Separator
SEl

layer) separated by a separator soaked in an electrolyte. In ‘Li-Cu cells’, the Li deposition is studied on a Cu
current collector. ‘Anode-free’ cells contain no Li metal, but a lithium-containing cathode and a Cu current
collector. The electrolyte-interphase on the cathode-side is commonly referred to as the cathode electrolyte
interphase (CEI). ‘Li metal cells’ contain a cathode and a Li metal electrode.

Figure 2.2 shows the various cell configurations generally used when studying Li metal
deposition. Most studies use symmetric Li-Li cells, which are useful to directly probe the
behaviour on Li metal and to study the morphology of Li in different electrolytes. But the native
SEI on Li metal is difficult to control and may change if Li metal is being stored for long time

(even in an inert glovebox environment), complicating systematic studies.?’
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Furthermore, the excess amount of Li metal can extend the cycle lifetime of the battery cell.?
The low capacity retention of LMBs tends to be overlooked because an excess amount of Li
metal is typically used in research-scale cells that leads to an artificially enhanced cycling
efficiency.>*4° Limiting the amount of excess Li will better mimic practical LMB
designs.>!>* In order to make use of the high specific capacity of Li metal anodes, commercial
LMBs will need to have the so-called negative-to-positive (N:P) ratio as close to 1:1 as
possible, that is by matching the capacity of the Li metal anode as close to the capacity of the

cathode material.?!*

Realistic LMB designs thus either limit the amount of excess Li, e.g., by using thin Li foils? or
they operate in an ‘anode-free’ battery design that replaces the Li metal anode with a bare Cu
current collector (Figure 2.2).4%% The latter design has the obvious practical advantage that it
is easier to assemble as it does not require handling Li metal. Both these battery designs tend
to have a fast capacity fade, which is directly associated with the irreversible loss of active Li
due to SEI formation and dead Li formation.*>*! Li-Cu cells are often used to directly study Li

deposition on Cu, avoiding issues that may be associated with high-voltage cathodes.

2.2.2 The solid electrolyte interphase

The low potential of Li metal results in the spontaneous breakdown of the electrolyte at the Li
surface. Much work is being carried out to correlate the electrochemical behaviour of Li metal
to the properties of the SEI. Recent detailed reviews on the SEI on Li metal can be found in

the following references, 55,60 and 61.

The interphase layer between the electrolyte and the Li metal electrode was first introduced by
Peled in 1979.'® The SEI was presented as an ion conducting layer (one that transports Li" ions)
with high electronic resistivity.'®3? The thickness of the SEI was proposed to be limited by the
electron tunnelling range, resulting in an SEI thickness on the order of ~10 nm.3° The SEI
structure depends on the electrolyte and is often visualized in terms of the mosaic model
introduced by Peled,>* where the SEI as a multi-component film with inorganic components
(such as Li2COs, LiOH, Li2O and LiF) forming close to the Li metal and a higher content of

organic (polymeric) species on the outer part of the SEI close to the electrolyte.?°
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The SEI needs to be both chemically and mechanically robust, and fully passivating to ensure
stable cycling of Li metal.’!*? Electrolyte engineering, where different salts and solvents are
combined to tailor the SEI and optimise cycling performance, has driven the development of a

suitable electrolyte system for LMBs.

Carbonate-based electrolyte are most commonly used in commercial Li-ion batteries due to
their high oxidation stability (>4.3 V) with solvents such as ethylene carbonate (EC), dimethyl
carbonate (DMC) and ethyl methyl carbonate (EMC).>> However, the Li morphology in
carbonate electrolytes is generally whisker-like, that leads to high surface area deposits and

low cycling efficiency.’*3

It is common to use existing electrolytes with additives that
improve the Li metal cycling, such as fluoroethylene carbonate (FEC), lithium
bis(oxalato)borate (LiBOB), vinylene carbonate (VC) and lithium nitrate (LiNO3).2%2%° The

additives are often sacrificial and break down to form the SEI .3!

Ether-based electrolytes show much better cycling in LMBs, which is attributed to the
formation of oligomers that have good flexibility and strong binding affinity to the Li surface.®
However, ether based electrolytes suffer from low oxidation stability (<4 V vs Li*/Li) and high
flammability rendering them unsafe for commercial batteries.’! High-concentration ether-
based electrolytes (4 M) have gained significant attention with improved thermal and

electrochemical stability®! and stable cycling of Li metal 593

Of note, in this work a distinction is made between the chemical SEI formation, which forms
spontaneously on Li when no net current is flowing in the circuit (studied in Chapter 4, Chapter
5 and Chapter 6) and the electrochemical SEI formation that forms as a side reaction during Li
plating, consuming charge (studied in Chapter 4 and Chapter 6). The chemical SEI formation
on Li metal is highly dynamic and occurs continuously after immersing Li metal into an
electrolyte resulting in a growing SEI resistance with immersion time as probed by impedance
spectroscopy.®4%3 Allowing the chemical SEI formation to occur by immersing Li metal in the
electrolyte for periods extending over days has been shown to result in enhanced cycling
stability.%%7 The SEI reduction reaction is coupled to Li oxidation (Li metal dissolution) as
shown in the schematic, Figure 2.3. In contrast, electrochemical SEI formation is a competing
reaction to Li deposition and kinetics will determine which proportion of the current is used
for SEI formation.%® The magnitude of the current density will also influence the chemical

composition of the SEL® Similarly the chemical SEI formation may results in a different
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chemical composition; Wang et al. studied the SEI formation on Li metal in an oxygen gas
environment and reported different amounts of LiOH and other oxygen containing species

formed electrochemically compared to the chemical SEI.7°

Electrochemical SEl formation Chemical SEl formation
During Li deposition During rest (at the OCV)
/L
N V4
-+ _GE\
N uir-SE
~ l J

| Vi

Figure 2.3 Schematic of the electrochemical and chemical SEI formation on Li metal. The electrochemical SEI
formation occurs concurrently with Li deposition whereas the chemical SEI formation occurs with no net current

passed in the circuit and involves Li oxidation coupled to SEI reduction reaction.

2.2.3 Characterisation techniques

The morphology and plating behaviour of Li metal is commonly studied with techniques such
as scanning electron microscopy (SEM)’!, operando optical microscopy**+7?> and
transmission electron microscopy (TEM).3” Recently, a new analytic method was developed to
quantify ex situ the amount of inactive Li formed on a copper current collector by reacting the
Li metal with water.’® Electron paramagnetic resonance (EPR) has been demonstrated as a
semi-quantitative and non-invasive technique to observe operando Li microstructural growth

in a flooded cell.”?

Of these techniques, in sifu nuclear magnetic resonance (NMR) and magnetic resonance
imaging (MRI) are unique as non-invasive techniques that provide quantitative and temporal
information on Li metal deposition. Operando NMR has been used to study Li and Na plating
and stripping by continuously acquiring NMR spectra during an electrochemical
measurement.*>7480 Bhattacharyya et al. developed a method to quantify and distinguish
between different types of microstructures that form during Li deposition based on the skin
depth effect of conductors and the bulk magnetic susceptibility (BMS) of Li metal in a magnetic
field.”* In situ NMR of Li metal deposition is the main technique used in this thesis. The NMR
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of Li metal will be described in detail in Chapter 3. Note that operando and in situ are often
used interchangeably, the former referring to measurements made while the device is operating

while the latter is more general and refers to measurements made of the intact device.

Many studies are on the characterisation of the SEI composition, transport properties,
mechanical properties, nanostructure and dynamic evolution, which are key to understand Li
deposition. Due to the thin and highly reactive nature of the SEI, common surface chemistry
techniques such as X-ray photoelectron spectroscopy (XPS)?! and electron microscopy®? may
damage the organic polymer components of the SEI, which makes characterisation difficult.
Cryogenic electron microscopy (cryo-EM) has become an increasingly useful tool to study the
SEI on Li metal, as cooling down the sample to cryogenic temperatures reduces the electron
beam damage.!” Cryo-EM studies have revealed that the nanostructure of the SEI on Li metal
deposits differs significantly between electrolytes, allowing for correlation between structural

composition and cycling performance.?'-%?

Significant efforts have been made to study the SEI on silicon and graphite electrodes with
NMR spectroscopy,® 3 however NMR can suffer from issues of sensitivity and selectivity to
the SEI (as it probes the whole sample volume). It has even more challenging to study the SEI
on Li metal using NMR, the main reason being that magic-angle spinning (MAS) of metallic
samples in a magnetic field is not trivial and the samples need diluting to spin properly. This
causes a decrease in signal-to-noise in these measurements. In a recent study, we used dynamic
nuclear polarization (DNP) to enhance the signal intensity of the SEI on Li metal.}” However,
further method development is needed to perform quantitative characterisation of the chemical

composition using DNP-NMR.

In conclusion, a fundamental question to address is how the nature of the SEI on Li metal
affects the plating and stripping of Li, in order to systematically tackle microstructural growth
and low capacity retention in LMBs. What determines a good SEI on Li metal? The SEI must
be fully passivating and homogeneous in composition and morphology to ensure uniform Li
ion transport through the SEI and stable Li deposition. A flexible SEI might be desirable that
can accommodate infinite volume changes on plating and stripping Li metal. Although
significant characterisation of SEI has been carried out, the nature and distribution of chemical
components in the SEI, the ion transport within them and their relationship to microstructural

growth and dead Li formation, is ill-defined.
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In situ NMR studies will be used in Chapter 4 to study the effect the FEC additive has on Li
plating under a range of plating conditions. In Chapter 5 the isotope exchange between Li metal
and the electrolyte is measured using NMR, and the transport through the SEI as well as the
time-evolution of the SEI estimated by simulations. In Chapter 6, the methodology to study
‘anode-free’ batteries via in situ NMR is developed to study the dead Li formation and other

capacity losses in LMBs.

2.3 Electrochemistry

The transfer of charge across an interface accounts for a significant part of natural processes.
The theory on charge transfer kinetics describes the functioning of biological systems,
electrochemical synthesis, the stability of metals, and energy storage devices. By controlling
the direction and rate of a charge transfer reaction, one can control the chemical reactions
occurring in a given system. Here, a short introduction on the theoretical framework that is
generally used when discussing electrochemical systems will be given and connections drawn
to the processes relevant to electrodeposition of Li metal. The discussion is based on the work

of Newman and Thomas-Alyea,®® Bockris and Reddy,* and Bard and Faulkner.”
2.3.1 Electrode Kinetics

In order to understand how fast the charge-transfer reaction will occur at an electrode, the
kinetics need to be considered to establish a relationship between current and overpotential.

The rate v, of an electrode reaction is related to the current density, j, by Faraday’s law:
y == (2.2)

where n is the number of electrons transferred in the reaction and F is the Faraday constant.
The rate depends on the electrolyte concentration at the electrode surface, the nature of the

electrode surface and the electrode potential.® For a simple one-step, n-electron process:

ke kq
Ox + ne~ < Re (2.3)
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the net rate of the reaction is the difference between the rate of the forward and backward
reactions, associated with the cathodic k., and anodic rate constant k,.%® The rate constants are

expected to have an Arrhenius temperature dependence that can be described in the form:

AGE
k. =A.exp <— R';“C> (2.4)

where AG&C is the activation energy of the transition state for the cathodic reaction and A, is

generally known as the frequency factor.”®

The rate of the forward and backward reaction depends on the applied potential E (the potential
difference between the electrode and the electrolyte solution) and electrolyte composition at
the electrode. The net reaction rate is equal to the difference between the rates and can be
written in the form:%®

J (1—p)nF (— pnF )
_J _ PP R 2.5
v 7 k,cr exp < RT E k.co exp RT E (2.5)

where cz and ¢, are the concentrations of the anodic and cathodic reactants. The § is a
symmetry factor that represents the fraction of the applied potential that promotes the cathodic
reaction. Similarly, (1 — ) is the fraction that promotes the anodic reaction. Often, S is

assumed to be equal to 0.5.38

At a potential E,, defined as the equilibrium potential, a “stalemate is reached between the
electronation and de-electronation reactions”.%” That is at potential E, the rate of the forward
reaction is equal to the rate of the backward reaction and the net rate of the reaction becomes

zero. Equation (2.5) can then be rearranged to:

(1—p)nF - pnF
k,cr exp <TE° =k.co exp( RT EO> (2.6)

With further rearrangement, equation (2.6) yields a form of the Nernst equation:®

_RT_ kcco
- nF lqkacR

E, 2.7)
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By defining the surface overpotential as ng = E — E,, and substituting equation (2.7) in to

equation (2.5) we get:?®

J _ (1 - B)nF kcco

= kacr exp< T s +(1-pF)In ko,
. y (2.8)

-pn cCo
k.co exp ( RT s fIn ko, )
By defining the exchange current density as:%®
jo=nFkhk;Pcfcy™ (29)
equation (2.8) may be written as:

=i lex (1_ﬁ)nFT’s — ex (_BTI,FT]S> (2.10)

Equation (2.10) is known as the Butler-Volmer equation of electrode kinetics. It concerns both
the equilibrium current and the effect of an overpotential, thus describing both the chemical
and electrical aspect of charge transfer.?’ For the special case when the rate constants are equal

k, = k. = k° the exchange current density becomes:
jo = nFkochci™? 2.11)

k° is known as the standard rate constant and reflects the kinetic properties of the interfacial
system and can vary by many orders of magnitude between different reactions; systems with
large k° will achieve equilibrium quickly (according to Nernst equation) upon change in the
potential,”! whereas small values of k° describe a more sluggish systems.?>*° The Butler-

Volmer equation for Li deposition may now be written as:**2

. (1-pF B
j =Fk°[c;exp <Tns — CLi+ €XP (— RT m)] (2.12)

where c¢;; is the surface concentration of Li metal and ¢ ;+ is the concentration of L1 ions at the

surface.
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The heterogeneous SEI layer on Li metal results in a distribution of rate constants on the Li
metal surface.** Wood et al. found that spatial variations of rate constants for Li deposition
must be minimized to improve the cycling performance of Li metal anodes.** By stabilising
the Li metal surface a more homogeneous current distribution is expected. This may be
achieved by an SEI that fully covers the Li deposits, with a flexible SEI that does not rupture
or with protective coatings that provide homogeneous Li ion transport. This will be explored

further in Chapter 5 using isotope exchange measurements.

2.3.2 Electrochemical corrosion

IUPAC defines corrosion as the general term for an irreversible interfacial reaction that often,
but not always, leads to a degradation of the materials properties.”® Electrochemical corrosion
involves electrode reactions such as the dissolution of metals where there are at least two or
more reactions occurring simultaneously, the anodic and the cathodic reactions.”® Under these

conditions, the open-circuit potential is at a mixed potential (the corrosion potential).3®

The corrosion potential is not an equilibrium potential corresponding to any of the occurring
reactions but represents the steady state of the corrosion system. The corrosion potential will
settle where the rates of the anodic and cathodic reactions are equal, resulting in a net zero
current. For example, for a system where the anodic reaction is metal dissolution, the currents

must be equal:

Icorr - IM - _Ic
(2.13)
where I, is the corrosion current, I, the metal dissolution current and I, the cathodic
current.?®8? The corrosion potential will be determined by the kinetics of the reactions, where

the rates of the two reactions balance.

As an example, we look at the corrosion process of iron. The anodic process is the metal
dissolution: Fe — Fe?* + 2e~ and the cathodic process is usually the oxygen reduction or
hydrogen evolution reaction. In the case of the oxygen reduction reaction, i.e. 0, + 4H* +
4e~ - 2H,0, the rate of corrosion is determined by the mass transfer of oxygen to the

corroding surface.’®
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Corrosion processes do not always take place on a single electrode surface. Galvanic corrosion
or contact corrosion is the enhancement of a corrosion reaction due to the contact of materials
of different electrochemical potentials, effectively creating the conditions of a short-circuited
galvanic cell. Thus, during the dissolution of iron, the cathodic process of oxygen reduction

may take place on other metals such as tin or copper, which act as the cathode.®®

When both redox reactions follow Butler-Volmer kinetics with a symmetry coefficient = %,

the corrosion current has been shown to follow approximately:®

Leorr = (IO,MIO,C (2.149)

1 e ()

where Ij ), 1s the exchange current for the metal dissolution, defined as the exchange current
density multiplied by the available area: Iy = jouAm. E. and Ey are the equilibrium

potentials for the redox reactions. According to equation (2.14), there are two fundamental

ways of minimising the metal dissolution. Either by reducing the first term in the equation:®’

lom loc = (AMjO,M) (Aredjo,c) (2.15)

which is done either by decreasing the exchange current density by methods such as using
surface inhibitors that adsorb to the metal surface’ or by cutting down the areas in contact with
the electrolyte by the formation of a passivating layer on the metal. Coatings may be used to
slow down or prevent the corrosion, but if it becomes damaged this can lead to an increased
corrosion rate on the exposed parts.”> Cathodic protection then involves connecting the metal
that needs protecting to a ‘sacrificial anode’, for example by connecting a steel structure to a

magnesium anode, the magnesium then corrodes and needs to be changed regularly.”

Li corrosion will be discussed in Chapter 6, defined as both the chemical formation of the SEI
on Li metal accompanied by Li oxidation and the galvanic corrosion of Li on Cu, by the
coupled Li-oxidation, reduction of copper oxides and/or reduction of the electrolyte on the Cu.
Li metal deposition on Cu is analogous to the formation of a sacrificial protection, where the
Li metal serves to inhibit Cu corrosion and potentially results in enhanced rates of corrosion

for the Li.%¢

One typical SEI reduction reaction is here taken as an example of chemical SEI formation. The

examples involves the ring-opening of the EC solvent molecule,’” described as follows:
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1) 2Li" +2e + EC — (CH20CO;Li); + CoHy
11) Liometa] — L1+ + e

When taken together, the overall reaction corresponds to:
2Li% a1 + EC - (CH,0CO,Li), + C,H, (2.16)

The chemical SEI formation thus leads to a loss of Li metal in a battery cell and is effectively
a corrosion process. A stable SEI should limit the continuous breakdown of the electrolyte and

is analogous to a passivating coating as described above.??

2.3.3 Electrochemical methods

2.3.3.1 Galvanostatic cycling

Li metal anodes are commonly studied by performing galvanostatic plating and stripping,
where a constant current is applied and the voltage response is measured as a function of
time.!%44%4 The current density and the plating capacity have been shown to influence to the
efficiency, cycle life and morphology of the Li deposits with high current densities generally

associated with Li dendrite growth.374298

Under constant current conditions the salt concentration near the surface decreases. A
concentration gradient develops, which drives the diffusional flux J, towards the electrode

surface. Using Fick’s law of diffusion, the reaction rate can be described in terms of the flux:®
L 2.17
nF Jp = (dx)x=o (2.17)

where D is the diffusion coefficient of the ions in the electrolyte and x = 0 is at the electrode
surface. Over small distances, near the electrode, the concentration profile can be approximated
as linear and when extrapolated towards the bulk electrolyte, the Nernst diffusion-layer § is
defined as where the curve intersects the bulk value (Figure 2.4). Equation (2.10) can be
approximated as:

(CO - Cx=0)

2.18
5 (2.18)

Jp =-D
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where ¢? is the bulk concentration.®® The thickness of the Nernst diffusion-layer time increases
initially with the square root of time and can be approximated for a constant current experiment

as: 8

5 VDt (2.19)

2
Vr
This analysis is an approximation and natural convection will take over diffusion when the

diffusion layer extends far into the solution.

Cx=0

x, distance from electrode

¢, concentration in solution

Figure 2.4 The Nernst diffusion-layer thickness, §, obtained by extrapolating the linear portion of the

concentration gradient to the bulk concentration value. The figure is reproduced from reference [*]

Electrochemical models of mass transport in electrolytes have been developed to describe
electrodeposition during a constant current experiment, relating the concentration gradients
that develop in the electrolyte to dendritic growth.”>*1%! Two current regimes distinguish
between the continuous development of the concentration gradient at the electrode surface and
whether a steady-state is achieved. The limiting current density that separates between the two
regimes is defined as:
2Fzc°Dgpmp

. = 2.20

Jiim ta L ( )
where F is the Faraday constant, z is the charge number of the cation (z,;+ = 1), c° is the
initial bulk concentration, D,,,;, is the ambipolar diffusion coefficient for the ions in the

electrolyte, t, the transport number of the anions in the electrolyte and L is the distance between
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the two electrodes.”>!'%° Below jj;,,, according to the theory, the concentration gradient in the
electrolyte will reach a steady-state with a non-zero concentration of ions at the electrode and
dendrite growth via this mechanism is not expected.”? In the high-current regime, for current
densities j > J;im, diffusion limitation leads to fractal dendritic growth at a characteristic time
known as the Sand’s time (the time at which the concentration of anions drops to zero in the
diffusion layer at the electrode surface creating a large electric field).”>!°%1%1 The Sand’s time

is given by the formula:’>!!

_ D cOzF\* 221)
T,=m s ~

There are two main conclusions that can be drawn from equation (2.21). For large current
densities the transition to Sand’s time is shorter and higher electrolyte concentrations increase
the Sand’s time. The onset of fractal Li dendrite growth has been shown experimentally to
correlate well with this theory.?*»!92 But inhomogeneous microstructural growth is usually
observed for Li metal deposition performed below jj;,,, associated with non-uniformities in the

SEI on Li metal 33:60:103
2.3.3.2 Pulse plating experiments

Pulse electrolysis has been widely used in electrodeposition of a range of metals, including

105 and nickel'%, the reason being improved control over grain sizes (more fine-

gold,'* silver
grained deposits can be obtained), morphology and porosity. There are multiple ways of
performing pulse electrolysis. Here we focus on the galvanostatic square pulses that are
separated by a rest period with zero current in the external circuit. Instead of one parameter, as
is the case in constant current experiments, there are three variables when pulse plating; the

applied current density j, the duration of the pulse, Ty and the duration of the rest period Ty pp

(Figure 2.5a).

If the duration of the pulse is short, the concentration gradient near the electrode does not
extend far enough into the solution for convection to be significant and the ion depletion layer
near the electrode is replenished by diffusion.'%” Pulse plating thus leads to an improved mass
transfer, which means higher instantaneous current densities may be used without the severe

concentration depletion as described in the previous section.
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Higher current densities generally induce higher overpotentials, as expected from Butler-
Volmer kinetics. The kinetics of nucleation and growth of metal deposit depend significantly
on the electrochemical overpotential.!%® For Li deposition, high overpotential has been shown
to result in smaller Li nuclei size and higher surface coverages.!” Thus, pulse plating may
potentially be used to obtain more uniform Li deposition. However, the SEI will also influence
the pulse plating as both diffusion and chemical SEI formation take place during the rest period.
This is explored in Chapter 4 where pulse plating is performed in two electrolytes with similar

transport properties but different SEI properties.

Previous Monte Carlo simulations have suggested shorter pulses are beneficial in mitigating
Li dendrite growth.!' However, the rate of pulsing is limited by the rate of charging and
discharging the electrical double layer at the electrode-electrolyte interface.'””-!!'! For current
pulse j,, the total current consists of a double-layer capacitive current, j;; and a Faradaic

current jr (in this case the current used for metal deposition):

Jp =Jai tJr (2.22)
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Figure 2.5 Schematic of the a) applied current j,in a galvanostatic pulse plating experiment, with the pulse length
Ton and rest period Typr and b) the corresponding Faradaic current jr used for the metal deposition in orange. c)
For significant effects of the capacitive charging, the current profile starts to resemble constant current conditions.
The figure is reproduced from reference '*7.

After charging the capacitor, j;; = 0, and jr equals the applied current. Figure 2.5b represents
a pulse plating experiment where small damping is observed in the Faradaic current at the
beginning and end of the current pulse. For significant capacitive effects (that may occur when
using small values of Tyy and Tyrr), strong damping is observed for the Faradaic current

(Figure 2.5¢) and the properties of the plated metal start to resemble that obtained using
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constant current.'?” Thus, there is a limit to how short a current pulse can be for pulse plating

to be effective.

To estimate the charging time of the double layer capacitor, the electrode-electrolyte interface
may be represented as an equivalent circuit of a capacitor, Cy;, and a resistor, R (representing
the charge-transfer resistance at the electrode interface). The charging time can be estimated
by computing the time needed for the potential to reach 98.2% of the potential associated with

the Faradaic current, given by:!!!
T=4 X RCdl (223)

A typical capacitance value of the electrode-electrolyte interface is 107-10-3 F.!'? The charge
transfer resistance is on the order of 10-100 Q.7%!13 The estimated charging time is thus in the
range of T ~ 0.04 — 4 ms for charge transfer resistance of 100 Q. To observe whether any
damping occurs, the capacitive effect can be further explored by plotting the voltage profile for
a single current pulse. This was done in symmetrical Li-Li cells, shown in Figure 2.6. The
capacitive effect is negligible for 1 s current pulse whereby a damping is seen for both 50 ms
and 5 ms current pulse. For 5 ms the capacitive effect is significant as observed by the skewed

voltage profile (Figure 2.6c¢).

Pulse plating 1s:1s Pulse plating 50ms:50ms Pulse plating 5ms:5ms
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Figure 2.6 The voltage profile and the corresponding applied current in symmetric Li-Li in situ cells for a single
current pulse at 1 mA/cm? and Ton = 1s, 50 ms and 5 ms. Charging of the double-layer is observed for both 50
ms and 5 ms pulse. For all pulse lengths the overpotential reaches a maximum indicating that charging of the
double-layer capacitance is completed during the current pulse. The potential drop at the end of the pulse is due
to the way the data was acquired, data points were only acquired when +10 mV differences were detected in the

potential.
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2333 Electrochemical Impedance Spectroscopy

Impedance spectroscopy involves recording the response of a system to an electrical stimulus.
An alternating voltage (or current) of amplitude V and angular frequency w is applied to a

system:
v(t) =V sin (wt) (2.24)
and the current (or voltage) response is measured:
i(t) = I sin (wt + ¢) (2.25)

where I is the amplitude of the current and ¢ is the phase angle. If the system cannot be
represented by a pure resistor, there is a phase shift between the current and the voltage due to
the capacitive reactance, X.. The measured voltage is linked to the current through the vector,

Z, called the impedance:
Z(w) =R —iX, (2.26)

where R is the resistance of the system and i the imaginary number. The voltage-current

relationship may now be described as:
V=1I1Z (2.27)
which is a generalized version of Ohm’s law. The impedance can be represented as:
Z(w) = Re(Z) —jIm(Z) (2.28)

where Re(Z) and Im(Z) are the real and imaginary parts of the impedance. The frequency-
dependent impedance is often represented in a Nyquist plot that displays the —Im(Z) vs. Re(Z)
for different values of w, (Figure 2.7).

Equivalent circuits are a useful tool to analyse and interpret the resulting, often complex,
electric response. Typically, an electrochemical cell has associated with it a bulk resistance
(Rouik) 1n series with frequency-dependent responses due to capacitive effects. The Randles
equivalent circuit (Figure 2.7a) is frequently used when describing electrochemical systems,

which consists of a bulk resistance (representing the electrolyte resistance) in series with an R-
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C circuit element. The R-C circuit element consists of a resistor in parallel with a capacitor,
representing the charge-transfer resistance (Rcr) and the double-layer capacitance (Cqai), and

has associated with it a time constant T = RC.
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Figure 2.7 a) The equivalent circuit and the simulated Nyquist plot of the Randles circuit, with Reux = 10 Q, Rer
=100 Q and Cai = 10 pF. b) The simulated Nyquist plot for the corresponding equivalent circuit, with R1 =10 Q,
R2=80Q, C2=10 puF, R3 =50 Q and C3 = 0.5 pF. ¢) The simulated Nyquist plot for the corresponding equivalent
circuit with a constant phase element, which shows a depressed semicircle with R1 =10 Q, R2 =100 Q and Q2 =
10 uF with n = 0.8. The spectra were simulated using the open-source R-package, ‘impedanceR’.!''* d)

Experimental Nyquist spectrum of a symmetrical Li-Li cell with 1M LiPF¢ in EC:DMC.
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The impedance of a pure capacitor is Z, = ]wic . The impedance of the Randles circuit is:

Z(w) = (2.29)

1+ jwC
and the Nyquist plot for a typical Randles circuit is a semicircle (Figure 2.7a). Having two R-
C circuits in series results in two semicircles (Figure 2.7b) given the time constants are different
enough. A depressed semicircle is seen when there is a close distribution of time constants.
Generally this is the case in a lithium metal cell, where several time-constants are required to
represent the Li ion transport in both the compact and porous phases of the SEI layer.'!>:116
This may be represented with a constant phase element (CPE), a circuit element that accounts

for inhomogeneities in a sample. The impedance of the CPE element is defined as:!!”

1

%0 = QGa)n

(2.30)
where Q is independent of frequency and n is the constant phase, 0 < n < 1, typically between
0.75-1. The Nyquist plot for a simulated ‘R-CPE’ circuit element in series with the bulk
resistance is shown in Figure 2.7c, with a typical depressed semicircle. The equivalent circuit
used here to represent a symmetrical Li-Li cell, and will be discussed in more detail in Chapter

5, contains three R-CPE circuit elements in series and the bulk resistance (R4).!!3116.118
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Chapter 3

Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is performed in a strong magnetic field
where radio frequency (rf) irradiation is used in the form of short pulses to excite nuclear spins
in a sample. NMR spectroscopy is the main technique used in this thesis and this chapter

presents a brief introduction to the principles of NMR and the theory on NMR of metals.

3.1 Basic Principles of NMR

Most nuclei possess an intrinsic spin that gives rise to a non-zero magnetic moment, defined

by the spin quantum number I = %:

W = hyl (3.1

where n is a non-negative integer value, h is the reduced Planck constant and y; is the
gyromagnetic ratio (an intrinsic property of the nuclei). A nucleus with spin quantum number
I has 21 + 1 spin states, specified by the quantum number m; (=—1,—1+1,..,1 =1, I). In
an applied external magnetic field, B, these spin states become non-degenerate due to the
Zeeman interaction between the magnetic field and the nuclear magnetic dipole moment. For

I =%, this gives rise to an energy separation AE between consecutive spin states:

where wy = —y;B, 1s known as the Larmor frequency and B, is the applied magnetic field.
For magnetic fields typically used in NMR research laboratories (ranging from 4 — 23 T), the

Larmor frequency is in the region of radiofrequency in the electromagnetic spectrum.

The population of the energy levels is given by the Boltzmann distribution and when a sample
is placed in a magnetic field, a thermal equilibrium is achieved generating a net magnetization,

M, parallel to the magnetic field (represented in Figure 3.1a by the vector model formalism).
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Applying a second magnetic field (B;-field) with the use of a rf coil perturbs the thermal
equilibrium of the spin system. The spin states can thus be excited and manipulated by a so-
called rf-pulse. The rf-pulse induces a Bj-field, at or near the Larmor frequency and
perpendicular to the By, field that results in a “nutation” of the magnetization. The effect of the
pulse is easily depicted in the so-called “rotating-frame” of reference (i.e. a frame rotating
about the z-axis at the Larmor frequency) where the B-field induced by the pulse appears to
be static (along x). Effectively this results in the bulk magnetization M being rotated from the
laboratory z-axis into the transverse plane (Figure 3.1b), and at the termination of the pulse, M

precesses about the By — axis with frequency w, (Figure 3.1c).

a) b) c)

Figure 3.1 A schematic showing the effect of the 90° rf-pulse in the rotating frame using the vector model

119

representation.''”” a) The bulk magnetization M, aligned along the z-axis parallel to the external By field. b) On

applying a B;-field along the x-axis, the magnetization M rotates about x. ¢) Free precession of the magnetization

vector within the xy-plane. The figure is reproduced from reference '%°.

For an on-resonance pulse, the flip angle 8 (in radians, depicted in Figure 3.1b) depends on the

duration of the pulse, T, and the field strength of the applied rf-pulse:
B=vBiTp = w11, (3.3)
and the induced magnetization M, depends on the flip angle:
My, « Mgsin (B) (3.4)

where M, is the equilibrium magnetization.'?! The simplest NMR experiment is the so called

one-pulse (or Bloch-decay) experiment, where an applied “mr/2 pulse” (a 90° pulse) rotates M
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into the transverse xy-plane (Figure 3.1b). The precession of the magnetization in the
transverse plane (Figure 3.1c) is detected as an induction current in the NMR coil. Only the
magnetization in the xy-plane is detected and thus the maximum signal intensity is obtained
for a flip angle of § = m/2. A nutation experiment typically results in a sinusoidal curve, where
the flip angle is calibrated before acquiring a spectrum by measuring the signal intensity as a

function of the pulse duration and by that the 90° pulse is determined.'?

The signal is detected in the rf coil as an induction current produced by magnetization that
rotates around the z-axis. The excited spin system gradually relaxes to equilibrium and is thus
observed as a decaying rf response over time, referred to as the free induction decay (FID). A
Fourier transform (FT) of the FID translates the voltage-time signal into an intensity-frequency
signal and gives the NMR spectrum. The return to the thermal equilibrium proceeds through a
process known as the longitudinal or spin-lattice relaxation, described by a time constant 77.'?
The spin-lattice relaxation determines how fast one can repeat the NMR measurement (to

improve the signal-to-noise ratio by signal averaging) and for the measurements to be

quantitative, a recycle delay of > 5 X T} is recommended.'"®

The detected resonance frequency of the nucleus is not only affected by Zeeman interaction
(equation (3.2)), but also by the surrounding electrons and nuclei. Variations in the local
magnetic field surrounding the nuclei of interest is the source of the sensitivity of NMR to local
structure and dynamics. Furthermore, the signal intensity is directly proportional to the number
of NMR active nuclei and allows different materials and environments to be quantified. The
shift of the NMR resonance and the line shape are influenced by the ‘internal spin interactions’:
the shift interactions (nuclear-electron interactions, the chemical shift, Fermi shift and Knight
shift), the dipolar coupling (nuclear-nuclear spin, through space), the indirect spin-spin
coupling (J-coupling, the interaction of nuclear spins with the involvement of electrons through
bonds) and the quadrupolar interaction (coupling of the nuclear quadrupole moment with

surrounding electric field gradients).!?

The nucleus of interest in this thesis is ’Li, which is a spin [ = % nuclide. The shift range for

diamagnetic lithium compounds is relatively small and it is not always possible to distinguish
between resonances of different compounds, e.g. in the SEI on battery electrodes.®® However,

the 7Li NMR spectra of most battery materials are strongly affected by larger shift interactions
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that include the hyperfine interaction for paramagnetic materials and the Knight shift for

metals.!2*

The unpaired electron spins in paramagnetic materials, such as in many lithium-containing
cathodes, couple to the nuclear spins through the hyperfine interaction that can lead to large
NMR shifts (Fermi contact shift).!?® The Knight shift is an interaction of the nuclear spins with

the conduction electrons in metals (and other conductive materials) and will be described in
more detail below. Quadrupolar nuclides (i.e., those with I > % ) possess a nuclear quadrupolar

moment, @, that interacts with the electric field gradient (EFG) at the nucleus to give the
quadrupolar coupling. The nuclear quadrupolar moment for the lithium isotopes it is relatively
small, -0.0808 fm? for °Li and -4.01 fm? for Li.!'® The smaller quadrupolar moment of °Li
generally results in higher chemical resolution compared to "Li. However, ’Li has much higher
natural abundance (92.5%) and higher gyromagnetic moment that result in higher sensitivity

and thus is often the nuclide of choice when studying lithium batteries by NMR.!**

3.2 NMR of Metals

A paramagnetic system is defined as a molecule or a material that contains one or more
‘paramagnetic centres’, which are atoms or ions that have at least one unpaired electron.'?> The
hyperfine interaction between the unpaired electrons and the observed nucleus can result in
large shifts and additional broadening due to bulk magnetic susceptibility effects and rapid
nuclear relaxation.'?® For metals, the conduction electrons couple to the nuclear spins resulting
in the so-called Knight shift. Here will be given a brief overview of the theory relevant to the

work presented in this thesis, with focus on the application of in situ NMR to Li metal.
3.2.1 Knight shift

Delocalized conduction electrons couple to the nuclear spins, causing a shift known as the
Knight or the metallic shift which is useful for the study of the electronic structures of metals
and other conductive materials.'?®'?” Here, the Knight shift of “simple metals” (with s- or p-

conduction bands) will be described.!?
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The Pauli paramagnetism or susceptibility of the delocalised conduction electrons is the source
of the Knight shift in metals. The conduction electrons do not have discrete spin states, but
rather occupy a band of spin states that are partially filled with spin up and spin down electrons,
following the Pauli exclusion principle up to the Fermi level.!?®12 When no magnetic field is
applied (i.e., B, = 0) the populations of the spin-down and spin-up are equal and there is no

effective magnetic moment from these electrons (Figure 3.2).

The magnetic moment is induced in a magnetic field, when B, # 0. The up and down spin
states shift in energy, and the number of electrons in the up and down bands adjust so they
share a common Fermi level (Figure 3.2). The populations of the spin bands have changed,
which results in a net magnetic moment that augments the magnetic field known as Pauli
paramagnetism. The net magnetization has a linear response to the magnetic field and is
independent of temperature.!”® The temperature independence is a characteristic of Pauli

paramagnetism, which is often referred to as temperature independent paramagnetism (TIP).

a) b)
E ‘

BOZO

Figure 3.2 The spin bands of the conduction electrons plotted against energy. a) When there is no applied magnetic
field, the population of electrons is equal in the up and down spin bands. b) In an applied magnetic field, the
population of electrons will adjust to make the energies equal at the Fermi level, Er. This results in a net

magnetization, M. The schematic is reproduced from reference [*7].

The Knight shift is defined as:!?%!3°

AB

2
K = “B "3 (o0 e, xpV (3.5)

with (|¢»(0)|?) being the average one-electron spin density over all the electronic states at E,

the Fermi level. x;, is the Pauli susceptibility of the conduction electrons per unit volume and
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V' is the atomic volume. K describes the fractional change in the gyromagnetic ratio that

contributes to a constant offset to the resonance frequency, By g = Bo(1 + K).13°
The Pauli susceptibility refers to the susceptibility of the electrons at the Fermi level and is
proportional to up the Bohr magneton and N (ER), the density of states at Eg.!2313!

Xp € HEN (Er) (3.6)

The Knight shift of materials is thus a valuable tool for studying the local behaviour of
conduction electrons at the Fermi level at different atomic sites.!?®!3! The experimental Knight

shift at room temperature for ’Li metal is Kj; = 0.026 compared to Ky, = 0.11 for 2’Na.!28131

Intensity (arb.)

300 200 100 0
"Li Chemical shift /ppm

Figure 3.3 A typical 'Li NMR spectrum of a symmetrical Li-Li in situ cell, showing the diamagnetic
electrolyte/SEI peak around 0 ppm and the Li metal peak at around 245 ppm.

Due to the Knight shift, the resonance of Li metal is easily resolved from other lithium-
containing components in the cell due to the metallic shift, the Knight shift, of lithium metal.
Figure 3.3 shows a typical 'Li NMR spectrum for an in situ cell, containing Li metal and Li*
electrolyte. The Li metal is shifted to approximately 245 ppm due to the Knight shift and the
resonances from the diamagnetic environments (Li* ions in the electrolyte and in the SEI)
appear around =10 ppm. The electrolyte signal is usually sharp due to the rapid molecular

motions which serves to average the anisotropic NMR interactions.'?’

Furthermore, NMR studies of structural changes in battery anodes have been facilitated by the

Knight shift. As lithium is intercalated into graphitic carbon, a distinct shift of the intercalated
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Li signal is seen for the different stages during charge (and increased Li content) due to the
metallic nature of LiCx.'3? The charge storage mechanism for sodium insertion into hard carbon
was similarly studied by NMR, where a shift to higher frequencies is observed at low voltages
indicative of the increasing metallic character of the material due to the formation of sodium
clusters.!3? In a recent study, a greater metallic character of the quasi-metallic peak of sodiated
hard carbon was correlated with the increasing pore size of hard carbon that allows for the

growth of larger metallic sodium clusters within the pores.!3*

3.2.2 Bulk magnetic susceptibility

In addition to local interactions, the macroscopic magnetic properties of a system, the bulk
magnetic susceptibility (BMS), can affect the shift of resonances and lead to additional
broadening of peaks in the NMR spectrum.'3> When a sample of a finite size is placed in a
magnetic field, the interaction between the field and the magnetic moment of the sample

induces a magnetic field, referred to as the demagnetizing field.'3°

The magnetization M4 is defined as the magnetic moment per unit volume and depends on the
magnetic susceptibility of the sample, ¥, its’ macroscopic shape and orientation with respect
to the applied magnetic field.'?®!37 The magnetic susceptibility yx is a dimensionless quantity
and expresses how readily the material develops a magnetic moment when placed in a magnetic
field. For diamagnetic materials, x < 0, the demagnetizing field opposes the static external
field. For paramagnetic materials, x > 0, the induced field adds to the external field. The
susceptibility is often defined in terms of a mole of the substance ()p) or the volume of the

substance (xy).

When the magnetic properties of the medium are linear, isotropic and homogeneous, the

magnetization is directly proportional and parallel to the applied magnetic field:!3®

M; =>— (3.7)

where o is the permeability of vacuum, 47 X 1077 H/m. The relationship described in
equation (3.7) is not always valid. For anisotropic materials, such as solids and liquid crystals,
the induced magnetic moment is not necessarily parallel to the external field and the magnetic

susceptibility is represented by a susceptibility tensor.!?” The effect is known as the anisotropic
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bulk magnetic susceptibility (ABMS).!2>135 A shift in the NMR resonance arises when the

magnetic susceptibility is anisotropic.!3>:138

Bulk magnetic susceptibility calculations are performed by representing the spatial
susceptibility distribution of the system in a three-dimensional matrix where equation (3.7)

becomes: '3’

_ X B@)

M
¢ Mo

(3.8)
The susceptibility effects on a local magnetic field include the magnetization term and the
indirect susceptibility effects, that includes the influence of the magnetization at all points in
the sample.'4? By using a three-dimensional Fourier transformation of the distribution, the local

magnetic field can be calculated at each position by the approach of Salomir et al.!3%-14!

In situ NMR measurements of batteries are performed under static conditions and significant
BMS effects are typically observed due to the different metallic and paramagnetic
components.'*>137 Distortions to the field can result in inhomogeneous broadening of the NMR
spectrum, which decreases resolution. The shift and the width of the resonances depend on a
complex and additive effect from all of the different battery components, container shape,
density, and orientation in the magnetic field.'*”-'4? Zhou et al. showed how the BMS shift can
be removed by orienting the electrochemical cell so that the normal of the cell is at the ‘magic

angle’ (54.7°) to the magnetic field.'’

Previous work has demonstrated the orientation-dependent shift of Li metal electrode caused
by BMS effects, which is of great advantage when studying Li deposition.”*!3> The resonance
of a pristine Li metal electrode when oriented perpendicular to the magnetic field has a shift of

244 ppm and a shift of 272 ppm when parallel to the magnetic field (Figure 3.4).'%3
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Figure 3.4 Experimental NMR spectra showing the bulk magnetic susceptibility effects on the ’Li metal shift. Due
to the bulk magnetic susceptibility of Li metal, an orientation dependence is seen when placing a Li metal foil in
the magnetic field, with a shift at 272 ppm (blue) when the electrode is placed parallel to the Bo magnetic field,
and a shift at 243 ppm (orange) when placed perpendicular to Bo.

Bhattacharyya et al. showed how the 7Li shift of plated Li microstructures is shifted by
approximately 15 ppm from the bulk Li metal, to 260 ppm (Figure 3.5) due to the same BMS
effect.” Thus, the NMR spectrum of electrodeposited Li can be deconvoluted into ‘bulk metal’
and ‘microstructure’ peaks (Figure 3.5), which allows for quantification of Li microstructures

during plating described in detail in section 3.2.4.7476

=== Pristine Li

=== | i metal + Li electrodeposits

300 280 260 240 220
"Li shift /ppm
Figure 3.5 A typical in situ 'Li NMR spectra of a symmetrical Li-Li cell showing the pristine Li metal peak at
around 245 ppm (in orange) and the Li metal peak after plating (in blue) with the additional peak at around 260

ppm corresponding to Li microstructures.
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Later, Chandrashekar et al. showed with MRI how the 7Li shift can be used to distinguish
between microstructures growing close to the Li metal (at around 260 ppm) and dendritic
structure extending further away from the surface (at around 270 ppm).’® The microstructures
showed a wide shift range, ascribed to the disorder in orientation of these mossy structures with
respect to the By field. This was later confirmed by susceptibility calculations performed by
Ilott et al.” The results from reference 75 are reproduced here (Figure 3.6) for Li deposits on
a Li metal electrode using the code written and provided by Dr. Andrew Ilott (Bristol-Myers
Squibb, previously at New York University).'#!
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Figure 3.6 Simulated NMR spectrum of electrodeposits on Li metal from the susceptibility calculations of a
pristine Li metal (in blue) and Li electrodeposits (in orange), the sum of the two shown in black. a) The simulated
NMR spectrum with 20% coverage of Li microstructures (each microstructure is represented in a single voxel as

illustrated in the inset) and b) of Li dendrites with 2.5% coverage (each dendrite is represented in 1x 1x 8 voxels

as illustrated in the inset), which reproduces the results found in reference [°] with the shift of mossy

microstructures at around 260 ppm and around 270 ppm for dendrites.

Following previous study, the Li microstructures are represented by a single voxel randomly
placed on the electrode surface with the surface coverage set to 20%, which results in a shift
of 261 ppm (Figure 3.6a).”> Li dendrites were simulated by creating 1x1x8 voxels randomly
placed perpendicular to the electrode’s surface (as shown in the inset, Figure 6.12b) and the
surface coverage set to 2.5% (for them to occupy the same volume as in the simulation of
microstructures).”> The shift of the dendrites is 270 ppm (Figure 3.6b) as a result of the BMS
effects and agrees well with the experimental observations by Chandrashekar et al.3*7>7 The

calculations are described in more detail in section 6.2.4 and 6.3.3.
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3.2.3 Skin depth of metals

The reciprocity principle for NMR, described by Hoult, explains how the received field
detected in the rf coil is proportional to the transmitted magnetization of the sample.'?!"143 The
detected signal strength is thus proportional to magnetization of the sample in the transverse

plane:
SOCBI'Mxy (3.9)

However, the rf-field used to excite the nuclear spins penetrates good conductors only up to a
certain depth due to skin effects and the induced current will vary at different points in the
sample.'?! For an rf-field of strength w, the field inside the metal at depth x from the surface

decays exponentially according to:

w;(x) = wl(O)e‘g (3.10)

where d is the skin depth. The skin depth for a field at frequency v is:!?®

d= |—P
Tl V 3.11)

where p is the resistivity of the metal (94.7 nQ2 for Li metal at 298 K), o is the permeability

of the vacuum (4 © 107 m kg s? A?), . is the relative permeability of the medium (ur = 1.4 for

Li metal) and v is the frequency of the applied rf-field.'**

Due to the depth-dependant strength of the rf-field in equation (3.10) the flip angle experienced
by the Li spins in the surface layers of the bulk Li metal is not constant (as described in equation
(3.3)).121:141.145 Dye to this, the signal intensity does not follow a simple sinusoidal function
when performing a ‘nutation experiment’ as observed for samples that do not experience skin

depth effects (see section 3.1).146:147

The signal intensity from a metallic sample as a function of the rf excitation pulse can be
calculated by making use of the reciprocity principle and computing the volume integral over

the contributions from different points in the sample following the approach of Chandrashekar
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et al.’®!41.143 The signal intensity S obtained for a surface area A of a metal sample depends on

the rf-field strength according to (3.10) and the pulse duration 7,:

w1 (O) f dx [wq(x) sm(wl(x)‘rp) (3.12)

where s, is the signal intensity per unit volume of metal.’®'#! Inserting equation (3.12) into

equation (3.10) and computing the integral results in:

Asyd
_a) (8) (1 cos(a)lrp)) (3.13)

According to (3.13), the maximum signal obtained for a pristine Li metal electrode corresponds

to a flip angle of w, (0)7, ~ 2.32 rad or roughly 133° (instead of the typical 90° pulse for non-

metallic sample).
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g ©
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Figure 3.7 The experimental "Li nutation curve of the electrolyte and Li metal in an NMR in situ cell containing

75 uL 1 M LiPFes in EC:DMC, glass fibre separator and two pieces of Li metal foil.

The 'Li NMR signal measured by a nutation experiment as a function of flip angle is shown in
Figure 3.7, by acquiring a series of spectra with varying pulse duration 7,,. The nutation curve
of the electrolyte signal in an NMR in situ cell (1 M LiPFs electrolyte in EC:DMC) shows the
expected sinusoidal curve, where the 90° pulse gives the maximum signal intensity for 7, =

7.4 us (Figure 3.7a). However, for a rectangular piece of a pristine lithium metal the nutation
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curve was obtained and has a maximum in signal intensity around 10.6 us as expected (Figure

3.7b).
3.2.4 Quantification of metals

Due to skin depth effects, NMR is sensitive to the total surface area of a Li electrode.”®!33 The
increase in signal intensity of ’Li metal upon cycling can thus be attributed to the formation of
high surface area deposits where the signal intensity is directly proportional to the volume of

Li metal excited by the radio-frequency (rf) field.”*’¢

The theory used to quantify the amount of Li deposits is based on previous work by
Bhattacharyya et al. and Chandrashekar et al.”*7® During Li deposition, total Li metal intensity

S(t) measured by NMR increases due to the formation of microstructures:

S(t) = Smetal(t) + Smicro(t) (3.14)

Where the S,,,0¢q; 15 here defined as the signal from the bulk Li metal (described by equation
(3.13)) with a known surface area A and described by equation (3.13). The volume of Li
microstructures (assuming the thickness of the microstructures to be less than the skin depth)

can be fully excited by the rf-field and the signal intensity is thus described by:”®
Smicro(®) =V, (£)s sin(w,(0)7,,) (3.15)

where V,(t) is the volume of the microstructures, changing with time during the
electrochemical deposition. Before plating, Syerq1(t) = Spmetaro the peak of the pristine Li

metal prior to electrodeposition is used to determine the signal intensity per unit volume of

metal, sy, according to equation (3.13). Equation (3.14) becomes:
St) = Smetaro *+ Vu(t)so sin(w; (0)7,) (3.16)
And the volume of deposited microstructures is described by:

S(t) - Smetal,o

So sin(wl(O)Tp)

ACKE (3.17)
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Integration of the Li metal peak measured by NMR during plating and stripping, that is S(t),
can now be used to quantify the volume of microstructures formed and readily converted to the
amount of microstructure deposited. The density of lithium at room temperature is p = 0.53

g/cm? and the total mass of microstructures:

m(t) = V,(t) Xp (3.18)

3.3 Insitu NMR

3.3.1 In situ NMR studies of Li metal

Both in situ NMR spectroscopy and magnetic resonance imaging (MRI) have been widely used
to study lithium-ion and lithium metal batteries.337476.79:132.148 The initial NMR study on Li
metal deposition by Bhattacharyya et al. developed the methodology to quantify the Li
microstructures.’”*’® Chandrashekar et al. used 'Li MRI and showed that the shift of Li metal
can be used to distinguish between electrodeposits growing close to the Li metal (at around
260 ppm) and dendritic structure extending further away from the surface (at around 270
ppm).”® This was later confirmed in a detailed study by Chang et al., where different resonances
in the in situ NMR spectra were correlated with SEM images of Li microstructure morphology
formed under different stack pressures and using different separators.”> Overall, the study by

Chang et al. demonstrated how in situ NMR can track the Li metal morphology in real time.”

MRI was used by Chang et al. to observe the build-up of concentration gradients in a Li"
electrolyte during a constant current experiment. The authors were able to directly correlate the
onset time of Li dendritic growth with changes in the electrolyte concentration gradient. The
onset of dendrite growth for Li metal was shown to correlate with ‘the Sand’s time’, the time

when the concentration at the electrode surface reaches zero.

In this thesis the methodology previously developed to quantify Li microstructures will be used
with the focus on understanding the effect of the SEI on Li deposition using relatively low
current densities and under different electrochemical conditions (Chapter 4). In Chapter 6, the

methodology to study dead Li formation in an anode-free cell, where there is no Li metal
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present in the cell, is developed. Furthermore, the BMS effects become important to consider
when the paramagnetic LiFePOs (LFP) cathode is present. Both the BMS effects of the Li metal
deposits on Cu as well as the effects LFP has on the diamagnetic electrolyte peak will be

studied.
3.3.2 Experimental considerations

As mentioned in section 3.2.2, BMS effects can be largely ignored under MAS conditions. For
static in situ NMR however, BMS effects can greatly influence the resolution and shifts of the
resonances in the spectrum. Furthermore, eddy currents can be induced in the conducting
components such as the current collectors and metals of interest on the application of the rf-
pulses, which can modulate the strength of the rf-field and result in quantification errors. Those
are apparent in MRI due to the application of strong magnetic field gradients.!*’ The eddy
currents depend on the sample shape and the orientation with respect to the rf-field. Aligning
the metal electrodes in the rf-coil so they are parallel to the rf field direction, minimizes these

distortions.!41-150

Other artefacts that can influence both the in situ NMR spectrum and the electrochemistry are
interferences between the electrochemical circuit and the rf-circuit. The rf-circuit in the NMR
probes used throughout this thesis are designed so they are shielded and do not interfere with
the environment outside the rf coil. Having an electrochemical cell inside the rf coil can
introduce significant noise into the NMR spectrum as the electrochemical circuit acts as an
antenna which can intercept undesired radio signals from the environment.!>! To overcome
these issues, low pass filters are connected at the ports on the probe-head for the
electrochemistry. The low pass filters allow the direct current from the potentiostat to pass but

removes any unwanted alternating-current noise.'?*!3!

Changing sample conditions can further influence the rf-circuit, and recalibration of the circuit
is often necessary. The Automatic Tuning Matching Cycler (ATMC) NMR probe-head
(designed by Oliver Pecher, Clare Grey and NMR Service GmbH) enables the re-tuning of the
rf-circuit in between NMR experiments during the electrochemistry and allows for a more
careful quantification of NMR signals.’>! A PEEK capsule cell is used for all in situ battery

testing in this work, shown in Figure 3.8.
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Figure 3.8 Photos of the in situ PEEK capsule cell used throughout this work. Cu current collector (or Al current
collector) is threaded into the cell and sealed with o-rings. Inside the cell, an electrode-separator/electrolyte-
electrode stack is made in between the current collectors and the system kept intact by the cylindrical capsule. See

further details on cell assembly in the following reference. '’
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Chapter 4 In situ NMR Studies of Lithium Metal

Plating

4.1 Introduction

The search for higher energy density rechargeable lithium batteries has created a renewed
interest in Li metal anodes. Li metal has the highest volumetric and gravimetric energy density
of all negative electrodes, however, it suffers from both capacity fading and safety issues.!>>!3
The uneven electrodeposition of Li on the metal anode results in high surface area
microstructures that can ultimately lead to potentially hazardous situations such as cell short-
circuiting and thermal runaway. The microstructures formed under Li deposition can exhibit a
wide range of morphologies including needle, whisker, bush-like, mossy and fractal
dendrites.?®?! A detailed understanding of the parameters that dictate the different growth
modes of microstructural Li is necessary to develop effective strategies to mitigate

microstructural growth and to enable the use of Li metal anodes in batteries.

Dendrite growth is described by the theory of mass transport (see section 2.3.3.1) and predicted
to occur at a characteristic time referred to as Sand’s time (equation (2.21)). The onset of
dendrite growth on Li metal has been shown experimentally to correlate with Sand’s time.3%102
According to that theory however, dendrite growth is not expected at current densities below
the limiting current density j;;,, (equation (2.20)).'>'® However, irregular microstructural
growth occurs in most cases and has been associated with local inhomogeneities on the Li
metal surface or in the SEI where preferential deposition sites result in so-called “hot spots”
with high local current density.?%2433-35 These preferential deposition sites can originate from
inhomogeneous transport properties in the SEI or cracks in the SEI giving rise to mossy and/or

whisker-like structures.3¢-3?
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The morphology of Li deposits and the cycling performance is highly dependent on the choice
of electrolyte system where improved cycling efficiencies are generally attributed to a uniform
and highly ionic conductive SEI.>*?° Thus, the main approach to tackle inhomogeneous Li
deposition has been the development of a suitable liquid electrolyte system, by controlling the
type of solvents, salts, and additives, and by varying the salt concentrations, with the goal of
manipulating the corresponding chemical composition of the SEI. A fundamental question to
address is how the nature of the SEI on Li metal affects the plating and stripping on Li metal
anodes, in order to systematically tackle microstructural growth. Here we study the effect of
the common fluorinated additive FEC, which has been shown to improve the CE of Li
deposition in the standard carbonate electrolyte.?®#>13415¢ Many studies have highlighted the
differences in the chemical composition of this SEI: X-ray photoelectron spectroscopy (XPS)
studies have reported increased fluorine content in the SEI formed with FEC,%? and a LiF-rich
SEL* Others have reported that Li plating with and without FEC results in a similar
morphology, but a more ordered SEI is formed with FEC that results in homogeneous Li
stripping.®3!>7 The challenge now is to identify why these differences alter the deposition and

stripping performance, motivating further fundamental studies.

In this chapter, in situ NMR is used to study the differences in plating behaviour in two
electrolyte systems; the standard carbonate electrolyte 1 M LiPFs in ethylene carbonate and
dimethyl carbonate (EC:DMC 1:1 v/v, referred to as LP30) and the same electrolyte with the
FEC additive (LP30 + FEC). Symmetrical Li-Li cells were operated below j;;,,, Where fractal

dendritic growth is not expected, in order to study the mossy and microstructural growth of Li.

Bhattacharyya et al. developed a method to quantify and distinguish between different types of
microstructures that form during Li deposition based on the skin depth effect of conductors and
the bulk magnetic susceptibility (BMS) of Li metal in a magnetic field.” As electromagnetic
waves penetrate metals to a certain depth called the skin depth, NMR is sensitive to the total
surface area of the Li electrode.”*!3* The increase in signal intensity upon cycling can thus be

attributed to the formation of high surface area structures.

We show that under constant current in LP30 + FEC the microstructures form a compact layer
on the electrode surface with high current efficiency compared to a more open whisker-like
growth for LP30. In addition, experiments were performed using pulse electrolysis, an

electrochemical method that has been used to deposit a range of metals where the advantages
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cited in the literature include improved control over the size of the metal deposits and less

porous morphology.!04-107.158

Previous studies on Li pulse plating have both demonstrated a
smoother morphology and a less porous microstructural layer on the Li electrode.”!-139-162
However, in order to study the effectiveness of Li pulse plating it is crucial to use a quantitative

technique such as in situ NMR spectroscopy.

The work presented in this Chapter benefitted from the intellectual input of all the co-authors
of the project, Sundeep Vema, Svetlana Menkin, Lauren Marbella and Clare Grey. The current
author performed all of the experimental work and data analysis. The main part of this chapter

is published in the Journal of Materials Chemistry A, 2020, 8, 14975—14992.

4.2 Experimental Details

4.2.1 Materials

The electrolyte used was 1 M LiPFs in 1:1 v/v ethylene carbonate/dimethyl carbonate
(EC/DMC; Sigma Aldrich, LP30). For experiments using an additive, fluoroethylene carbonate
(FEC; Sigma Aldrich, 99%) was added to the electrolyte in 1:10 ratio by volume (LP30 + FEC).
The water content of the LP30 electrolyte was measured with Karl Fischer titration and was <
40 ppm. For in situ NMR experiments, Li electrodes were prepared by cutting fresh Li from a
Lirod (Sigma, 99.9% trace metal basis, 12.7 mm diameter) and rolled with an Al roller inside
a plastic bag (polyester pouch, VWR) to an approximate thickness of 0.15 mm. This was done
to try to minimise the native SEI on the Li metal before it is immersed in the electrolyte. In all
coin cells, pre-cut lithium metal disks (LTS research, 99.95%) were used. The materials were

stored and handled in an Ar atmosphere glovebox (02, H-O < 1 ppm, MBraun).
4.2.2 Cell fabrication

All cell assembly and disassembly was performed in an Ar atmosphere glovebox (02, H-O < 1
ppm, Mbraun). The design and assembly of the in situ capsule cell (made from polyether ether
ketone, PEEK) has been described before.!?3 The capsule cell provides a constant pressure
across the cell and a similar pressure for all the experiments, which gives an increased

reproducibility between in situ experiments compared to earlier work on plastic bag-cells.!'*
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The Lirod was rolled as described above and cut into a rectangular electrode with a razorblade,
dimensions around 4 mm X 13 mm. Two separators were used between the Li electrodes, both
a glass microfiber separator (Whatman, thickness = 0.68 mm, dried under vacuum at 100°C)
and a polypropylene-polyethylene separator (Celgard 3501). The glass separator is used to
decrease BMS effects by increasing the distance between the electrodes® and the polymer
separator makes it possible remove the electrodes gently from the separator to study the Li
morphology ex situ. The electrolyte consisted of 75 pul of either LP30 or LP30 + FEC. Stainless-
steel 2032 type coin cells (Cambridge Energy Solutions) with a conical spring and two 0.5mm
thick spacer disks were assembled with the pre-cut Li disks described above, glass microfiber

separator (Whatman) and 75 pl of either LP30 or LP30 + FEC.
4.2.3 Electrochemical measurements

Electrochemical measurements were performed using a Biologic VSP potentiostat with EC-
Laboratory software. For symmetrical Li-Li in situ cells, galvanostatic constant current or
pulsed current was applied in a single direction. For the in situ cell setup in this study, the
calculated limiting current density is jj;,~7 mA/cm? (equation (2.20)). This is calculated
assuming Drir = 1.70 x 107" m?s’!, the diffusion coefficient measured for the free electrolyte
by PFG-NMR. However, the separator will influence the effective diffusion coefficient and the
limiting current density will be slightly lower in the current setup.'%* However, the cells studied
here, with the applied current densities 0.5-2 mA/cm? are expected to operate in the ‘low
current regime’.*® For symmetrical Li-Li coin cells, the cells were pre-conditioned for 5 cycles
using 0.02 mA/cm? for a total capacity of 0.04 mAh/cm? followed by 10 cycles using 0.5, 1 or

2 mA/cm? for 2 mAh/cm?. This was done to give reproducible starting electrode surface.

4.2.4 In situ NMR spectroscopy

In situ NMR measurements were performed on a Bruker Avance 7.1 T spectrometer, operating
at a Larmor frequency of 300.1 MHz for 'H and 116.6 MHz for "Li. The spectra were recorded
on a Bruker HX double resonance static probe with a solenoidal coil. The in situ capsule cell
(described above) was aligned in a Ag-coated Cu solenoid coil such that the Li electrodes were

oriented perpendicular to By and parallel with respect to the By rf field. For each cell, a series
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of single pulse experiments were recorded continuously during the entire length of the
electrochemical measurement. For 'Li metal measurements, the pulse duration was chosen to
give maximum intensity of the bulk Li metal (corresponding to a flip angle of 133° and 10.2
us), a recycle delay of 1 s (71 of Li metal ~100 ms) and 256 transients recorded. This resulted
in an experimental time of ~4.5 min. The "Li signals were referenced to 1 M aqueous solution
of LiCl at 0 ppm. The spectra were processed in Bruker Topspin software, using the automatic

phase and baseline correction.

The deconvolution of the in situ NMR spectra was carried out in R using a homebuilt code
published in reference [!33]. Pseudo-Voigt curves are used and least-squares fitting with 3-4
peaks; two metal peaks (Metal peak 1 and 2), referred to as “bulk metal” and two
microstructural peaks (Microstructure 1 and 2). Adding a second peak to fit the bulk metal is
consistent with earlier work, the asymmetry of the peak assigned to the edges of the metal
electrodes and inhomogeneities on the metal surface such as pitting.”>41164 Adding a second
microstructures peak (Microstructure peak 2) was only needed when using 2 mA/cm? in LP30
electrolyte and is assigned to microstructures growing relatively further away from the
electrode’s surface. The fitting parameters are the height, position, width (half width half
maximum, HWHM) and a ratio of the Gaussian/Lorentzian line shape. Constraints were added
to the shift of the peaks, Metal peak 1: 245-247.5 ppm, Metal peak 2: 247.5- 252.5 ppm,
Microstructure 1: 257.5-262.5 ppm and Microstructure 2: 267.5 — 272.5 ppm.

Data analysis was done using both dplyr and ggplot packages.!®> The theory developed by
Bhattacharyya et al. was used to quantify the NMR signal of the Li metal and is described in
detail in Chapter 3, section 3.2.4.7* The skin depth of Li metal in this study is d =12.1 um (see

equation (3.11)). All in situ measurements were performed at room temperature (293 K).
4.2.5 Pulsed-field gradient NMR spectroscopy

Pulsed-field gradient (PFG) NMR was performed with a MicWB40 probe inside a Micro2.5
triple axis gradient system at 298 K. A stimulated echo (STE) pulse sequence was used with a
gradient pulse length of 2.5 ms, a diffusion time of 200 ms, a recycle delay of 3 s, number of
transients 32, and 16 gradient steps (3.2-146 G cm™!). The data was fit to the Stejskal-Tanner
equation using Bruker Topspin Software.!'®® The gradient strength was calibrated by measuring

the Li" diffusion coefficient of 0.25 M LiCl in water at 298 K, with the diffusion coefficient
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set t0 0.96 x 10 m?%/s.1¢7
4.2.6 Scanning electron microscopy

After electrochemically plating, the in situ cells were transferred into an Ar glovebox,
disassembled and mounted onto the SEM stage of the transfer module (Kammrath & Weiss,
type CT0) and dried under vacuum. The electrodes were not rinsed with a solvent. The samples
were transferred into the SEM chamber using the air-sensitive transfer module under an inert
atmosphere (Ar), without being exposed to air. SEM images were acquired with a Tescan

MIRA3 FEG-SEM instrument at an acceleration voltage of 5.0 kV.

4.3 Results

4.3.1 Constant plating with and without an additive

In situ NMR was performed to study Li deposition in LP30 and LP30 + FEC. Figure 4.1a shows
the Li in situ NMR spectra continuously acquired during a constant current experiment. The
resonance from Li metal depends on the orientation of the Li metal anode strip with respect to
the static magnetic field, Bo, due to Li metal’s temperature independent paramagnetism
(TIP).7+135 Aligning the cell perpendicular to the By field results in a "Li resonance at around
245 ppm for the pristine Li metal’ (Figure 4.1a) and all in situ cells presented in this chapter

were aligned in this fashion.

When depositing Li in both LP30 and LP30 + FEC, a new peak around 260 ppm emerges that
continues to grow as a current of 0.5 mA/cm? is passed (Figure 4.1a). This new resonance is
indicative of mossy structures growing near to the Li metal surface.”*’® Whisker-like
morphologies are observed in the SEM micrographs as the major morphology after plating for
3.5 mAh/cm? in LP30 electrolyte, whereas dense, thick buds (diameter of surface features ~5-

10 um) are observed for LP30 + FEC (Figure 4.1¢).
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Figure 4.1 a) In situ NMR spectra obtained under a constant current of 0.5 mA/cm? in LP30 and LP30 + FEC. b)
The total integrated intensity detected by NMR converted into mass change (mg) for a constant current of 0.5
mA/cm? in LP30 (green) and LP30 + FEC (orange). ¢) SEM images of the microstructures formed during 0.5
mA/cm? constant current in LP30 (left) and LP30 + FEC (right).

The overall increase in the ’Li NMR signal intensity for Li metal can be attributed to the
formation of high surface area deposits where the signal intensity is directly proportional to the
volume of Li metal excited by the radio-frequency (rf) field (as described by (3.16)) due to the
fact they are smaller in diameter than the skin depth of 12 pm.”*7¢ The change in the total
integrated intensity between 220-280 ppm, termed “total intensity”, was converted into the
mass change (i.e., the change in the Li mass detected by NMR spectroscopy.), A mass (Figure
4.1b).

The quantification of the NMR signal followed the theory developed by Bhattacharyya et al.
and is described in detail in section 3.2.4.7476 A mass is then plotted against charge passed (in
C, coulombs) in order to compare it to the total amount of mass of Li deposited based on the
electrochemistry, mechem = 0.072 mg/C (Figure 4.1b). mechem Was calculated by Faraday’s law
of electrolysis for the ideal case without considering the Coulombic losses associated with the

formation of the SEI, the competing reaction to Li metal deposition:
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Mechem = T, (4.1)

where n is the number of electrons consumed in the reaction, M is the molar mass, F is the
Faraday constant and Q is the charge passed in the cell. The charge (Figure 4.1) corresponds
roughly to 3.5 mAh/cm? (the slight differences between cells arising from small variations in

electrode area).

For both electrolyte systems, the mass increase calculated from the total intensity is lower than
that expected from the applied electrochemistry (Figure 4.1b), i.e., mnMr < Mechem. There are
three possible scenarios that can account for this. In the first scenario, part of the Li is plated
as a smooth deposit and does not result in an increased intensity of the Li signal, since it does
not change the overall Li metal surface area. This is due to the skin depth effect of metals,
where the rf field penetrates only the surface of the metal, ~12 um for Li, (note that the
diamagnetic SEI does not impede rf penetration).’” In the second scenario, the growth of dense
Li metal microstructures may also lead to an attenuation of the rf signal and poor excitation of
the underlying bulk film.”># Third, the competing reduction reaction, SEI formation, results
in lower Li metal deposition than expected based on the current passed, i.e., lower current
efficiency (Faradaic efficiency). To gain more insight into the morphological changes on the
electrodes, as well as the causes of mnmr < Mechem , Spectral fittings were performed to
determine how the relative fractions of the peaks assigned to Li microstructures vs. “bulk

metal” change upon plating.

43.1.1 Deconvolution of the NMR spectra

The spectra were deconvoluted by using two peaks around 245-252.5 ppm (“bulk metal”) and
one peak at around 257.5-262.5 ppm corresponding to the microstructural peak (Figure 4.2d).7
For the LP30 + FEC electrolyte, the initial increase in microstructure intensity is compensated
by a concurrent decrease in the metal intensity (Figure 4.2b and ¢, orange), both corresponding
roughly to mechem (i.€., the decrease of metal signal is -0.07 mg/C and increase in
microstructural intensity 0.08 mg/C ~ mechem) and thus the total signal intensity (total volume

of Li detected by NMR) (Figure 4.2a, orange) stays almost constant. This is ascribed to an
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attenuation of the rf field by the thick microstructures formed in LP30 + FEC (Figure 4.1c¢), so
that the rf field penetration into the bulk metal is less than that for the initial Li film.
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Figure 4.2 The integrated intensity detected by NMR converted into mass change (mg) for the a) the total intensity
b) the metal intensity and ¢) the microstructural. The dashed line indicates mechem, the mass deposited calculated
based on the electrochemistry. d) An example of how the spectra for the LP30 electrolyte were deconvoluted into
two overlapping metal peaks and one microstructural peak.

The intensity of the bulk metal peak in the LP30 electrolyte similarly decreases with charge
(Figure 4.2b, green), but now the steady intensity increase of the microstructure peak is lower
than that observed for LP30 + FEC, corresponding to only 0.053 mg/C, i.e., approximately
74% of what is expected by the electrochemistry. This is attributed to poorer current efficiency
(Faradaic efficiency, the amount of charge used to deposit Li metal) as a result of the higher
surface area Li whiskers formed in the LP30 electrolyte, as compared to the dense buds formed

in LP30 + FEC, coupled with the larger extent of SEI formation on freshly exposed surface.

Of note is that previous work has shown both experimentally and with simulations that
dendrites and structures growing away from the Li metal surface give rise to larger shift around
270 ppm compared to microstructures close to the surface.”>7® In the current study, the in situ
PEEK capsule cell applies constant pressure within the cell and more compact structures form,
leading to a narrower range of shifts.”>'?> The "Li shifts of the microstructure peaks (Figure
4.3) are thus similar for both electrolytes although the microstructures have very distinct
morphologies as seen in the SEM figures (Figure 4.1¢).”® Similar for both electrolytes is the
shift to lower ppm values during the initial plating. This will be explored further in Chapter 6.
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Figure 4.3 The "Li shift of the fitted peaks in the two electrolyte systems LP30 (left) and LP30 + FEC (right)

during constant plating at 0.5 mA/cm?.

4.3.1.2 Higher current densities

To explore the effect of current density on both the plating efficiency and the resulting
morphology in situ NMR measurements were performed at higher constant current densities
of 1 and 2 mA/cm?. The quantified intensities of the deconvoluted peaks are shown in Figure
4.4. For a constant current of 1 mA/cm?, the bulk metal peak for LP30 + FEC electrolyte again
decreases due to an attenuation of the signal (Figure 4.4b, orange), while the increase in the

microstructural peak corresponds roughly to mechem (Figure 4.4c, orange).

For the LP30 electrolyte, the bulk metal peak now stays close to constant indicating that more
porous structures, growing away from the electrode’s surface, are formed; these
microstructures no longer shield the bulk metal leaving its the intensity detected by the NMR
unchanged. Again, the total increase in intensity for LP30 electrolyte is less than mechem,

indicating that some of the charge is consumed to form the SEI.
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Figure 4.4 The quantified intensities of the fitted ’Li metal peaks for the constant current experiments of a-c) 1
mA/cm? and d-f) 2 mA/cm? in the two electrolytes LP30 (green) and LP30 + FEC (orange). The dashed line

indicates mechem, the calculated mass deposited according to the current passed by the electrochemistry.

In contrast, for the higher constant current of 2 mA/cm?, a close to constant intensity of the
metal peak is observed for both electrolyte systems, with a slight increase occurring after
passing 5 coulombs (3.25 mAh/cm?, Figure 4.4¢). Now mnmr is only slightly lower than mechem
for both electrolytes, indicating a higher current efficiency for the LP30 electrolyte at 2
mA/cm?. This is tentatively ascribed to the competing reactions of SEI formation and Li
deposition where at higher overpotentials, electrodeposition of Li metal occurs more rapidly
than the kinetically-limited degradation reaction involving the electrolyte species.®® The

morphology of the lithium deposits for the two electrodes is now very similar (Figure 4.5).



86 In situ NMR Studies of Lithium Metal Plating

Figure 4.5 SEM images of the microstructures formed during 2 mA/cm? constant plating in a) LP30 and b) LP30
+ FEC.

4.3.2 Voltage traces in coin cells as an indirect way to study surface Kinetics

To study the distinctive SEI formed in the two electrolytes and the corresponding plating
behaviour, symmetrical Li-Li coin cells were assembled and cycled using continuous plating
and stripping cycles for current densities of 0.5, 1 and 2 mA/cm? applied for a total capacity of
2 mAh/cm? per cycle (Figure 4.6). A different protocol was used in the first cycle for the three
current densities in order to compare the ‘peaking behaviour’ seen on stripping: while either
0.5, 1 or 2 mA/cm? was applied during plating, a current density of 1 mA/cm? was used on

stripping for the second half of the first cycle (Figure 4.6b-d).

The study of the voltage traces follows the methodology introduced in previous studies,**% to
observe the characteristic peaking behaviour that originates from surface pitting of the stripping
electrode. Previous reports have assigned the typical voltage profile to specific deposition and
pitting processes: initially, there is an overpotential associated with the nucleation of Li
deposits on Li metal due to the kinetic hindrance depositing underneath the SEI, which then
decreases rapidly towards a local minimum due to an increased surface area on the
electrode.*** When switching polarity after the first deposition, the microstructures formed
previously in the first half cycle are oxidised and removed from the stripping electrode. When
all of the microstructures have been dissolved completely (or been detached from the electrode
surface forming ‘dead Li’) the overpotential increases rapidly. A peak is seen as the

overpotential drops again, labelled “pitting” (Figure 4.6a) as this behaviour has been assigned
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to the onset of bulk metal dissolution or pitting of the Li metal surface and an increase in surface
area.**%* When comparing different electrolytes, a more pronounced peaking behaviour has
been associated with substantial impedance differences and spatial variations in the SEI that

lead to non-uniform stripping and the formation of dead Li.*
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Figure 4.6 Galvanostatic cycling of symmetric Li-Li coin cells during a) the first 10 cycles at 0.5 mA/cm? for both
stripping and plating. In the first cycle, shown in the enlargement in b) 0.5 mA/cm? was used for plating and 1.0
mA/cm? for stripping. First cycle using ¢) 1.0 and d) 2.0 mA/cm? plating and 1.0 mA/cm? for stripping in LP30
(green) and LP30 + FEC (orange).

For the first cycle in LP30 a more apparent “pitting” peak is observed that occurs at an earlier
time compared to LP30 + FEC (occurring at ~78% and ~92% capacity, respectively for 0.5
mA/cm?). The inhomogeneous dissolution of the lithium whiskers can lead to dead Li
formation under stripping and early peaking behaviour. However, the lower plating efficiency
quantified with in situ NMR can also lead to the early peaking behaviour observed when lower
amounts of microstructures are present. With 1 and 2 mA/cm?, the peaking in the first cycle

(where the stripping current is kept at 1 mA/cm?) occurs at 85% and 89% capacity respectively.
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This correlates well with the in situ NMR, which indicated higher plating efficiencies for the
higher current densities in LP30. For LP30 + FEC electrolyte the voltage traces are flatter
compared to LP30, consistent with both the higher plating efficiency seen in the in situ NMR

and of studies showing minuscule dead lithium formation in LP30 + FEC.36:!57
4.3.3 Pulse plating

To test the differences in Li deposition between the two electrolytes further, in situ NMR
measurements using pulsed currents were carried out. When applying a pulsed current, short
pulses for a period Ton are applied, which is followed by a rest period Torr where no current

is passed (as shown in the schematic, Figure 2.5).
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Figure 4.7 Representative pulsed current plot for symmetric Li in situ cell at 1 mA/cm? with Ton,Torr = 1 s in the
LP30 + FEC electrolyte.

During the rest period, Torr, two main processes occur: (i) Diffusion of Li ions in the
electrolyte leading to relaxation of concentration gradients in the electrolyte and around
protruding points on the electrode, and within the liquid components of the SEI; this should

result in a more uniform lithium ion distribution near the electrode surface.!?’

(i1) The chemical formation and growth of the SEI on fresh Li sites (the initial SEI formation
has been suggested to be completed in less than 1s'%%1%° but as demonstrated in Chapter 5 the
full passivation of Li metal can take longer time, up to hours/days). Cracked and newly formed
SEI typically has a lower impedance than more mature SEI, which has been suggested to result
in preferential deposition sites.’”** The formation and maturation of the SEI during rest will
increase its impedance and result in levelling effects. As a consequence, Li deposition is

anticipated to be more homogeneous using pulse plating. The chemical formation of the SEI
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during the rest period Torr has also been suggested to increase the current efficiency.'*® The
electrochemistry for pulse plating, with j, = 1 mA/cm? and Ton,Torr = 1 s in the LP30 + FEC

electrolyte is shown Figure 4.7.

43.3.1 Pulse plating in LP30
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Figure 4.8 Pulse plating in LP30 a) The deconvoluted intensities of the in situ spectra for LP30 during constant
plating (CP) at 0.5 mA/cm? (green, also shown in Figure 4.2) and pulse plating (PP) at 1 mA/cm? with Ton, Torr
=1 s (purple) and Ton, Torr = 5 ms (yellow). The dashed line indicates mechem. SEM images of the Li metal
morphology using 1 mA/cm? and Ton, Torr b) 1s ¢) 5 ms.

To compare different time scales, both relatively long and short pulse lengths were initially
chosen, with Ton=Torr of either 1 s or 5 ms, which corresponds to a duty cycle of Baquy =
Ton/(Tox + Torr) = 0.5 and an average current density of 0.5 mA/cm?. Thus, the data can be
readily compared to the constant current experiments at 0.5 mA/cm?. Figure 4.8a shows a
comparison of the microstructure masses determined by the NMR for both constant and pulse
plating experiments in LP30. During pulse plating with Ton, Torr = 1s and Ton, Torr = 5 ms
(Figure 4.8a), the NMR-derived Li mass changes (A mass) give a slope that corresponds closely
to the microstructural mass predicted from the electrochemistry (mechem), indicating high

current efficiency of Li plating.

For both cases, the bulk metal intensity stays close to constant, indicating that the
microstructure morphology is more porous as compared to that seen for constant plating at 0.5
mA/cm?, and thus does not attenuate the rf field. The resulting morphology (Figure 4.8b) for

Ton, Torr = 1s, comprises a mixture of both whisker- and dense-like buds, whereas short pulse
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lengths, Ton, Torr = 5 ms, result in the formation of narrow whiskers (Figure 4.8c). This
demonstrates that applying short pulses in the LP30 electrolyte does not result in more uniform
and dense morphologies. This may be due to the fact that significant capacitive effects were

observed in symmetrical Li-Li cells, using the short Toxn= 5 ms pulse (Figure 2.6).

In addition, to study the effect of the pulse length, the pulse waveforms were systematically
varied with Ton, Torr= 500 ms, 100 ms or 50 ms and measured with in situ NMR spectroscopy.
Surprisingly, denser microstructures are observed for Ton, Torr = 500 ms and increasingly
more open and whisker-like morphologies are seen as the time intervals decrease (Figure 4.10).
Overall, the slope of the microstructural intensity for all the pulse waveforms is close to mechem

(Figure 4.9) indicating higher current efficiency compared to that observed for constant

currents.
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Figure 4.9 The deconvoluted intensities of the in situ NMR spectra during constant plating and pulse plating (PP)

in the LP30 electrolyte with current density 1 mA/cm? and various pulse lengths of Ton:Torr.
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a)
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Figure 4.10 SEM images of the microstructures formed during a) constant plating with 0.5 mA/cm? and pulse
plating at 1 mA/cm2 and b) Ton,Torr =1 s ¢) Ton, Torr = 500ms d) Ton,Torr = 50ms and e) Ton,Torr = 5 ms.
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To further investigate the effect of the rest period on mitigating microstructural growth, longer
rest periods of Torr were explored. Previous studies'!®13%10 have suggested that in order for
pulse plating to be beneficial, setting the timings such that Ton < Torr is crucial, the studies
even proposing an optimal Ton:Torr ratio of close to 1:3.'%° Thus, Ton = 5 ms with a longer
rest period of Torr = 15 ms was considered with the applied current densities jis = 1 and 2

mA/cm?. This gives average current densities of 0.25 and 0.5 mA/cm?.

a)

Total intensity Metal Microstructure
o> 0.504 V‘« - )
E 0251 ad P /
% y _a
: 0.00- Q
a -0.254

0 2 4 6 0 2 4 6 0 2 4 6

Charge (C)

==PP 1 mA/cm? 5ms:15ms == PP 2 mA/cm? 5ms:15ms

Figure 4.11 Pulse plating in LP30 a) The deconvoluted intensities of the in situ spectra during pulse plating with
Ton:Torr = 5 ms: 15 ms using current density 1 mA/cm? (pink) and 2 mA/cm? (blue). SEM images of the Li metal
morphology using Ton:Torr = 5 ms:15 ms and b) 1 mA/cm? ¢) 2 mA/cm?.

The deconvoluted intensities (Figure 4.11a) from the in situ NMR measurements show
microstructural growth corresponding roughly to mechem. Furthermore, the morphology for the
lower jis = 1 mA/cm? remains relatively smooth which can be seen both in the SEM image
(Figure 4.11b) and with the decreasing metal intensity (Figure 4.11a, pink). The attenuation of
the bulk metal signal indicates (for reasons discussed in the previous section) that pulsed

currents with Ton < Torr do indeed lead to more dense deposition near the electrode surface.

For the higher current density, j,= 2 mA/cm?, the morphology again becomes uneven (Figure
4.11c), which can also be seen in the intensity of the metal peak (Figure 4.11a, blue) that even
grows slightly, suggesting roughening on the stripping electrode. Interestingly, of note is that
the “bulk metal” peak consistently increases for relatively high, applied current densities of 2
mA/cm?, both for constant and pulsed current (Figure 4.4 and Figure 4.11). An increase in the

bulk metal peak can derive from roughening of the stripping electrode as a result of pitting. 80164
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Figure 4.12 Ex situ ’Li NMR spectra of pitting on the stripping electrode showing a) the in situ cell before and b)
after cycling. ¢) The ex siru NMR of the disassembled cell on the plated electrode (working electrode, WE), d)
and of the stripping electrode (counter electrode, CE) with the corresponding SEM images showing the pits. €)
And the sum of spectra ¢ and d, of the WE and CE. The metal peak of the stripping electrode after cycling, shown
in green, has shifted to higher frequency (247.5 ppm compared to 245 ppm before cycling) and indicates
roughening of the electrode surface.'® Shown for LP30, 2 mA/cm? and Ton = 5 ms, Torr = 15 ms.

The effect of pitting on the NMR spectra was explored by disassembling the in situ cell after
plating and ex situ NMR measured of the separate electrodes (Figure 4.12). The stripping
electrode gives a broader signal, shifted upfield about 2.5 ppm to a value of 247.5 ppm,
indicating roughening of the electrode that is consistent with the pits shown in the SEM (Figure
4.12).'%* The experiment is not necessarily quantitative to the extent of pitting, as NMR signal
intensities depend strongly on the amount of metal inside the NMR coil and considerable errors
are introduced when taking the cells in and out of the coil. Thus, it is difficult to estimate the

pitting on the Li electrode in the current study but is of considerable interest for future studies
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where the two Li electrodes could be placed apart in the rf-coil (in a modified cell design) to

perform NMR on them separately.
4.3.3.2 Pulse plating in LP30 + FEC

The pulse plating experiments were repeated in LP30 + FEC (Figure 4.13a) where both long
(1s, purple) and short (5 ms, yellow) pulse lengths seem to delay the onset of the
microstructural growth. For both experiments, the microstructural intensity stays constant for
the first two coulombs of charge before increasing with a slope close to mechem. Thus, we
conclude that the mnvr < Mechem 18 @ result of smooth deposition that is not detected by the
NMR as a result of skin depth effects. The SEM images (Figure 4.13b and Figure 4.13c) show

the resulting relatively smooth and dense morphology of the Li deposits.

For Ton:Torr = 5ms:15 ms and j,= 1 mA/cm?, the morphology is even more uniform (Figure
4.13e) and for j,, =2 mA/cm?, as seen for LP30, the morphology becomes rougher again (Figure
4.13d, ). Overall, pulse plating appears to be more beneficial for Li deposition in the LP30 +
FEC electrolyte and suggest that local concentration gradients at the metal surface are levelled
out more effectively. This is not expected to arise from the better transport in the electrolyte as
similar Li* diffusion coefficients were measured by PFG-NMR, Dip30=1.70 x 10" m?s! and
Drpso+rec = 1.74 x 10719 m?s!. That is, little to no effect is seen on the transport properties
on adding FEC, which is consistent with the results from molecular dynamics (MD)

simulations of Hou et al.!”°
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Figure 4.13 Pulse plating in LP30 + FEC a) The deconvoluted intensities of the in situ NMR in LP30 + FEC
during constant plating (CP) at 0.5 mA/cm? (orange, also plotted in Figure 4.2) and pulse plating (PP) at 1 mA/cm?
with Ton, Torr = 1 s (purple) and Ton, Torr = 5 ms (yellow). SEM images of the Li metal morphology using 1
mA/cm? and Ton, Torr b) 1s and ¢) 5 ms. d) The deconvoluted intensities of the in situ NMR with Ton:Tore = 5
ms:15 ms using current density 1 mA/cm? (pink) and 2 mA/cm? (blue) and the SEM images for €) 1 mA/cm? f) 2

mA/cm?.

4.3.33 Ultra-high current densities

Finally, it was noted in Chapter 2 that high instantaneous current densities may be used for
pulse plating due to the improved mass transport near the electrode (section 2.3.3.2).104107
Higher overpotentials, associated with high current densities, will influence the nucleation rate

significantly'%®

and have been shown to result in smaller Li nuclei size and higher Li surface
coverages.'?” This is a well-known effect and demonstrated for example when pulse plating
silver, where high instantaneous current densities were used to achieve finer and more

homogeneous deposits.'%
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Figure 4.14 The SEM images and the corresponding voltage profile for a) constant plating at 5 mA/cm?, b)
constant plating at 10 mA/cm? and ¢) pulse plating using 10 mA/cm? with Ton:Torr = 5 ms:15 ms in LP30. d)
Constant plating at 10 mA/cm? and e) pulse plating using 10 mA/cm? with Ton:Torr = 5 ms:15 ms in LP30 + FEC.

Here, both constant current and pulsed current with the relatively high current density of 10

mA/cm? was used in LP30 and LP30 + FEC (Figure 4.14). For the constant current
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experiments, fine and needle like deposits were observed under the SEM. The overpotential is
seen to increase quickly upon deposition, most likely due to the concentration overpotential
associated with mass transport limitations. For the pulse plating experiments the overpotential
1s more stable (although erratic behavior is observed in LP30 + FEC in Figure 4.14¢) and the
whisker-like deposits are observed again. This demonstrates that high current densities may be
used when pulse plating Li metal. However, in the case here it does not result in more

homogeneous deposition.

4.4 Discussion

The results suggest that the lower CEs reported for the commercial carbonate electrolyte® are
in part due to low current efficiency associated with the electrochemical SEI formation during
plating as a result of the formation of higher surface area Li whiskers. This was demonstrated
by using in situ NMR, where the mass of the Li deposits is compared to the mass expected to
be deposited from the electrochemistry, mechem (Figure 4.2). This is also consistent with the
earlier “peaking” behaviour seen for the LP30 electrolyte during the 1 stripping (Figure 4.6)

although dead Li formation will have the same effect.

For the pulse plating experiments, the morphology of the Li deposits in LP30 were seen to be
highly dependent on both plating and rest time. For experiments in LP30 with the longer pulses
of both Ton, Torr = 1 s and 500 ms, denser morphology was achieved compared to constant
plating whereas Ton, Torr = 5 ms resulted in the formation of narrow whiskers. Therefore,

110 nominally to ensure minimal concentration

recommending short pulses for Li deposition,
gradients at the electrode’s surface, may not always be appropriate. This may be due to the
capacitive effects that become important for short current pulses (Figure 2.6). However, for the
short pulses Ton =5 ms, applying a longer rest time of Torr = 15 ms improved the plating with
smoother deposits forming (Figure 4.11). The results illustrate the important effect of the rest

period in pulse plating Li metal, where both diffusion and healing of the SEI takes place.

Of note is that full passivation of the Li metal surface is not achieved on the timescale of the
rest periods used here, as will be discussed in Chapter 5. Despite this, the in situ NMR of pulse

plating demonstrated that less charge was wasted to form the SEI during plating and indicates



98 In situ NMR Studies of Lithium Metal Plating

that even time intervals of 15 ms can be sufficient to, at least partially, heal hotspots formed
during plating. Note that this process, discussed in Chapter 6 as Li corrosion, still consumes
lithium and is another mechanism responsible for degradation in a metal cell: in experiments
performed with a fixed and finite lithtum concentration (e.g., when plating using a lithium-ion

cathode as the lithium source), this will lead to more rapid cell termination.

Pulse plating in LP30 + FEC led consistently to more dense morphologies and was seen to
delay the onset of microstructural formation (Figure 4.13a). As shown in section 4.3.1, the
microstructures formed under constant plating in LP30 + FEC are generally more uniform
compared to LP30. Hence, local concentration gradients that develop at the electrode during
plating, which are amplified at rough sites and protrusions, are less pronounced for the
smoother metal surface in LP30 + FEC. Thus, relaxation of local concentration gradients will

not be as important as in the case for LP30.

In addition, isotope exchange simulations covered in Chapter 5 show that SEI formation and
Li* transport in the SEI is faster in LP30 + FEC. That further explains why pulse plating is
more effective in LP30 + FEC. Both faster SEI passivation, which reduces impedance
differences over the electrode’s surface, and more rapid Li* transport should result in more
homogeneous plating. However, although the SEI in LP30 + FEC has better transport
properties, at high current densities it is still not fast enough to allow for a sufficiently uniform
transport at higher plating current densities, the morphology of the Li deposits were similar for

the two electrolytes (Figure 4.5 and Figure 4.14), consistent with other studies.'>’

4.5 Conclusions

This chapter has presented a careful comparison of the SEI formed in the standard carbonate
electrolyte, with quantitative and non-invasive NMR measurements. The in situ NMR
measurements have shown that both the plating efficiency and growth mode of lithium deposits

are governed by the choice of the electrolyte as well as the applied current density.

As a result of the skin depth on Li metal, the By rf-field will only excite metal deposits of
thickness 12 um and the first 12 pm on the metal surface. This effect means that completely
smooth Li plating should lead to no change in the NMR intensity and Li plating would not be
detected with NMR. In all cases here the NMR intensity grows in intensity demonstrating the
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technique is very sensitive to Li deposition. Even in the case of pulse plating in LP30 + FEC
where the surface appears smooth by SEM (Figure 4.13), the deposits are detected by the NMR
and resonate around 260 ppm. The quantitative nature of the technique can thus be used with
confidence and allows the estimation of current efficiency; where the slope of the
microstructural peak is compared to the mass of Li calculated according to the charge passed

in the electrochemistry.

The effect of the FEC additive was systematically studied under different plating conditions
and correlate different Li growth and current efficiency to the nature of the SEI. Pulse plating
is shown to influence the morphology of Li deposits, which were seen to be highly dependent
on both plating and rest time. This illustrates the important effect of the rest period in pulse
plating Li metal, namely the healing of the SEI layer that can increase the current efficiency of
Li deposition, and the relaxation of local concentration gradients that lead to a more uniform

morphology.



100 In situ NMR Studies of Lithium Metal Plating




5.1 Introduction 101

Chapter 5 Lithium Isotope Exchange

5.1 Introduction

The SEI forms on Li metal due to the reduction of the electrolyte on the electrode surface and
influences the stability and cyclability of lithium metal batteries (LMBs).'* Much work is being
carried out to correlate the electrochemical behaviour of LMBs to the chemical, structural and
mechanical properties of the SEI as well as Li-ion transport properties and the time-dependent

evolution of the SEI.

Studies on the chemical composition of the SEI commonly involve ex sifu measurements e.g.
by XPS#17! and Fourier transform infrared spectroscopy (FTIR).”” Studies on the structural
composition by cryo-EM have correlated an ordered and homogeneous distribution of SEI
components to more uniform plating and stripping of Li.>!#283 But the SEI is reactive and air-
sensitive, and post-mortem studies might not accurately capture the nature of the thin SEI in a
real battery. Therefore, techniques that study the SEI under operating conditions are constantly
being developed, such as in situ atomic force microscopy (AFM)?*!72 and ambient-pressure
XPS.!'73 NMR spectroscopy is a non-invasive, chemically specific and quantitative, which
makes it an excellent technique to study the SEI in LIBs.34!74!7> However, NMR suffers from
issues of low sensitivity and selectivity, which makes in situ NMR studies of the SEI difficult.
In arecent study, we used dynamic nuclear polarization (DNP) to selectively enhance the signal
of the SEI on Li metal that makes it a promising method for future in situ DNP-NMR studies
on the SE1.%’

The flux of Li" ions towards to surface will dictate the growth morphology of Li deposits and
thus it is crucial to understand the transport properties of the SEI in different electrolytes. But
the transport properties and the transport mechanism in the SEI remain inconclusive. Lu and
Harris quantified the Li-ion diffusion in the SEI by ®’Li isotope labelling and time-of-flight

secondary-ion mass spectrometry (TOF-SIMS).!”¢ The SEI was formed on Cu in a natural
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abundance electrolyte and then soaked in an °Li enriched electrolyte for different time periods
for an ion exchange to occur. The ratio of °Li/’Li in the SEI measured by TOF-SIMS indicated
that the Li" ions first diffuse through a porous organic SEI layer and then to a more densely
packed layer that limits the transport.'’® Li" ion transport was further investigated in a
LizLasZr2012 (LLZO)-polymer composite electrolyte using ®’Li isotope labelling and NMR
spectroscopy.'’”” The ion conduction mechanism was shown to be dependent on the ratio
between the LLZO and the poly(ethylene oxide) (PEO), the conduction pathway changing
between polymer matrix and the LLZO.'”” Previously, isotope labelling has been used to study
the solid/liquid interface in heterogeneous systems including solids such as ion exchanger
beads and ionic crystals.!”®18! Tlott and Jerschow used NMR to study isotope exchange
between an enriched °Li metal and a natural abundance "Li electrolyte, probing the kinetics at

the Li metal—electrolyte interface.'®?

In this chapter, isotope exchange measurements are further used to study the transport
properties and the time-dependent evolution of the SEI in different electrolytes. Using NMR,
we observe in situ the isotope exchange of °Li/’Li ions between Li-enriched Li metal (95%
SLi and 5% ’Li) and natural abundance electrolyte (i.e. 92.4% "Li and 7.6%, °Li).”>'¥2 When
®Li metal is soaked in the natural abundance ’Li electrolyte, the exchange between the two

isotopes can be described as:
7Lielectrolyte + 6Limetal « 7Limetal + 6Lielectrolyte (5.1)

and is comparable to Li metal anode at an open circuit voltage (OCV). The relevant processes
that affect the isotope exchange is the exchange rate at the surface of the metal, the self-
diffusion of Li atoms within the metal, diffusion of Li" in the SEI, and the chemical formation

of the SEI and the desolvation of the Li" ions (see the schematic Figure 5.1).

A numerical model is developed to describe the exchange and discussed in the context of the
standard model of electrochemical kinetics. Simulations of the NMR measurements allow us
both to extract the exchange current at the OCV, which takes into account the growth of the
SEI, and allows the extent of Li metal corrosion due to chemical SEI formation to be quantified.
The results demonstrate that the isotope exchange rate depends significantly on the electrolyte

and the corresponding SEI.
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Figure 5.1 A schematic representing the Smm J-Young NMR tube, the yellow cap seals the NMR tube making it
airtight. The dominant processes occurring at the metal-electrolyte interface are shown, which will influence the
exchange rate.

In Chapter 4, Li deposition was studied in the two electrolytes LP30 and LP30 + FEC. The Li
morphology was shown to differ significantly between the two electrolytes. Furthermore, in all
cases was pulse plating more effective in mitigating microstructural growth in LP30 + FEC.
However, the effectiveness of pulse plating using the FEC additive is not expected to derive
from the Li* transport in the electrolyte as the diffusion coefficients measured in both systems
were shown to be similar and thus it must be an effect of the SEI. Here, by simulating the
isotope exchange, we identify the key beneficial effects of the FEC additive: faster Li* transport
in the SEI and faster SEI formation.

Finally, the methodology is further extended and isotope exchange is studied as a function of
temperature. It is demonstrated by numerical simulations that initially, the isotope exchange is
faster at higher temperatures, but then decreases to lower values. This is due to the continuous
SEI formation that occurs more rapidly at elevated temperatures.! The activation energy of the
exchange between the electrolyte and metal is estimated by assuming the exchange to be an

Arrhenius thermally activated process.

The work presented in this Chapter benefitted from the intellectual input of all the co-authors
of the project, Sundeep Vema, Svetlana Menkin, Lauren Marbella and Clare Grey.

The numerical model was developed in collaboration with Sundeep Vema and Clare Grey and

the MATLAB code written in collaboration with Sundeep Vema.
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The MATLAB code for fitting the electrochemical impedance spectroscopy data was written by

Sundeep Vema. The current author performed all of the experimental work.

The main part of this chapter is published in the Journal of Materials Chemistry A, 2020, 8,
14975-14992.

5.2 Experimental Details

5.2.1 Materials

The materials were stored and handled in an Argon atmosphere glovebox (O2, H>O < 1 ppm,
MBraun). The SLi metal (Cambridge Isotope Laboratories, 95% °Li), which is supplied in
mineral oil, was rinsed with hexane (Sigma Aldrich) and rolled with an Al roller inside a plastic
bag (polyester pouch, VWR) to an approximate thickness of 0.15 mm. In all coin cells, pre-cut
lithium metal disks (LTS research, 99.95%) were used. The electrolyte was 1 M LiPF¢ in 1:1
v/v ethylene carbonate/dimethyl carbonate (EC/DMC; Sigma Aldrich, referred to as LP30).
For experiments using an additive, fluoroethylene carbonate (FEC; Sigma Aldrich, 99%) was
added to the electrolyte in 1:10 ratio by volume (LP30 + FEC). The water content of the LP30
electrolyte was measured with Karl Fischer titration and was <40 ppm. The 4M LiFSI in DME
was prepared by mixing lithium bis(fluorosulfonyl)imide (LiFSI, Fluorochem, battery grade)
with 1,2-dimethoxyethane (DME, Sigma Aldrich, 99.5% and distilled). The °Li metal was cut
into a rectangular electrode with a razorblade, of dimensions 3 mm X 13 mm. The electrode
was placed in an airtight Smm J-Young NMR tube filled with 400 pL of electrolyte and
transferred as quickly as possible to the NMR spectrometer for the measurements, which took

approximately 10 minutes.
5.2.2 NMR spectroscopy

The 'Li NMR isotope exchange measurements were performed on a Bruker Avance III 300
spectrometer, operating at a Larmor frequency of 300.1 MHz for '"H and 116.6 MHz for "Li.
The measurements were recorded with a MicWB40 probe inside a Micro2.5 triple axis gradient
system at 298 K, using a water-cooling unit, and a 10 mm '"H-'"F/’Li coil. "Li shifts were

referenced to a 1 M aqueous solution of LiCl at 0 ppm. The electrode was centred in the NMR
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coil, with the Li metal placed parallel to the B field (resulting in a 7Li shift of 275 ppm) and
parallel to the B, rf-field to get maximum excitation.'*! Single pulse ’Li NMR experiments
were recorded on a series with a recycle delay of 15 s was used and 48 transients recorded,
resulting in an experimental time of about 12 minutes. The recycle delays were chosen to
ensure full relaxation of the electrolyte components, with the delay > 5 x T;. The isotope
exchange at elevated temperatures was performed by raising the temperature of the NMR probe
to 313 K and 323 K. For the 313 K experiment that was first soaked at room temperature for
25 hrs; the ®Li-enriched metal was soaked in LP30 for 25 hours at 298 K and the electrolyte

then switched for a fresh electrolyte. The soaking of the Li metal was then continued at 313 K.
5.2.3 Electrochemical impedance spectroscopy

For the impedance measurements, symmetrical Li-Li coin cells were pre-conditioned using 1
mA/cm? for 0.04 mAh/cm? for one cycle, followed by potentiostatic electrochemical
impedance spectroscopy (EIS) measurements using 10 mV voltage perturbation at the open
circuit voltage in a frequency range of 0.5 MHz to 1 Hz with 10 steps per decade. The
impedance data was fitted to the equivalent circuit displayed in Figure 5.9, using a home-built

MATLAB code with a non-linear least square solver, Isqcurvefit.

5.3 Numerical Modelling

The numerical model to simulate the isotope exchange is derived in this section. For a one-
electron, one-step process at equilibrium, a continuous oxidation and reduction takes place at
the electrode/electrolyte interface. In the system under study where Li metal is soaked in an

electrolyte and no overpotential applied, the equilibrium process is:
Lit+e 2 Li° (5.2)

where the forward and backwards reactions occur at the same rate resulting in a zero net overall
current, termed the exchange current density j,.°° The traditional exchange current density, jo,
describes the electron transfer kinetics of the electrochemical system. When described in terms
of the Butler-Volmer formulation (equation (2.11)) the exchange current density for Li*/Li°

is:%0
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Jo = F ko[Li*]P[Li®]*7F (5.3)

where F is the Faraday constant, k,, is the standard rate constant and £ is the transfer coefficient.
The transfer coefficient is a constant (between 0 and 1) that reflects how closely the activated
state resembles the oxidised or reduced products.' Boyle et al. showed how Li metal deposition
is more accurately described by a Marcus-based model where the transfer coefficient f§ is a
function of the applied potential.''> However, at small overpotentials (or at the OCV) the

Butler-Volmer and Marcus-based theories should be indistinguishable.!!3

Equation (5.3) can be rewritten in terms of the exchange flux at the interface J, [mol m? s’'],
where j, = FJ,. This equilibrium process (strictly the OCV process) can be followed via the
isotope exchange current when an enriched Li metal electrode is soaked in a non-enriched
electrolyte (for example), because the ®’Li concentrations are not in equilibrium (i.e. the

concentrations of ®’Li are different in the Li metal and electrolyte).

In contrast to the traditional definition of the exchange current density j, (described in equation
(5.3) and in detail in section 2.3.1), the rate of exchange determined in the current measurement
will depend not only on the electron transfer kinetics of Li*/Li® but as well on the rate of the
subsequent transport of the Li" through the SEI. To make a distinction between our model and
the traditional one, and to generalise our model, we will hereafter refer to the isotope exchange
flux occurring at OCV measured here as J,, [mol m? s™']; furthermore, since the SEI continues
to grow on Li metal, /,,, 1s expected to be time dependent (as explored below via two different

models).

To model the isotope exchange intensity curves obtained by NMR measurements, the
concentration of ’Li in the metal needs to be considered. The "Li concentration ¢, at distance

x from the SEI-metal interface and at time t, is described in the following equation:

Cm7 (%, ) = [Li®]frnr (x, 1) (5.4)

where f,,,;(x, t) is the 'Li mole fraction at position x from the metal surface. The metal is of
thickness 2L (Figure 5.2) and is represented on a discretised one-dimensional grid, where x =

0 represents the surface of the Li metal and x = L represents the centre of the metal. The

p _ 0534g/cm3

concentration of Li in the metal electrode is [Li°] = M = 692 g/mol

= 77 M where p is the
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density of Li metal and M the molar mass. The initial condition for the fraction of "Li in the
metal is f;,7(x, 0) = 0.05, since we use a 95% enriched °Li metal. Note that at time t = 0 in the
simulations, approximately 10 minutes have passed since immersing the enriched Li metal in
the electrolyte and until the start of the NMR experiment. This will only result in a minimal
error in the initial starting condition as the experiment is performed over multiple hours and
the second data point in the experimental measurements (at t ~ 25 mins) shows minimal change
from the first data point (¢ = 0 min) in mole fraction of ’Li in both electrolyte and metal (Figure
5.4). To test for this, the initial conditions of the first few points of f;,;(x, 0) were increased
to 0.055, which qualitatively did not result in any significant changes between the fitted

parameters between the two electrolytes.

The concentration of "Li electrolyte as a function of time is, c.;(t) = [Li*]f.7(t) with the
initial condition for the fraction of "Li in the electrolyte, f,,(0) = 0.92 (the natural abundance
of "Li). Since the diffusion coefficient in lithium metal, D, is five orders of magnitude smaller
than the diffusion coefficient in the electrolyte (Table 5.1), the diffusion of Li* throughout the

electrolyte is considered instantaneous.

The self-diffusion of Li atoms within the metal is described by Fick’s law:

0Cmy (x,t) D 0%Cm7(x,t)

- =7 5.5
5t m 922 , 0<x<L (5.5)
And the symmetric boundary condition at x = L is:

0x
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a) b) Model | c) Model ll
7Li electrolyte Concentration of 7Li in electrolyte: Concentration of 7Li in electrolyte:
c,,(t) = [Li]f, (t) C,,(t) = [LIFIf, ()
SEI — Exchange Moles of SEI
. |_ Exchange per surface area
SLi metal 2L () Ngg,(t) [mol m2]
IJEX x=0 ex
Exchange rate constant
Exchange flux J,,(t) [mol m? s]
J, [mol m? s depends on J_  and
the SEI permeability constant 3_,
Concentration of 7Li in metal: Concentration of 7Li in metal:
C,y, (1) = [Li°IF(x.1) c=L C,,,(t) = [Li°If_(x,t)

Figure 5.2 A schematic of the numerical model showing a) the geometry of the Li metal electrode. b) Model I,
which describes the isotope exchange with one fitting parameter, the exchange flux, J,, [mol m? s*'] describing
the rate of exchange and ¢) Model 11, which describes both isotope exchange and SEI formation, with the time-

dependent exchange flux J,, (t) [mol m? s™'], which depends on the SEI permeability constant Pex.

Due to the difference in isotope ratio between the electrolyte and metal, the flux at equilibrium
Jex» Will lead to change in the isotope ratio of the metal, described by the partial differential

equations of the concentration of "Li in the metal:

d =0,
me =]ex (fe7(t) - fm7(0‘ t)) (5.7)

And a change in the isotope ratio in the electrolyte, described by the ordinary differential

equation of the concentration of "Li in the electrolyte:

dce7 (1) S
T - _V_e ]ex(fe7(t) - fm7(0: t)) (5.8)

where S, is the surface area of the soaked electrode and V, is the volume of the electrolyte.

For Model I it is assumed that the SEI of Li metal is of fixed thickness (that is it is not growing
during the experiment). The experimental curves are thus fitted with one fitting parameter /.,

and equations (5.4)-(5.8), as shown schematically in Figure 5.2b.
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Table 5.1. List of all the model input parameters and methods used to measure or estimate their values.

Symbol Description Value/Unit Determination

Sa Surface area of Li metal 8.2 x 10° m? Measured

L Half thickness of the Li metal 0.12 x 10°m Estimated from S. and weight of Li metal
Ve Volume of the electrolyte 400 uL Measured

D Self-diffusion coefficient in Li metal 7.11 x 10" m?s!  Estimated by NMR relaxometry (in ref. %)
Drr3o Diffusion coefficient in LP30 1.70 x 10'9m?s!  Measured by PFG-NMR

Dvrp30 + FEC Diffusion coefficient in LP30 + FEC 1.74 x 10'9m?s!  Measured by PFG-NMR

[LiTreso Concentration of LP30 electrolyte 1000 mol m From supplier

[Li*leso+rec  Concentration of LP30 + FEC electrolyte 909 mol m™ Diluted with 1:10 volum ratio of FEC

Model II: It was necessary to extend the model to take into account the temporal evolution of
the SEI. In the system under study, where the SEI forms without any applied current,
simultaneous oxidation of the Li metal to Li* is required in order to maintain the charge balance
(see equation (2.16)). SEI formation has previously been modelled as being proportional to the
exchange current density at the metal/electrolyte interface.'®* A similar approach is used here
where the SEI formation, dNgg; /dt, is taken to be proportional to J,,:

dNggr
dt

= spr(t)]ex (5.9

Where Ngg; [mol m2] is the total number of moles of Li in the SEI per surface area of Li metal
and agg; (t) is the SEI formation constant, a proportionality constant that captures the rate of
the SEI formation. The isotope ratio of SEI that forms at each time step is assumed to be equal
to the electrolyte, c.,(t). The SEI formation is expected to slow down with time and the
formation constant agg,; (t) includes an exponential decaying term that varies with the amount

of SEI formed:!8?

s (t) = asgro exp(—Psgr Nsg(t)) (5.10)
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Where Bgg; [m? mol'] is the SEI growth constant. The growth of the SEI will also affect the
overall permeability of the SEI and slow down the exchange flux over time, again captured

here with a decaying exponential:'®?

Jex (t) = ]ex,O eXp(_Bex Ngg; (t)) (5.11)

Where Bsg; [m? mol!] is the SEI permeability constant. In addition, the SEI formation will
affect the isotope ratio in the electrolyte. As described in equation (2.16), the chemical
formation of the SEI involves the reduction of an electrolyte component resulting in depositing
a (Li*electrolyte) salt (such as LiF, Li>COs3 or an organic, e.g., lithium diethylcarbonate) that
is coupled with oxidation of Li metal. Overall the Li" ion concentration in the electrolyte should
remain constant but differences in isotope ratio between the electrolyte and metal will result in

changes to the isotope concentration in the electrolyte, ¢, as follows:

dNsgr
dt

Since the consumption of “Li" in the electrolyte to form the SEI is fo7(t) and the rate of

"Li metal oxidised to Li* is % fm7(0,t), the change in moles of the 7Li isotope in the

electrolyte as a result of this process is dIZiStE’ (for () = fin7(0,£))S,, and equation (5.8)

becomes instead:

% = —‘S/—z Jex (0) + %)(fﬁ(t) — fm7(0, t)) (.12)

The final model, termed Model II and shown schematically in Figure 5.2¢c, solves Equations

(5.4)-(5.7) and (5.9)-(5.12) with the four fitting parameters, /o, o, @sg 0, Pex and Psg;.

To fit the experimental data, the equations for Model I and II were discretised using method of
lines and solved using an ode-solver in MATLAB (ode45 function).'®® A nonlinear least-square
solver (Isqcurvefit function) was used to fit the experimental data, the Li intensity of the metal
and the "Li diamagnetic intensity (including the electrolyte and SEI), to the numerical model.
The nlparci function was used to generate a 95% confidence interval of the fitting parameters.
The skin depth of the Li metal is taken into account when fitting the model to the NMR intensity
of the metal peak, the NMR being only sensitive to the surface of the Li metal, the skin depth
described in equation (3.11).
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Note, the exact chemical composition of the SEI is unknown and thus the thickness of the SEI,
s(t), can only be compared by assuming a certain chemical composition with a molar mass,

M, and a density p:'%?

S() = 7 N (£) (513)

where n is the number of Li atoms per SEI component. For the sake of discussion only, the
SEI is assumed to be comprised of pure Li>COs (M =29.88 g/mol, n =2 and p = 2.01 g/cm?);
although the presence of organic, less dense components will result in an even thicker SEI than
obtained using this composition, the current assumption allows for an order-of-magnitude

estimation of the SEI thickness, which is helpful for comparison with experimental data.

5.4 Results

5.4.1 Isotope exchange measurements in different electrolytes

To understand the effect that the FEC additive has on the SEI formed on Li metal and the
corresponding plating behaviour as observed in Chapter 4, isotope exchange measurements
were performed in both LP30 and LP30 + FEC electrolytes. Static 'Li NMR (Figure 5.3, in
LP30 electrolyte) was used to follow the changes in signal intensities of Li metal and the

electrolyte as a function of time.

When the SLi-metal is soaked in the "Li-electrolyte, the ’Li NMR signal centred around 0 ppm
decreases and the "Li metal signal, centred at approximately 275 ppm grows in (Figure 5.3).!%3
This is due to the continuous oxidation and reduction between the metal and the electrolyte
during equilibrium as described in equation (5.1). Because of the skin depth effect, the NMR
is only sensitive to the surface layers of the metal whereas the signal intensity for the

diamagnetic peak corresponds to the whole volume of the electrolyte and the SEI.
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Figure 5.3 "Li NMR spectra of the electrolyte (around 0 ppm) and metal (around 275 ppm) during the ~75-hour
time period that that the °Li-enriched strip of metal was soaked in natural abundance LP30 + FEC electrolyte.

Integration of the ’Li NMR signal intensities as a function of time (Figure 5.4) shows

significant differences between the two electrolytes; in LP30 + FEC (Figure 5.4a, orange) the

"Li metal intensity increases faster and the 7Li electrolyte peak intensity drops more quickly

compared to LP30 (Figure 5.4, green), indicating more rapid exchange of lithium between the

metal and electrolyte in the presence of FEC. The results were found to be reproducible shown

with the shorter ‘Experiment 2’ in Figure 5.4 (in purple and light-green).

A control experiment, using a natural abundance Li metal electrode (“’Li rich”, 92.4% "Li and
7.6% °Li) in LP30 + FEC electrolyte was performed to observe the trends when the effect of
isotope exchange is eliminated. The changes in intensities are minimal (Figure 5.4, pink)
indicating that the formation of the SEI should not change the overall Li* concentration in the
electrolyte substantially. The NMR intensity of the electrolyte even increases very slightly
(Figure 5.4b, pink), which is ascribed to the SEI and partial dissolution of the SEI into the

electrolyte.'?
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Figure 5.4 The intensity changes of the ’Li NMR spectra recorded over 75 hours for a) the lithium metal signal
and b) the diamagnetic lithium signal in the two electrolytes LP30 (green and purple) and LP30 + FEC (orange
and light-green). The curve in pink shows the “control experiment” using a natural abundance Li metal strip where

the effect of isotope exchange is removed.

54.1.1 Numerical fit to the isotope exchange curves

The mathematical model described in section 5.3 for the °Li/’Li isotopic exchange was used to
extract the associated kinetic data from the NMR experiments. Initially, a simplified model
was formulated that only takes into account the isotope exchange between the metal and the

electrolyte and neglects the formation of the SEI (Model I).

The fitting of the experimental curves using Model I and equations (5.4)-(5.8), involves only
one fitting parameter, /., and implicitly assumes that the SEI remains constant with time. The
values of J,, obtained from a least-square fit are 0.77 x 10*mol m2 s”! for LP30 and 1.5 x 10
® mol m? s! for LP30 + FEC (approximately twice as fast in LP30 + FEC). However, the

experimental curves are not well described by Model I as seen in Figure 5.5 (dashed lines).
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Figure 5.5 The intensity changes of the "Li NMR spectra (points) and the model fit results for Model 1 (dashed
lines) and Model II (black lines) for a) the lithium metal and b) the lithium ions in the electrolyte, in the two
electrolytes LP30 (green) and LP30 + FEC (orange).

The model was then further extended to take into account the long-term formation of the SEI
(Model I1).'8 The fit to the experimental curves is shown in Figure 5.5 (Model 11, black lines)
and the corresponding parameters are presented in Table 5.2. At the beginning of the
experiment, the exchange flux for LP30 + FEC, /., ¢ is again roughly two times that for LP30
(Table 5.2). The exchange flux of Li includes the rate of charge-transfer, diffusion through the

SEI an desolvation of Li" ions.

To describe the rate of SEI formation the model assumes the formation of the SEI to be
proportional to the isotope exchange flux, /., and includes the dimensionless SEI formation
constant, asg;(t), equation (5.9). Of note is that the SEI forms instantly when the Li metal is
immersed in the electrolyte but grows gradually over time periods of hours to several days as
indicated by the increasing impedance measured by EIS.!'61% The SEI formation constant

asg, 18 greater in LP30 + FEC indicating faster SEI formation (Table 5.2).

The rate of SEI formation slows down with time, as can be seen from the impedance analysis
in section 5.4.2. This is described with the decreasing exponential in equation (5.10), which
includes the fitting parameter gg;, the SEI growth constant. The formation rate in LP30 + FEC

decreases faster as described by Bgg, indicating better passivation.

In addition, the model includes the maturation of the SEI, which leads to reduced permeability

of the SEI and the exchange flux becomes time-dependent, /., (t), as described in equation
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(5.11). The decrease in the permeability of the SEI due to the growing SEI, captured with By,
is greater in LP30, which leads to an increased difference in the exchange flux at 74 hrs. The
ratio of [, 74 between the two electrolytes grows from 2 to 2.5 and indicates increasingly

reduced transport properties in the LP30-derived SEI.

Table 5.2 List of the fitted model parameters (Joy. 0, Bex» @ser0 and Bsgy) obtained from the numerical simulation
of the isotopic exchange in the electrolytes, LP30 and LP30 + FEC from Model 1. The upper and lower values
for the 95% confidence bounds are given in brackets. The ratio between the values for (LP30 + FEC)/(LP30) is

displayed.
Symbol  Description/Unit LP30 LP30 + FEC Ratio
Jexo  Isotope exchange flux at the time of the first 1.6 (1.5-1.7) 3.1(2.9-3.3) 1.9
NMR measurement [10® mol m? s7']
Jex74  Isotope exchange flux at 74 hrs 0.49 1.2 2.5
[10° mol m? s7!]
Bex  SEI permeability constant [m* mol!] 19 (6.8 —31) 7.8 (5.3-10) 0.41
@sgro  SEI formation proportionality constant 0.38(0.13-0.63) 0.85(0.53-1.2) 22
Dimensionless
Bser  SEI growth constant [m? mol™!] 8.7(0-18) 17 (11 -23) 2.0
Nsg;  Number of moles of SEI formed per surface 61 120 2.0

area at time 74 hrs [mmol m?]

According to the simulation, the number of moles per surface area formed in the two
electrolytes, Ngg; (Table 5.2) is greater for the LP30 + FEC electrolyte, indicating a thicker SEI
being formed. We have estimated the growth rate of the SEI by using equation (5.13), assuming
it to be pure Li2COs3 so as to provide a qualitative understanding of the extent of SEI formation.
Averaging over the whole experiment (74 hours) the SEI formation rate is 6.1 nm/hr in LP30
and 12 nm/hr for LP30 + FEC. The values are relatively large and seem to overestimate the
thickness of the SEI but are on a similar scale to what was estimated in an earlier isotope
exchange study (14 nm/hr in LP30).'3? One possible reason for this overestimation of thickness
is the assumption that all of the reduced electrolyte species are deposited to form the SEI.

However, it has been shown experimentally that a wide range of the reduced electrolyte species
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are soluble and go into the electrolyte.'®®137:18 We also note that the comparison of SEI
thicknesses needs to be interpreted with caution as the chemical composition and density is

expected to differ between the two electrolytes.

The confidence interval of the fitted parameters is displayed in brackets in Table 5.2. The most
important observation is the large interval for Bgg; in LP30, which is 0-18 m? mol! compared
to 11-23 m? mol! for LP30 + FEC. This may indicate that the exponential decay of the SEI
growth rate with time (equation (5.10)) does not fully capture the SEI formation process.
Alternatively, this could also demonstrate the instability of the SEI formed in LP30 which has
been shown to form more soluble SEI products on silicon compared to LP30 + FEC.'%° This
explanation is consistent with the impedance data analysed in section 5.4.2 where the resistance

of the SEI for LP30, Rsgi, keeps growing with time.

Of note is that the ratio between [, o for LP30 + FEC and LP30 is roughly the same for both
models, Model I and Model II (a factor of two), although the resulting values of the parameter

are different. To examine the sensitivity of the fit to /., o, a fit using Model II was performed
with the value of ],y fixed to the results from Model I (0.77 x 10 mol m s! for LP30 and

1.5 x 10°*mol m s”! for LP30 + FEC).

Figure 5.6 shows that we cannot fit the data with the J,, o fixed to the values obtained from

Model 1.
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Figure 5.6 Sensitivity analysis using fixed values of J,, o obtained from Model I.
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54.1.2 The isotope exchange current density

Multiplying the exchange flux, /., (t) by the Faraday constant gives the isotope exchange

current density:

jex(t) =F x]ex(t) (5.14)

which at the beginning of the simulation is 15 pA/cm? for LP30 and 30 pA/cm? for LP30 +
FEC. The exchange current density decreases with time due to the reduced permeability of the

SEI (Figure 5.7a).

To demonstrate how this methodology can be applied to different electrolytes, the results for
isotope exchange in 4 M LiFSI in DME (referred to as 4M-LiFSI) are included in Figure 5.7.
Qian et al. reported stable cycling of Li metal in this highly concentrated electrolytes, with CE
above 99% at high rates.®? The excellent cycling in this electrolyte was attributed to the high
Li" ion concentration, which result in a more uniform Li" flux to the electrode but also to a
more stable and less soluble SEI.%? The initial j,, in 4M-LiFSI is 34 nA/cm? that has decreased
to 13 pA/cm? at 50 hrs. Of note is the fast stabilisation of the exchange current in 4M-LiFSI

that indicates rapid passivation of the Li metal and that leads to more uniform exchange flux.
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Figure 5.7 a) The exchange current density j,, (WA cm™) and b) the SEI formation current density jz; (WA cm™)
in LP30 (green), LP30 + FEC (orange) and 4M LiFSI in DME (purple). The plot for the SEI formation current
density is shown by zooming in on a subset of the data, to aid for comparison. The whole range is shown to the
left.

The SEI formation current at OCV is calculated similarly (using equation (5.9)):
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and is around 6 pA/cm? in LP30 and 26 pA/cm? in LP30 + FEC. For 4M-LiFSI it starts at 100
uA/cm? but drops rapidly to an equilibrium current density of 0.8 pA/cm? at 50 hours,

Jse1(t) = F X asgp X Jox (t)

compared to 1.5 pA/cm? and 2 pA/cm? in LP30 and LP30 + FEC (Figure 5.7b).

Using the Butler-Volmer formulism to describe the isotope exchange current j,,; an estimate

of the isotope exchange rate constant, k., [m s'], can be obtained according to:

The value of the transfer coefficienct 5, is assumed to be 0.5, which has been found to fit a
range of experimental data adequately.!'3!°%1°! Similarly, the SEI formation rate constant is

defined as kgg; = agg; key (equation (5.9)).The calculated values of the rate constants are

Jex () = Fkoy(£)[Li*]P[Li%)1F

listed in Table 5.3.

Table 5.3 The rate constants calculated from the simulation of the isotopic exchange in the electrolytes, LP30,

LP30 + FEC and 4M LiFSI in DME (4M-LiFSI).

Symbol Description/Unit LP30 LP30 + FEC 4M-LiFSI
Exchange rate constant 1.8 3.7 4.03
Kex.o [10%m s]
Exchange current [pA cm?] 15 30 34
jex,o
Exchange rate constant at 50 hrs 0.70 1.6 1.5
kex,SOhrs [10-10 m S-l]
k The SEI formation rate constant 0.68 3.1 12
SEI0 [10-10m S»l]
The SEI rate constant at 50 hrs 0.17 0.25 0.09
kSEI,SOhrs

[10m 5]
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5.4.2 Impedance spectroscopy

Impedance measurements of Li metal are extremely sensitive to how the Li is handled
beforehand. An untreated Li foil will most likely have a native SEI (formed in the inert
atmosphere in the glovebox from trace amounts of impurities such as O, CO, and H>O), which
results in a high impedance. After plating Li, the semicircle in the Nyquist plot is generally
seen to shrink significantly due to the increased surface area of the electrode. Impedance
spectroscopy of Li metal can be hard to interpret and deconvolute because of the combined
effect of the SEI and surface area. The exact impedance values obtained by EIS on Li metal
should thus be compared with caution between systems. However, the temporal evolution of
the Li metal impedance may be readily analysed to monitor the long-term temporal stability of
the SEI. The Li metal, with the initially formed SEI layer, continues to react with the electrolyte
where the reduction products precipitate, partly dissolve and redeposit throughout what has

been referred to as “the aging process”.!1®
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Figure 5.8 The Nyquist plot for symmetric Li-Li coin cells at OCV in a) LP30 electrolyte, b)
LP30 + FEC and ¢) 4M-LiFSI.

EIS was performed in symmetrical Li-Li coin cells at the OCV. Before the measurement the
Li metal was pre-conditioned using 1 mA/cm? for 0.04 mAh/cm? for one plating and stripping

cycle. This was done to ensure fresh Li deposits on the surface that then react with the



120 Lithium Isotope Exchange

electrolyte to form the SEI. The Nyquist plots for both carbonate electrolytes show two
depressed semicircles (Figure 5.8) that are typical for processes with a distribution of time
constants, e.g. the physical properties of different parts of the SEI (often referred to as the

porous and dense part or the inorganic and organic part).!'®

The equivalent circuit used to fit the spectra included three ‘R-C circuit’ elements, but instead
of a pure capacitor the constant phase element (CPE) was used, which reflects the distribution
in time constants due to the Li" migration in the compact and porous layers of the SEL.'16!18
The resistances of the compact SEI layer (R1), the porous SEI layer (R>) and the charge transfer
resistance (R3) were combined into Rsgr= (R + Rz + R3)/2, and divided by two to account for

the two Li metal electrodes. Rsgi is shown as a function of time in Figure 5.10.
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Figure 5.9 The fit to the EIS data in LP30, at time = 12 hours and the equivalent circuit used to fit the spectra,
where Ri and Q1 (Ci, capacitance and a1, parameter which describes how close it is to an ideal capacitor) are the
resistance and the constant phase element (CPE) for the SEI compact layer respectively, R2 and Q2 (Czand az) for
the porous part of the SEI layer respectively, R3 and Q3 (Cs and a3) for the charge transfer between SEI film and
electrolyte, and R4 is the bulk electrolyte resistance. Fitting of impedance spectra to the equivalent circuit was

carried out in MATLAB using a code written by Sundeep Vema.

Comparing the carbonate electrolytes, the resistance of the LP30 + FEC is both lower and
reaches an equilibrium value whereas for LP30 it continues to increase with time. The 4M-

LiFSI electrolyte is seen to have both lower and more stable impedance. This is consistent with
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the isotope exchange results of the SEI formation current density, which stabilised and
plateaued faster compared to the carbonate electrolytes (Figure 5.7). The apparent exchange

current density may be calculated from the resistance value of the SEI, according to:!'?

JexEls = 75— (5.17)

where R is the gas constant and T the temperature. This results in an initial exchange current
of 32 pA/cm? for LP30, 57 pA/cm? for LP30 + FEC and 176 pA/cm? for 4M-LiFSI. In all
cases, the exchange current estimated from EIS is higher than by isotope exchange simulations

(Table 5.3).
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Figure 5.10 The resistance of the SEI on Li metal, Rsei= (Ri + Rz + R3)/2, determined from the fitting of the
impedance spectra in LP30 (green), LP30 + FEC (orange) and 4M-LiFSI (purple).

5.4.3 Temperature dependence on isotope exchange

Finally, isotope exchange was studied with temperature, the exchange expected to speed up at
elevated temperatures. The exchange rate constant is expected to show Arrhenius dependence

on temperature, as described in Chapter 2 in equation (2.4):%
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AG
k., = Aexp <— R;f‘) (5.18)

where AG:x is the transition state for the electrode-electrolyte exchange.”® Included in the
activation energy is the Li* ion desolvation, transport through the SEI and charge transfer at
the electrode surface.** In addition, degradation of electrolytes is accelerated at elevated
temperatures (>313 K) that leads to an increased SEI thickness.’! The ®Li-enriched metal
electrodes were soaked in LP30 electrolyte at two temperatures, 313 K and 323 K. The
integrated NMR intensities of the ’Li metal and electrolyte peaks are shown in Figure 5.11.

The "Li electrolyte peak intensity decreases faster at elevated temperatures (Figure 5.11b).
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Figure 5.11 The intensity changes of the Li NMR spectra (points) for a) the Li metal and b) the diamagnetic Li*
in the LP30 electrolyte and at three temperatures; 298 K (green, also displayed and analysed in section 5.4.1), 313
K (yellow) and 323 K (blue). In red is the measurement at 313 K, which has been soaked initially at 298 K for 25
hrs. The electrolyte was replaced at 25 hours with a fresh LP30 electrolyte and the temperature raised to 313 K.

The corresponding fit to the curves, using Model II explained in 5.3, is shown in black.

The change in the metal peak intensity is more convoluted; at the same time an increased
exchange rate is expected an increased SEI thickness will likely lead to a decreased exchange
rate (as observed in section 5.4.1.1 for growing SEI). In addition, the self-diffusion in the Li

metal increases at higher temperatures. The diffusion coefficient of the Li metal is estimated
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using the empirical equation obtained in the NMR relaxometry study by Messer and Noack,

which gives D, 313k = 2.06 x 10"'* m? s! and D, 323k = 3.99 x 1014 m? s°!1.183

To lessen the effect of the SEI formation, an enriched °Li metal was also soaked in the
electrolyte at 298 K for 25 hours before increasing the temperature to 313 K (Figure 5.11b,
red). During the first 25 hours, both isotope exchange and formation of the SEI will occur as
described in section 5.4.1.1. The electrolyte was replaced at 25 hours with fresh LP30
electrolyte, the temperature raised to 313 K and the NMR measurements performed. For fitting
of this data set, the initial input for the Li concentration in the metal, f;,,(x,0), will be the
output for f,,;(x,t = 25 hrs) in section 5.4.1.1. The initial value for the electrolyte is

fe7(x,0) =0.92, as before.

Fitting of the experimental curves was performed using Model II presented in section 5.3. The
fitted curves are shown in black (Figure 5.11 a, b) and the resulting values of the fitted
parameters are displayed in Table 5.4. The value of the isotope exchange flux J,, o increases at
higher temperatures (Table 5.4), as expected from equation (5.18). However, the rate of SEI
formation (captured with gz o X J.r0) does not follow any obvious trend. This is examined on
more detail by calculating the exchange and SEI current density as a function of time, j,, and
Jsgr» according to equations (5.14) and (5.15) and shown in Figure 5.12.

Table 5.4 The model parameters (J,y,o, Bex» @sg1 o and Beg;) obtained from the fits of the isotope exchange curves

in LP30 electrolyte and at three different temperatures, shown in Figure 5.11. The 95% confidence intervals are

given. The initial rate of the SEI formation is calculated as: agg; o X Joy-

Symbol 298 K 313K 323K 313 K (after 298 K)
Jexo 1.6 £0.09 37402 65+0.8 3.6+02
Bex 20+ 10 60 % 90 150 + 300 10£7
Asero 0.4+0.3 0.09+0.1 0.09+0.2 0.240.1
Bsrr 9+9 40+ 60 70 + 150 2017

Asgro X Jex 0.64 0.33 0.59 0.72
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The exchange current density is higher at the elevated temperatures, 313 K and 323 K as
expected, and seen to drop more rapidly due to the SEI formation. This is especially evident
for j,, at 323 K (Figure 5.11a, blue) where j,, decreases and is of similar magnitude to j,, at
298 K after 20 hours. Interestingly, j., 1s comparable for the two measurements at 313 K
(Figure 5.11c, red and yellow), which gives confidence in the approach. In principle, the
exchange rate constant should be identical for the two measurements at 313 K unless the SEI

formed initially at room temperature differs drastically in composition and transport properties.

The calculated SEI current density is seen to be lower at elevated temperatures (Figure 5.12b,
yellow and blue), contrary to what is expected. However, these measurements might not
capture the continuously evolving SEI accurately. That is, because the initial SEI is expected
to form within seconds after immersing the Li metal into the electrolyte'®® and transferring the
sample to the NMR spectrometer takes about 15 minutes. This means the initial SEI forms
during the preparation time, at room temperature. In addition, heating the NMR probe takes
about 30 minutes, so overall about 45 minutes have passed before the NMR measurements are

performed. The initial data points of the isotope exchange are thus missing.

a) . b) K
601 ' ® 298K
[ ]
X s 313K
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Figure 5.12 a) The exchange current density and b) the SEI formation current density calculated from the fit in

LP30 electrolyte at 298 K (green), 313 K (yellow) and 323 K (blue). In red is the measurement at 313 K, that has
prior been soaked at 298 K for 25 hrs.

The error is evident in the confidence intervals of the fitted parameters (Table 5.4) that
increases for the measurements at elevated temperatures. Of note is especially the large
confidence interval for the fitting parameters associated with the SEI formation, which is

problematic and indicates that the numerical model does not describe the SEI formation process
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in LP30 fully. This was discussed briefly in section 5.4.1.1 and attributed to the instability of
the SEI formed in LP30. However, it is clear that the experimental procedure and/or the
numerical model needs refining to fully capture the SEI formation and the values reported here

should be interpreted with caution.
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Figure 5.13 The temperature dependence of the exchange rate constant extracted from the simulation over the
initial two hours of measurements. The rate constant is seen to decrease in magnitude, most noticeable at 323 K.
The activation energy is calculated from the slope of the Arrhenius plot, only taking into account the first hour of
measurements.

The exchange rate constant, k., (t), is calculated directly from the exchange flux extracted
from the fit, according to equation (5.16). k., (t) decreases with temperatures as seen with the
drop in j,, (Figure 5.12a). Figure 5.13a shows the value of the exchange rate constant over the
initial two hours of the simulations (that drops significantly at 323 K). The activation energy
was calculated from the slope, assuming an Arrhenius relationship and only taking into account

the first hour of measurement. The activation energy obtained is 0.44 eV.

5.5 Discussion

The exchange current density of a system reflects the kinetic properties of the electrode-

electrolyte interface at equilibrium, when there is no net current flowing at the electrode. Thus,
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it cannot be measured directly by electrochemical methods where a net current is generated
and the system moves away from equilibrium.?® The exchange current density is generally
calculated from the so-called Tafel slope on a current—overpotential plot.”® It is especially
difficult to measure it on Li metal due to the concurrent SEI that forms when passing charge
and a single Tafel slope cannot be obtained.'® This is evident in the simulations where J,, was
found to be time-dependent because of the growing SEI, the isotope exchange current

decreasing over the whole time period (Figure 5.7).

Boyle et al. overcame the issue and minimised the influence of the SEI by measuring the
exchange current density for Li metal deposition using an ultramicroelectrode and fast scan
rates of >1000 mV/s.!"3 This should ensure the exchange current is only affected by the charge
transfer kinetics and not diffusion in the SEL''3 Our results from the isotope exchange
simulations should be contrasted with those of Boyle et al. who found similar to us that j, was
higher in a carbonate electrolyte with FEC, approximately 1.5 times.!'* They attributed the
faster electron transfer kinetics to the slightly lower Li* concentration when the FEC is added
to the electrolyte and thus weaker interactions between ions.'!3 Here, the exchange current
differs initially by a factor of 2 which grows to a factor of 2.5 at longer time periods, and

depends on both the electrode kinetics and the mass transport through the SEI.

It is noted that the exchange current density estimated by isotope exchange is three orders of
magnitude lower than that obtained by Boyle et al. by Li plating on a tungsten-
ultramicroelectrode (with little to no SEI) and an order of magnitude lower than that estimated
on Li metal by impedance spectroscopy (with SEI).''3 Here, the exchange current estimated
from impedance measurements (section 5.4.2) is on the same order of magnitude as from the
isotope exchange, although in all cases a higher value is calculated from the impedance. This
may indicate, that the SEI resistance measured with impedance spectroscopy is not fully
comparable with the exchange current measured here. Impedance spectroscopy resolves
components at different frequencies, and thus captures local phenomena, while the isotope
exchange directly probes the entire interphase between the electrolyte and metal, in addition to
the charge transfer. Furthermore, the impedance spectroscopy shows correlates with the SEI
formation current extracted from the isotope exchange model, with faster stabilisation observed

for LP30 + FEC and 4M-LiFSIL.
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The electrolytes studied in this work show clear differences: the °Li/’Li exchange is twice as
fast in LP30 + FEC compared to LP30 (Table 5.2, due to faster Li* transport in the SEI), and
the SEI formation rate is more than four times faster, as compared to LP30. For LP30, the
slower Li" transport can lead to non-uniform current distribution during plating, localised
deposition resulting in stress-build up in the SEI and whisker-growth.3”3%%7 The more whisker-
like morphology that forms in LP30 as shown in Chapter 4 can be explained, at least in part,
by the slower Li* transport in the SEI. The high surface area of the whiskers leads to low current
efficiency due to constant SEI formation, the slow SEI formation rate also impeding the full

repair of the SEI.

However, low exchange current density has been associated with levelling effects and
smoother deposition of metals.'®>!”> This might not be entirely accurate for Li metal
deposition, where the effective exchange current density is constantly changing due to the SEI
formation. Instead, the spatial distribution of rate constants on the Li metal surface should be
minimized to obtain a homogeneous current distribution on the electrode surface.*+!** That is,
an SEI that results in an even deposition over the Li metal surface is more significant here and
fast SEI kinetics are preferable, which have been suggested as an important parameter in

choosing electrolytes for LMBs.3?

This is because in the event that the SEI breaks, fresh Li deposits will have faster effective
exchange current density. Fast SEI repair on the freshly exposed lithium will reduce impedance
differences on different sites on the electrode’s surface leading to more homogeneous
deposition.** This points to rapid passivation on Li metal being key parameter of a good SEI
layer. The simulations of the isotope exchange indicate that the SEI growth rate is more than
four times faster in LP30 + FEC, clearly demonstrating the faster kinetics associated with FEC
degradation. This is consistent with the higher reduction potential of FEC!” that has been
shown to occur at ~1.3 V compared to ~0.8 V (vs Li/Li") for the EC solvent molecule.'®> The
initial SEI formation is even faster in 4M-LiFSI (Figure 5.7b), which than passivates rapidly

indicating a stable and robust SEI.6?

Of note is that there may be differences between the chemically formed SEI studied here and
that formed on cycling in terms of composition and morphology (section 2.2.2). The SEI

formed during the rest period in pulse plating is directly related to the isotope exchange
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measurements, as it forms under OCV. The values obtained are particularly relevant to Li

196,197

corrosion, which will be discussed in Chapter 6.

We show that the metal-electrolyte exchange occurs faster at elevated temperatures. While the
temperature measurements are preliminary, it demonstrates that the activation energy of charge
transfer and the ion transport through the SEI may be obtained using isotope exchange. The
activation energy (~0.4 eV, albeit only from three data points) is comparable to values reported
from temperature-dependent EIS measurements. Due to the difficulties in measuring accurate
values on Li metal, studies have turned to model system of the SEI; Guo and Gallant measured
the activation energy for ionic conduction in LiF and Li>O pellets on Li metal of 0.47 eV and
0.58 eV.!"® Schranzhofer et al. measured the activation energy for the SEI formed on Ni
electrode to be 0.66 e¢V."” Wang et al. prepared pellets of lithium ethylene mono-carbonate
(LEMC), believed to be a key component in the SEI, and calculated an activation energy of
0.76 eV.2% The range in reported activation energies reflects the inherent challenges of these
measurements but also the heterogeneity of the SEI that forms on Li metal. Further work is
needed here, with a wider temperature range and electrolytes, to establish the relationship of
the coupled effect of exchange and SEI formation with temperature. Measuring the isotope
exchange at lower temperatures, where there is less SEI growth might improve this

methodology.

5.6 Conclusions and Outlook

Using °Li/’Li isotope exchange NMR measurements, the exchange between Li metal and the
electrolyte was studied (at the OCV), the exchange occurring simultaneously with SEI growth.
The measured exchange flux at the open circuit was related to the traditional Butler-Volmer
model of electrochemical kinetics and demonstrates a novel method to measure electrode
kinetics. Measuring the °Li/Li isotope exchange is shown to be an easy and effective approach
to monitor the exchange current (affected by transport through the SEI) and the growth of SEI
on Li metal anodes. The exchange current is shown to decrease with time, corresponding to a

decreased permeability of the SEI.
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Via this NMR study two SEI parameters are identified and quantified — namely the Li* ion
transport and the rate of healing — that are important in controlling Li metal deposition. It is
important to identify what makes an optimal SEI on Li metal that achieves uniform plating and
stripping at commercially relevant current densities (> 0.5 mA/cm?) with high CEs. A
screening study with a wide range of additives and electrolytes is the subject for future studies.
Measurements of isotope exchange as a function of temperature have been carried out and are

planned as a subject of future studies.
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Chapter 6 In situ NMR Studies of Full-Cell

Lithium Metal Batteries

6.1 Introduction

The greatest obstacles to the commercialisation of LMBs are safety issues associated with
dendrite growth of electrodeposited Li as well as the low capacity retention and short cycle
life.!” The low capacity retention of LMBs tends to be overlooked because an excess amount
of Li metal is typically used in research-scale cells that leads to an artificially enhanced cycling
efficiency.>*%4° Realistic LMB designs thus either limit the amount of excess Li, e.g., by using
thin Li foils? or they operate in an ‘anode-free’ battery design that replaces the Li metal anode
with a bare Cu current collector.**° Both these battery designs tend to have a fast capacity
fade, which is directly associated with the irreversible loss of active Li in the cell. This has
been ascribed to the the SEI that forms both chemically on the Li metal and electrochemically
during plating, and the formation of inactive Li metal typically known as ‘dead Li’.***! Dead

Li corresponds to Li that no longer has electronic contact with the current collector.!%#1=43

Improvements in the capacity retention of LMBs have been attributed to both decreasing the
extent of SEI formation and to the formation of more dense Li deposits that decreases the dead
Li and SEI formation.?>*%62201 Dead Li formation has been attributed to inhomogeneous
stripping of Li, which leads to detachment of Li microstructures from the bulk electrode.’”#*
Electrolytes that result in fast SEI formation kinetics and ensure full and homogeneous
passivation on the Li metal should stabilise these capacity losses, leading to more uniform

plating and stripping,.3!'-3%-5

Methods to observe dead Li include scanning electron microscopy (SEM)?* and in situ optical
microscopy.*'*#3202 Quantitative methods have been recently developed; using quantitative
titration gas chromatography, Fang et al. determined for a range of electrolytes and additives
that, contrary to common belief, capacity losses in LMBs are mainly due to the dead Li

formation and not SEI formation.® A recent study performed in situ NMR on Li metal
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deposition on Cu and quantified the dead Li formation in a Cu-Li cell ex situ after
disassembling the cell.?®* A non-destructive in situ methodology that allows the dead Li
formation to be quantified during the operation of the battery is preferable. Our previous work
on in situ NMR in Li metal cells allowed the microstructures that form during plating to be
directly quantified.” The methodology uses the intensity of the pristine "Li metal peak before
passing any current (with a known surface area) to calibrate the NMR intensity and allows the
NMR intensity to be converted into mass of deposited Li.”* Here, we develop and apply a
quantitative in situ NMR metrology to determine the origin of lithium losses in the Cu-LFP

full cell during operation.

In an anode-free battery, the Li deposits and Cu metal are in intimate contact with each other
and the electrolyte, potentially creating the conditions of a short-circuited galvanic cell. Two
recent studies have drawn attention to this phenomenon, °1°7 the first attributing the enhanced
rates of corrosion to electrolyte reduction to form the SEI on Cu, reduction on copper being
promoted by the poorer (less protective/passivating) SEI formed on the Cu surface.'”® A
galvanic current can also result from the reduction of copper oxides. The various reduction
reactions on Cu have been widely studied.”®?%42%7 Li metal deposition on Cu is analogous to
the formation of a sacrificial coating, where the Li metal serves to inhibit Cu corrosion: while
desirable for the Cu, this phenomenon potentially results in enhanced rates of corrosion for the
Li.%®

Li corrosion is here defined as both the chemical formation of the SEI on Li metal, which is
accompanied by Li oxidation, and the galvanic corrosion of Li by the coupled Li-oxidation and
reduction of the electrolyte on the Cu. It is crucial to understand how to mitigate the dissolution
of Li metal by forming a protective SEI on the Li deposits, but it is equally important to
passivate the Cu surface,'”®!°7 both limiting the corrosion current. The morphology of the Li
deposits will have an influence on the galvanostatic corrosion mechanism, with smoother
morphology and greater surface coverages of Li (minimising areas where Cu is in contact with
the electrolyte) both expected to result in lower corrosion current.

One strategy is to replace the natural SEI with an artificial SEI, to ensure chemical passivation

of the electrodes and to mitigate side reactions with the electrolyte.?%

Polymer-coatings are an
attractive option as they are easily scalable and have been shown to enhance the cycle life of

LMBs by promoting homogeneous plating and stripping.'+2%%21® Here we chose to study three
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common polymers (PEO, PMMA and PVDF) with different chemical and mechanical

properties,’!!

as a case study for screening different artificial SEIs. PEO is a common solid
polymer electrolyte and PVDF and PMMA are used as part of gel polymer electrolytes.?!!=2!3

Furthermore, PVDF is commercially used as a binder in composite battery electrodes.?'®

The main aim of the chapter is to develop an in situ NMR metrology to study the dead Li
formation and corrosion behaviour of Li metal in an anode-free cell. LiFePOs (LFP) was
chosen as a stable cathode material with a flat voltage profile at 3.5 V vs. Li/Li", but in
principle, any lithiated cathode material can be used.?!” The quantification of metal deposits
has been explained in section 3.2.4, where the integrated intensity of the metal peak was
calibrated to the total surface area of the pristine Li metal electrode before passing any current.
Using this method, the NMR intensity of the metal peak was directly converted into mass of
Li metal deposited.” In this chapter, initially there is no Li metal present in the cell and a
calibration of the NMR peak intensity to mass cannot be obtained. However, based on
quantitative NMR and the CE calculated from the electrochemical measurements, the amount
of dead Li and SEI formation is quantified and compared in carbonate and ether-electrolytes.
In addition, we use the BMS effects of Li metal and LFP, performing a careful analysis of the
"Li NMR shift, to provide insight into the surface coverage and the morphology of the Li

deposits.”>76

Finally, the Li metal dissolution that occurs during rest periods was monitored by in situ NMR,
the results revealing that the total corrosion of Li (both the chemical SEI formation and galvanic
corrosion) remains a major concern for rechargeable LMBs and is expected to be especially
important for batteries with a limited amount of Li present in the cell. The effect of Cu surface
treatments, electrolytes, and polymer-coatings on the Cu current collector (PEO, PVDF and

PMMA) is then studied as an approach to mitigate Li corrosion.

The chapter benefitted from the intellectual input of all co-authors of this project, Dr. Chibueze
V. Amanchukwu, Dr. Svetlana Menkin and Prof. Clare P. Grey.

The handling and preparation of the polymer-coated Cu was performed by Dr. Chibueze V.
Amanchukwu and the in situ NMR experiments using polymer-coated Cu were performed in

collaboration with Dr. Chibueze V. Amanchukwu.

The preparation of the LiFePOy cathode films was performed by Dr. Yumi Kim.
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The Python code for the simulations of bulk magnetic susceptibility effects was written by Dr.
Andrew Ilott.

6.2 Experimental Details

6.2.1 Materials and cell fabrication

LiFePO4 (LFP) positive electrode contained 90% active material, 5% wt SuperP-Li (Timcal)
and 5% wt PVDF (Arkema, HSV 900) was casted with N-methyl-2-pyrrolidone (NMP, Sigma
Aldrich, 99.5%, anhydrous) on an aluminum foil, initially dried at 80 °C and calendared.
Hydrochloric acid (Honeywell Fluka) was diluted to 1.1 M HCI in deionised water. The Cu
foil was soaked in 1.1 M HCI (aq.) for 10 minutes for a surface oxide removal, followed by a
rinse with ethanol. The Cu foil was then quickly transferred into a glovebox antechamber,
where it was dried under vacuum before transferring into an Argon glovebox for storage. For
the experiment using AcH-treated Cu, the Cu foil was soaked in concentrated acetic acid
(Fischer Chemical, lab reagent grade) for 10 minutes and dried with N> gas before being
transferred into a vacuum oven at 100°C where it was dried for 24 hours. This procedure
ensures a homogeneous passivation layer on the Cu surface.?!®2!° Poly (ethylene oxide) (PEO,
M., = 600.000, Sigma Aldrich), poly (vinylidene fluoride) (PVDF, Kynar HSV 900) and poly
(methyl methacrylate) (PMMA, My, = 75.000, Polysciences) were used as received. The PEO
and PMMA were dissolved in 0.02 g/ml acetonitrile (Sigma Aldrich) and the PVDF dissolved
in 0.02 g/ml NMP. All polymers were spin-coated on Cu foil (15 mm diameter) at 4000 rpm
for 30 seconds. The copper foil was not treated beforehand. After the spin-coating, the polymer-
coated Cu foil was allowed to dry at room temperature overnight. Then, the PEO-coated foil
was dried at 50°C overnight, while the PVDF and PMMA coatings were vacuum dried at 100°C

overnight.

Cell assembly and handling of air sensitive materials was done in an Argon glovebox (MBraun,
02, H2O < 1 ppm). The electrolytes used were the following; 1 M LiPFs in ethylene carbonate
and dimethyl carbonate (EC:DMC 1:1 volume ratio, Sigma Aldrich, battery grade), termed
LP30 in this study. LP30+FEC was prepared by mixing LP30 with fluoroethylene carbonate
additive in 10:1 volume ratio (FEC, Sigma Aldrich, 99%). The electrolyte referred to as
DOL/DME was prepared using 1 M lithium bis-(trifluoromethanesulphonyl)imide (LiTFSI,
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Acros Organic, 99%) in 1,3-dioxolane (Sigma Aldrich, anhydrous, 99.8%) and 1,2-
dimethoxyethane (Sigma Aldrich, anhydrous, 99.5%) (DOL/DME in 1:1 volume ratio) with 2
wt % lithtum nitrate (LiNOs, Alfa Aesar, anhydrous, 99%). The LiTFSI and LiNO3 salts were
dried for 20 hours at 100°C under vacuum before use. A capsule cell (NMR Service) made out
of PEEK (polyether ether ketone) was used for all in situ NMR experiments, and has been
described before.'?> Working electrodes consisted of either a bare Cu current collector or
polymer-coated Cu foil. The amount of electrolyte added to each cell was 75 pL for the
carbonate electrolyte and 80-100 uL for the DOL/DME electrolyte. Glass fiber (Whatman
GF/A) separators were used after being dried in vacuum at 100 °C. Cells with polymer-coated

Cu were rested for 2 hours after assembly before any current was applied.
6.2.2 Electrochemistry

Galvanostatic cycling was performed using current density of 0.5 mA/cm? for an areal capacity
of 1 mAh/cm? on the Cu current collector, unless otherwise stated. At the end of each
charge/discharge step the cell was rested for 10 minutes to make sure there were around 3-5
NMR experiments measured in order to get an accurate value of the integrated Li metal
intensity. A cut-off capacity of 1 mAh/cm? was used for plating and stripping and a cut-off
voltage of 2.8 V during stripping. Note that the LFP cathode is not fully delithiated, the areal
capacity of the LFP cathode is roughly 2.3 mAh/cm?. For the experiments with longer SEI
formation periods on Cu, a current density of 0.02 mA/cm? was used before the Li deposition
at 0.5 mA/cm?. The first plating cycle in PVDF was performed using 0.1 mA/cm? current
density.

6.2.3 In situ NMR spectroscopy

The in situ NMR experiments were conducted on a Bruker Avance 300 MHz spectrometer (the
respective Larmor frequency for "Li being 116.6 MHz) using a solenoidal Ag-coated Cu coil.
The spectra were recorded using an in sifu automatic-tuning-and-matching probe (ATM VT X
in situ WB NMR probe, NMR Service) that allows for an automatic recalibration of the NMR
rf-circuit during an in situ electrochemistry experiment. The re-tuning of the rf-circuit becomes
essential in order to quantify the NMR signals when the sample conditions are changing during

151

the electrochemistry.'>* The probe has highly shielded wire connections to the electrochemistry
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with low-pass filters (5 MHz) attached to the probe, minimizing the interferences between the
NMR- and the electrochemistry-circuit, as described in a previous publication.!>! Overall, the
in situ setup allows for highly reproducible NMR measurements. Single-pulse experiments
were used to collect the NMR data, with a recycle delay of 1 s (> 5 % T1) and 256 transients
recorded. This resulted in an experimental time of about 4.5 minutes. The "Li shift was
referenced to 1 M LiCl in water at 0 ppm. The spectra were processed in the Bruker Topspin
software, using the automatic phase and baseline correction. Further data processing was done
in R. The total intensity of the Li metal peak was integrated over the shift range 310-220 ppm

and normalised to the intensity measured at the end of plating in the first cycle.
6.2.4 Susceptibility calculations

Susceptibility calculations were used to understand the shift of Li metal deposits on the
electrode surface of both Li and Cu. The calculations were performed using a simulation code
written and provided by Dr. Andrew Ilott (Bristol-Myers Squibb, previously at New York
University) and first published in (https://doi.org/10.1016/j.jmr.2014.06.013).'#! The code was
then modified to fit the experimental setup presented here, simulating Li deposits on a Cu

electrode.

The method takes a 3D grid as an input that represents the macroscopic structure that needs
simulating, where the grid contains the susceptibility values representing each material in the
model. A 3D Fourier transform (using the fast Fourier transform (FFT) method'*14%) is taken
of the susceptibility distribution to calculate any modifications to the magnetic field at each
position.”> 4! The susceptibility-corrected field-map is then used to calculate the shift at each
point in the cell and an NMR spectrum created by representing the "Li shift distribution in a

histogram as described in previous work.'4!

The Knight shift of metals must be accounted for when calculating the shift of Li metal. The
Knight shift results in a constant offset that scales directly with the resonance frequency
(section 3.2.1), with AB = —KB,, and K = 0.0261% for "Li metal.!?®!3° Thus, an additional
shift of 261 ppm is added to the local susceptibility-corrected magnetic field of Li metal.'*!

An array of 256 points was used for the input grid, representing a cubic cell with 12.75 mm
sides and each point in the array corresponding to a 50 um? voxel. A pristine Li or Cu electrode

was represented by a rectangular electrode in the middle of the cubic array, with sides 4.0 X
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10.0 x 0.4 mm in x, y and z directions. The applied magnetic field, By is aligned along z
direction matching the geometry of the NMR experiment. The voxels inside the rectangular
electrode were either assigned volume susceptibly Xy yo1 OF X1ivor- The susceptibility values
used are in SI units and are: ycy o1 = —9.63 X 1076220y, .oy = 24.5 X 1076 and the rest
of the cell is modelled as a vacuum with y,,; = 0.'*' The formation of the microstructures was
modelled by assigning single voxels at random points next to the rectangular electrode surface
with a susceptibility value of y;;,,; following the approach of Ilott et al. The surface coverage

of the voxels was varied from 2.5-95%. >

6.3 Results

6.3.1 Detection of dead Li by in situ NMR

In situ NMR was performed to study Li deposition and stripping in a Cu-LFP cell. Figure 6.1a
shows the "Li in situ NMR spectra of the Cu-LFP full cell before cycling. The resonances in
the 7Li diamagnetic region at around 0 ppm correspond to the electrolyte (and the SEI after its
formation).!3 The LFP cathode resonance is broad, spreading over thousands of ppm, with a
range of hyperfine and bulk magnetic susceptibility (BMS) shifts that depend on the LFP
particles’ aspect ratio, packing density of the film and orientation in the magnetic field.!37:14?
The resonance consequently overlaps with the diamagnetic (and Li metal) peaks, and in the
current study, with an NMR spectral window range of 800 ppm, and the carrier frequency
centred at around 257 ppm, it will simply be seen as a contribution to the broad baseline. This

is adjusted automatically in our data-processing via a baseline correction.'3!
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Figure 6.1. Schematic of the "Li in situ NMR technique used to study dead Li formation and the resulting "Li
NMR spectra. a) The Cu-LiFePO4 (LFP) cell before cycling and the corresponding "Li NMR spectrum showing
the resonance of the diamagnetic Li (the SEI and Li* ions) and the absence of the lithium metal peak. b) Charging
the cell results in lithium metal electrodeposition, as shown in the "Li NMR spectrum of the Li metal region. ¢)
At the end of discharge the Li metal signal can still be observed, which is attributed to dead Li. d) Further cycling
of the Cu-LFP cell results in an accumulation of dead Li over the next cycles (cycle 2-5), the intensity of the Li
metal signal increasing at the end of stripping in each cycle.

Upon charging the Cu-LFP cell, Li deposition takes place on the Cu electrode and the Li metal
resonance appears in the spectrum (Figure 6.1b). The Li metal resonates on average at around
260 ppm, the shift arising from the Knight shift, a measure of the density of states at the Fermi
level (as probed by the Li 2s orbital).!*® Thus, the Li metal resonance is easily distinguishable
from the diamagnetic electrolyte-SEI peak.!?%130.135 The Li metal peak still remains at the end
of discharge (stripping, Figure 6.1c), indicative of the formation of electrically isolated Li
deposits, termed ‘dead Linmr’ to denote the dead Li measured by NMR. Upon further cycling,
the intensity of the Li metal peak seen at the end of stripping grows, indicating further
accumulation of the dead Li in the cell (Figure 6.1d). The in situ technique presented here can

be used to observe and quantify the formation of dead Li during the galvanostatic cycling.
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6.3.1.1 Nutation of the Li metal peak to probe skin depth effects

Skin depth effects must be considered when NMR is performed on metallic samples.”*!'%! The
rf-field used to excite the nuclear spins penetrates the metal only up to a certain depth on the
order of the skin depth, d, which at the frequency v = 116.7 MHz (the "Li Larmor frequency
used here) is 12.1 um for Li metal (equation (3.11)). The skin effects can be observed in a so-
called nutation experiment, described in detail in section 3.2.3, which is used here to measure

the radio frequency (rf) field felt by the Li metal spins.

The application of the excitation rf-pulse in NMR spectroscopy, generates a Bi-field
perpendicular to the static Bo-field. This causes a rotation of the net nuclear magnetization
about the By axis where the flip angle of the spins depends on the duration and the amplitude
of the rf pulse. For non-metallic samples that do not experience skin effects, the nutation of the
nuclear magnetization results in a sinusoidal curve for the signal intensity with the highest
signal intensity observed for a flip angle of 90° (as shown for the 'Li NMR signal of the Li*
electrolyte in Figure 3.7).

For metallic samples however, due to skin depth effects the rf field varies as a function of
distance in the sample (equation (3.10)), and the corresponding flip angle varies at different
depths from the metal surface.”*7%!4! This leads to a more complex nutation behaviour (as
described in equation (3.13) and shown in Figure 6.2) with the maximum signal intensity

obtained at a flip angle of about 133°.

A nutation experiment was performed at the end of plating Li metal on Cu (plating capacity of
1 mAh/cm?) to inspect whether skin depth effects were observed for the Li deposits. A
sinusoidal nutation curve is observed for the Li deposits (Figure 6.2a), typically observed for
samples that do not experience skin effects. The corresponding 90° pulse for a pulse duration
of 5.5 us in contrast to the highest intensity for the Li metal foil is at ~8.1 ps. This confirms
that the Li deposits are fully excited and are thus less than 12 um in thickness.??! Furthermore,
the linear increase in intensity observed on plating below (Figure 6.3b) is consistent with a
quantitative excitation. For the remainder of the chapter we assume that the whole volume of

the Li metal deposits is being excited.
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a)  Limetal deposits on Cu (1 mAh/cm?) b) Li metal foil

Intensity (arb.)
Intensity (arb.)

0 10 20 30 0 10 20 30
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Figure 6.2 Experimental nutation curves of a) the Li deposits on Cu (I mAh/cm?) nutate sinusoidally as expected
for samples that do not experience skin depth issues. b) The pristine Li metal foil nutates according to equation

(3.13) due to skin depth effects.

6.3.2 Capacity losses during plating and stripping

6.3.2.1 The effect of the electrolyte on Li metal cycling

In situ NMR was performed to study the capacity losses in Cu-LFP cells, in three different
electrolytes; 1 M LiPFs in EC/DMC (LP30), LP30 + FEC and 1 M LiTFSI in DOL/DME + 2%
wt LiNO; (DOL/DME). The FEC additive has been shown to be beneficial for plating and
stripping Li, resulting in higher CE in Li-Cu cells and better capacity retention in Li-NMC
cells.**#? The DOL/DME electrolyte is widely used in Li-S battery research??? and the Li

deposits have been shown to have a characteristic round-shape morphology.!%-223:224

Figure 6.3 shows one in situ NMR data set for measurements in LP30 during galvanostatic
plating and stripping at a current density of 0.5 mA/cm? and a capacity of 1 mAh/cm? on charge
(L1 plating). The integrated intensity of the Li metal peak grows linearly with charge (Figure
6.3b). Upon discharge (Li stripping), the metal peak decreases in intensity until the cell hits the
cut-off voltage (Figure 6.3¢) and the active Li metal has been stripped of the Cu electrode. As
can be seen in Figure 6.3b, the normalised intensity at the end of discharge is not equal to zero

due to the formation of dead Linmr.
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Figure 6.3. In situ "Li NMR measurement of a Cu-LFP cell cycled in LP30 electrolyte with 0.5 mA/cm? current
density and 1 mAh/cm? capacity for each plating step. a) The Li NMR spectra acquired during the plating and
stripping of Li metal. The resonance of Li metal appears at around 270 ppm. b) The corresponding integrated
intensity of the Li metal peak normalised to the intensity at the end of plating in the first charge and c) voltage

profile for the galvanostatic cycling.
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In the next cycles, a capacity of 1 mAh/cm? can still be passed in each plating-step as the LFP
cathode has not been fully delithiated (it holds ~2.3 mAh/cm? areal capacity). The dead Linmr
accumulates over the first five cycles reaching approximately 40% of the Li metal deposited in
the first cycle. Similarly, the intensity of Li metal at the end of plating, termed ‘total Linmr’
hereafter, increases in each cycle (Figure 6.3b). The increase in total Linmr and dead Linmr
does not fully correlate, as seen in Figure 6.3b where the dead Linwmr 1s roughly 8% of the metal
deposited in the first cycle but the increase at the end of plating in the second cycle is only 5%.
This can be explained in terms of changes in the charge wasted in parasitic reactions and the
SEI formation (termed SEI capacity), which affects the amount of total Lixmr measured in each

cycle.

The methodology and cycling protocol were implemented in the electrolytes LP30, LP30 +
FEC and DOL/DME, with three sets of in situ cells measured for each electrolyte. In Figure
6.4, averaging over three data sets, the same trends are observed for the LP30 electrolyte as in
Figure 6.3, with a roughly 20% increase in the average total Linmr over the first five cycles
(Figure 6.4a, green) and the accumulation of dead Linmr accounting to roughly 40% of the
initial Li (Figure 6.4b, green). The CE is 82-85% over the first five cycles. For LP30 + FEC
almost no dead Li is detected (Figure 3c, orange), consistent with the study by Fang et al.’® The
CE was noticeably lower for DOL/DME in the first cycle compared to the other electrolytes,
around 75%, and correlates with greater amount of dead Li being formed. High CE in
DOL/DME is typically reported in Cu-Li cells.*®?** Low CE in the DOL/DME electrolyte was

however observed in Cu-LFP cells.?**
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Figure 6.4 The average value of the a) normalised total Linmr intensity at the end of plating, b) normalised dead
Linmr intensity at the end of stripping and c) electrochemically obtained CE for the first five cycles in the three
electrolytes, LP30 (green), LP30 + FEC (orange) and DOL/DME (purple). The error bars represent the standard
deviation of the average values obtained in three different experiments. d) The dead Linmr measured in the first
cycle plotted against the CE. e) The difference in dead Linmr between subsequent cycles plotted against the
capacity loss (mAh/cm?) calculated from the CE. f) The SEI capacity (mAh/cm?) calculated in each cycle against

the corresponding capacity loss (mAh/cm?).

The capacity loss due to the electrochemical SEI formation (defined here as the capacity lost
due to all irreversible side reactions when current is being passed) can be estimated from the
dead Linmr measured by NMR and the capacity loss from the electrochemistry. The Coulombic

efficiency (CE) measured electrochemically is defined as:

_ Discharge capacity

6.1
Charge capacity 6.1

And the capacity loss (CL) is defined as:
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CL = Cplating - Cstrippirlg (6.2)

i.e. the difference between the full plating capacity and the stripping capacity. Here Cpjating=1

mAh/cm? is the full plating capacity, not accounting for side reactions. The CL results from a
combination of the capacity lost due to dead Li formation, C,.,4 ;; and the SEI capacity, Csg;

described as:
CL, = Cgeqa Lin t CSEI,n (6.3)

where the subscript n denotes the cycle number n. The dead Linmr value measured by the
NMR denoted here as Ygeqa Liyyg» 1 the fractional amount of dead Li measured by NMR
normalised to the Li metal intensity at the end of the charge in the first cycle (which depends
on both the charge passed and the charge consumed in forming the SEI). Thus, Cheqq 1in 15
not directly proportional t0 Xgeqq Liy,,, @nd @ correction is needed to account for the capacity
used to form the SEI electrochemically in the first cycle. The dead Li capacity, Cgeqq 1in 18

instead given:

Caead Lin = (Cplating - CSEI,n:l) X Xdead Liyyrn (6.4)

Cplating — Csgrn=1 corresponding to the actual capacity used to deposit the Li metal on the first

cycle, and effectively used to normalise the subsequent NMR measurements. Equation (6.3)

can now be rewritten as:

CL, = (Cplating - CSEI,n:l) X Xdead Liyyrmn T Csein (6.5)

By solving for Cgg; 1 in the first cycle, Csgp, and Cheqq 1in €an now be determined.

As an example of this method, the SEI capacity is now calculated for the set of data presented
for LP30 in Figure 6.3. The CL,- ; on first cycle is 0.17 mAh/cm? and ¥ goq4 Liymg 18 0.08 after
one cycle (Figure 6.3b). This results in an SEI capacity of approximately 0.1 mAh/cm? and
dead Li value of 0.07 mAh/cm?. This indicates that in the case of LP30, the CL is influenced
significantly by both the dead Li formation and the SEI formation capacity. The CE in the first
cycle as well as the SEI capacity and dead Li are displayed in Table 6.1.
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Table 6.1 The CE, SEI formation capacity and dead Li capacity in the first cycle calculated using the dead Linmr
intensity determined by in sitzu NMR and the CE determined from electrochemistry. The standard deviation is that

derived from the three separate in situ NMR experiments.

Electrolyte/ Coulombic SEI formation capacity Dead Li capacity
Polymer coating efficiency (mAh/cm?) (mAh/cm?)

LP30 85 +2% 0.09 +0.005 0.06 +0.02
LP30 + FEC 90 + 1% 0.09+£0.01 0.01 £0.001
DOL/DME 75+3% 0.16 £0.01 0.11+0.03

A slightly higher value for the SEI capacity is observed for each electrolyte compared to the
amount of dead Li. It should be noted that this calculation neglects Li corrosion, that is the
dissolution of Li due to chemical SEI formation and galvanic corrosion that do not result in a
net current in the cell. The effect of the Li corrosion current as quantified below, was estimated

and seen to be negligible in quantifying the SEI formation capacity.

The difference in the dead Livalue between cycles, “A dead Li”, which corresponds to the dead
Li formation per cycle, and the SEI capacity per cycle are shown against the corresponding
capacity loss (Figure 6.4¢, f). Both the dead Li and SEI capacity displayed a linear relationship
with the capacity loss per cycle, demonstrating that both processes determine the cycling
stability of LMBs. The same values (per cycle) are shown as a function of cycle number to
visualize whether any stabilization occurs with cycling (Figure 6.5). For the carbonate
electrolytes there is continuous SEI formation in each cycle, the SEI capacity remaining steady
at around 0.05-0.1 mAh/cm?. For the DOL/DME however, the SEI capacity drops significantly
after the first cycle before stabilising at around 0.1 mAh/cm? (Figure 6.5). Similarly, the dead
Li formation in DOL/DME drops with cycling in contrast to in LP30 where it increases slightly
(Figure 6.5).
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Figure 6.5 The average SEI formation capacity (top) and dead Li (bottom) per cycle, in LP30, LP30 + FEC and
DOL/DME. The dashed lines show the values used to calculate the mean and the standard deviation, for the three

different sets of in situ NMR experiments.

6.3.2.2 Polymer-coated Cu electrodes

To extend the in situ NMR method further, three common polymers (PEO, PMMA and PVDF)
that have been heavily studied in batteries were investigated. The polymers were cast onto Cu
current collectors, the cell was assembled and then left to rest for two hours before any current

was passed.

The in situ NMR data of the polymer-coated Cu electrodes cycled in LP30 and the CE
calculated from the electrochemistry are presented in Figure 6.6. The PEO- and PVDF-
coatings show considerably lower first cycle CE of about 65% (Figure 5¢) compared to 85%
on bare Cu and 83% with PMMA-coated Cu. Interestingly, lower dead Li formation was
detected (Figure 6.6b), which indicates increased capacity losses due to SEI formation when
using these coatings. The cycling efficiency for both the PEO- and PVDF-coated Cu increases,

however, after the first cycle indicating that surface reactions have occurred to form a more
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stable SEI/coating on the Cu. The PMMA presents a similar CE to that of a bare Cu in LP30

but less dead Li formation is seen.

The SEI capacity and dead Li values are summarised for the first cycle in Figure 6.7. In all
cases, less dead Li formation but higher SEI capacity is measured on the polymer-coated
compared to bare Cu, indicating more side reactions in the polymer systems (Figure 6.7).
Although we have not explored the effect of polymer swelling and/or interaction with the
electrolyte, and we did not optimize polymer coating thickness,??*2!! the results demonstrate
the power of the quantitative NMR technique to deconvolute the contributions to the capacity

losses, which cannot be determined from the electrochemistry alone.
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Figure 6.6 The Li metal intensity for the "Li in situ NMR measurements when cycling Cu-LFP cells in LP30 with
polymer-coated Cu. a) The normalised total Linmr intensity at the end of plating, b) the normalised dead Linmr
intensity at the end of stripping and c¢) the CE for PEO- (blue), PMMA- (yellow) and PVDF-coated (red) Cu

electrodes. The measurements for bare Cu (in green) are shown here to aid comparison.
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Figure 6.7 Capacity losses in the first cycle, the SEI capacity Csg, (circles) and the dead Li capacity Cypqq 1i
(triangles) plotted against the corresponding capacity loss, CL. a) In the three electrolytes, LP30, LP30 + FEC and
DOL/DME on bare Cu current collector. The different data points corresponds to different sets of in situ
experiments. b) In LP30 on bare Cu (green) and on polymer-coated Cu (PEO, PMMA and PVDF). More

significant SEI formation is observed for the polymer-coated Cu cell.

6.3.3 Bulk magnetic susceptibility effects of Li metal

This section explores the shift of the Li metal peak, which is sensitive to orientation and
morphology of the Li deposits. Chandrashekar et al. showed with "Li MRI how the shift of Li
metal can be used to distinguish between electrodeposits growing close to the Li metal (at
around 260 ppm) and dendritic structure extending further away from the surface (at around
270 ppm).’® This was later confirmed in a detailed study by Chang et al., where different
resonances in the in situ NMR spectra were correlated with SEM images of Li microstructure
morphology formed under different stack pressures and using different separators.”> Overall,
the study by Chang et al. demonstrated how in sitzu NMR can track the Li metal morphology in
real time.”> However, in section 4.3.1 the "Li metal shift was shown to be on average 260 ppm
for the different morphologies (whisker-like and nodular) formed in LP30 and LP30 + FEC.
This is attributed to improvements in the in situ cell design, where the in situ PEEK cell (Figure
3.8) provides a homogeneous and consistent pressure between different cells that leads to
microstructures growing close to the electrode’s surface (resulting in similar shifts of 260 ppm,
Figure 4.3). The NMR spectrum in Li-Li cells in convoluted with the bulk Li metal, where

pitting of the stripping electrode may influence the spectrum as shown in Figure 4.12. In this
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section, the shift of the Li metal peak in Cu-LFP cells will be examined in detail. Owing to
the fact that the 7Li metal resonance in these cells is not convoluted with the bulk Li metal the

shift is more sensitive to the Li morphology.

6.3.3.1 "Li shift of the pristine Li metal

To understand the shifts observed in the in situ Cu-LFP cells, the effect of the paramagnetic
LFP cathode on the "Li metal shift is first studied in a pristine Li-LFP cell. The Li metal peak
of a pristine Li-Li cell (when the electrodes are oriented perpendicular to the static, applied
magnetic field) appears at 245 ppm (Figure 6.8, black) but when paired with the LFP cathode,
the Li metal peak shifts to 260 ppm (Figure 6.8, purple).

s

©

~ = Lji-Cu
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% — Li-LFP

£ — Li-Li
300 275 250 225 200

’Li Chemical shift (ppm)

Figure 6.8 BMS effects on the pristine Li metal resonance: ’Li NMR spectra of pristine Li metal oriented
perpendicular to the magnetic field in three different configurations; Li-Cu cell, Li-LFP cell and Li-Li cell. The
"Li shift of Li metal when assembled against the paramagnetic LFP cathode shifts from 245 ppm to 260 ppm due
to BMS effects. The main plane of the rectangular electrode is facing perpendicular with respect to the applied
magnetic field By, that is at 90°.

A paramagnetic material can cause both a shift and significant broadening of NMR resonances
due to BMS effects.!3” Previously, the resonance of Li metal has been shown to shift
significantly when assembled with the paramagnetic spinel cathode, Lii 0sMni.9204, from 245

ppm to 368 ppm (and with additional asymmetric broadening of the metal peak).'*” In a Li-Cu
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cell, there is no significant shift in the ’Li metal peak (Figure 6.8, red), since Cu metal shows
only a small diamagnetic contribution (X¢cy vorume = —9.63 % 107°).22° Thus, the "Li metal
peak in Cu-LFP cells is expected to be shifted by approximately 15 ppm to higher frequencies
from the signal typically observed in Li-Li cells (Figure 6.8) due to the LFP cathode.

6.3.3.2 "Li shift of Li metal deposits in Cu-LFP cells

Analysing now the ’Li shift of the Li deposits, the Li metal peak emerges at around 275 ppm
in the Cu-LFP cells at the start of plating (Figure 6.9a, in LP30 electrolyte) and shifts to lower
ppm values both during plating and on further cycling (as seen for the NMR spectra on fourth
cycle, Figure 6.9b). The shift of the peak maximum was extracted (Figure 6.9c) and
interestingly is shown to cycle with the electrochemistry, moving to lower shifts during Li
plating and to higher shifts during Li stripping. During plating, the LFP cathode is delithiated
(charged) and the oxidation state of iron changes from Fe?* in LiFePO4 to Fe** in FePOa, which
increases the susceptibility of the cathode.??® Thus, the change in shift observed for the Li metal
can either be due to changes in the susceptibility of the LFP cathode that will influence the
susceptibility of the whole cell,>? or due to the dependence of the shift on the Li morphology

as reported in previous studies.”
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Figure 6.9 BMS effects for the Li metal peak in the LP30 electrolyte. a) Stack plot of the Li metal spectra during

charge (plating) in the first cycle (where the same metal spectra are shown vs. time in Figure 6.3a). b) The Li

metal spectra during charge (plating) in the fourth cycle. ¢) The frequency of the Li metal shift, measured at the

maximum intensity of the Li metal resonance, during cycling. d) The deconvoluted intensities of the Li metal

spectra during cycling. e€) An example of the fitted spectra at the end of charge in first and fourth cycle.

To gain more insight into this phenomenon the spectra were fitted using the least-squares

method with three overlapping peaks (using pseudo-Voigt curves, Figure 6.9¢); peaks at 260.5

ppm (Peak 1), 268.5 ppm (Peak 2) and 272.5 ppm (Peak 3) were used and their position was

allowed to vary £+ 2.5 ppm from the set values. In order to explore the sensitivity of the

deconvolution method, a fit with two components (two peaks) was attempted but found that in

later cycles, three peaks were essential.
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The normalised intensity of the deconvoluted peaks shows how the Li metal resonance is
mainly captured with Peak 3 in the first cycle (at the highest Li metal shift, Figure 6.9d, in
blue). Upon further cycling, Peak 2 becomes more dominant, indicating that the main
resonance is moving towards lower shifts. Peak 1, at the lowest shift, appears in the fit in later
cycles albeit with low intensities. Of note, the dead Linwmr at the end of stripping and the initial
Li deposits resonate at shifts of around 272-275 ppm at the same position as with Peak 3 (Figure
6.9d). Taking into account the additional shift observed for a pristine Li metal strip assembled
with an LFP electrode (15 ppm higher than in Cu-Li cell), the shift at 275 ppm can be corrected
for the LFP BMS effect and resulting in a shift of 260 ppm, which is consistent for the Knight
shift of Li metal.?2

The Li shift in LP30 + FEC and DOL/DME shows a different behaviour to the LP30 with the
Li metal signal appearing at lower values after plating (Figure 6.10 and Figure 6.11). For both
electrolytes, Peak 1 at the lowest shift, is more pronounced in the deconvolution during cycling
of the cell. This difference between electrolytes indicates that the Li metal shift is not dictated
wholly by the state of charge of the LFP cathode (which is similar for all the cells) but that the
nature of the Li deposits — morphology and surface coverage - must influence the shift.

Susceptibility calculations were thus performed to explore how the deposition may affect the

shift.
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Figure 6.10 BMS effects for the Li metal peak in the LP30 + FEC electrolyte. a) Stack plot of the Li metal spectra

during charge (plating) in the first cycle. b) The Li metal spectra during charge (plating) in the fourth cycle. c)

The frequency of the Li metal shift, measured at the maximum intensity of the Li metal resonance, during cycling.

d) The deconvoluted intensities of the Li metal spectra during cycling. €) An example of the fitted spectra at the

end of charge in first and fifth cycle.
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Figure 6.11 BMS effects for the Li metal peak in the DOL/DME electrolyte. a) Stack plot of the Li metal spectra
during charge (plating) in the first cycle. b) The Li metal spectra during charge (plating) in the fourth cycle. c)
The frequency of the Li metal shift, measured at the maximum intensity of the Li metal resonance, during cycling.
d) The deconvoluted intensities of the Li metal spectra during cycling. e¢) An example of the fitted spectra at the
end of charge in first and fourth cycle.

6.3.3.3 Susceptibility calculations of Li metal shifts

Susceptibility calculations were performed to simulate the ’Li NMR spectrum and estimate the
shift of Li metal deposits on Cu and Li metal electrodes. The code was written and provided
by Dr. Andrew llott (Bristol-Myers Squibb, previously at New York University).'#! First the
results from reference > were reproduced (Figure 6.12, also shown in Figure 3.6) for Li
deposits on a Li electrode and the code was then modified to fit the experimental setup

presented here, simulating Li deposits on a Cu electrode.
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Figure 6.12 Simulated NMR spectrum of electrodeposits on Li metal from the susceptibility calculations of a
pristine Li metal (in blue) and Li electrodeposits (in orange), the sum of the two shown in black. a) The simulated
NMR spectrum with 20% coverage of Li microstructures and b) of Li dendrites with 2.5% coverage, reproducing
the results found in reference [°] with the shift of mossy microstructures at around 260 ppm and around 270 ppm
for dendrites. ¢)The simulated NMR spectrum with a microstructure coverage of 50%. The shift is at 256 ppm for

the microstructure peak (in orange).

As described in section 3.2.2, Li microstructures on a Li metal electrode result in a shift of 261
ppm (Figure 6.12a, also shown in Figure 3.6) and Li dendrites result in a shift at 270 ppm
(Figure 6.12b).”°> The shift of the dendrites is due to BMS effects and agrees well with the
experimental observations by Chandrashekar et al.>*7>7¢ To extend this study further, here the
surface coverage of the microstructures was increased to 50% (Figure 6.12c). The
microstructure peak now shifts to 256 ppm, indicating that due to BMS effects, higher surface
coverages of Li deposits move to lower shifts, starting to resemble more the bulk Li metal at

245 ppm.

The microstructure surface coverage (randomly placed voxels on the electrode surface) was
varied between 2.5-95% on both Li metal and Cu foil (Figure 6.13). The overall trend is that a
higher surface coverage leads to a lower shift due to BMS effects (Figure 6.13b). A shift to
lower resonances correlates with what is seen experimentally in Li-Li cells (Figure 4.3) and
Cu-LFP cells (Figure 6.9 to Figure 6.11), where a gradual shift in the Li metal peak occurs
during plating, indicating a higher coverage of deposits. Due to the susceptibility of Li metal
being slightly paramagnetic (Xcyyor = —9.63 X 1076220 y;; 00 = 24.5 X 107° in SI units),
the calculated values are at a slightly lower shift compared to when simulated on Cu. In

practice, the shift is influenced by all the components of the cell.
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The shift on Cu for the lowest surface coverage is around 260 ppm. An additional shift of about
15 ppm is expected in Cu-LFP cells due to the paramagnetic LFP cathode and is consistent

with the shifts observed experimentally, the initial peak emerging at 273 ppm (Figure 6.11).
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Figure 6.13 The Li metal shift as a function of surface coverage of Li microstructures. a) The simulated NMR
spectra of the microstructure deposits on Cu, varying the surface coverage from 2.5-95%. b) The "Li metal shift
at the peak maxima of the Li microstructure peak on a Cu (red) or Li metal (blue) electrode. The calculated shift

at 2.5% surface coverage is 260 ppm on Cu and 263 ppm on Li.

Going back to the Cu-LFP results in section 6.3.3.2, the peak at lowest shift becomes more
apparent in all electrolytes with cycling, suggesting the Li coverage on Cu is becoming greater.
The trend in metal shift observed for the different electrolytes is summarised in Figure 6.14,
showing the intensity of the fitted peaks at the end of plating and the end of stripping. The
intensity of Peak 1 is greatest in the DOL/DME electrolyte (Figure 6.14a, green), which is
consistent with ether-based electrolytes having more complete surface coverages compared to
the LiPF¢ — carbonate electrolytes.** Of note, the dead Li peak with the highest shift is only
affected by the LFP BMS effect and not the BMS effects due to Li metal. This is consistent
with the removal of smoothly deposited Li and the formation of randomly oriented and
disconnected Li deposits in a diamagnetic (SEI) matrix. The NMR spectra of the Li metal on
polymer-coated Cu was deconvoluted into three peaks using the same method as described
above and shows a higher contribution of Peak 3 for PMMA and PEO-coated Cu, indicating

less homogeneous deposition on the polymer-coated Cu (Figure 6.15).
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Figure 6.14 The normalised intensity of the deconvoluted peaks at a) the end of charge (plating, after depositing

1 mAh/cm? of Li metal) and b) at the end of discharge (stripping) in the three electrolytes. Peak 1, at the lowest

’Li metal shift, increases in intensity between cycles for all electrolytes during plating and is most apparent in the
DOL/DME electrolyte. The dead Li peak measured in DOL/DME and LP30 is fully captured by Peak 3, at the
highest "Li metal shift.
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Figure 6.15 The normalised intensity of the deconvoluted peaks of Li metal spectra during cycling on a) PVDF-

coated, b) PEO-coated and ¢) PMMA-coated Cu current collector.

6.3.4 Dissolution of Li metal

In practice, batteries are not constantly in use and it is important to understand the processes
that occur during the periods when no current is passed. To investigate what occurs during the
rest period in LMBs, Li metal was again deposited using 0.5 mA/cm? current density and 1
mAh/cm? plating capacity and the evolution of the Li metal signal recorded during the open

circuit voltage (OCV) using in situ NMR.
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Figure 6.16. In situ NMR experiments of Li metal dissolution during the OCV period. a) A schematic
representation of the processes that lead to Li metal corrosion: the chemical formation of the SEI on Li results in
the spontaneous reduction of the electrolyte and oxidation of the Li metal. Galvanic corrosion results in the
dissolution of Li metal (Li oxidation) and a cathodic reaction on the Cu electrode. b) Integrated intensity of the
Li metal signal during the NMR experiment. The intensity increases during deposition (corresponding to 1
mAh/cm?) of charge and decreases constantly during the rest period at OCV for the three electrolytes, LP30, LP30
+ FEC and DOL/DME. Plating and resting experiments for ¢) different polymer coatings: PEO-, PMMA- and
PVDF-coated Cu current collector and d) different Cu treatments in LP30 electrolyte: Cu treated with HCI acid
(green), Cu treated with glacial acetic acid (AcH, black). The grey curve shows the effect of a slow SEI formation
step before deposition on HCl-treated Cu at 0.02 mA/cm? followed by a 12 hours voltage hold at 3.2 V before
deposition at 0.5 mA/cm? (grey). The green curve in b, ¢ and d) is for the same experiment, performed on bare Cu

treated in HCl-acid and in LP30 electrolyte. Each experiment was performed twice, and the rate of dissolution

was found to be highly reproducible.
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Note that this experiment tracks capacity losses in a charged battery, which is particularly
critical in anode-free batteries. The intensity of the Li metal grows for the first two hours during
the plating (Figure 6.16b), a decrease in intensity is seen during the OCV period, indicating
loss of Li metal. The dissolution (or corrosion) of Li metal can be due to both the chemical SEI
formation on Li and the galvanic corrosion between Li and Cu that are in direct contact with

the electrolyte (see the schematic, Figure 6a).

Figure 6.16b shows that different electrolytes have a significant impact on the rate of Li
dissolution. The electrolyte effect on corrosion observed here is influenced by the Li
morphology and bare Cu areas, and a ‘protective coating effect’ due to formation of a stable
SEI. Amongst the three electrolytes studied here the fastest dissolution of Li metal is in the
LP30 electrolyte and the greatest stability is in LP30 + FEC (Figure 6.16a). The stabilisation
due to FEC is likely due to the interplay of greater surface coverages (as indicated by the lower
"Li metal shift seen after plating in LP30 + FEC, Figure 6.10) as well as the difference in the
SEI formed with FEC both on Li and Cu.'37-20¢

The same set of experiments were performed on the polymer-coated Cu current collectors in
LP30 electrolyte (Figure 6.16¢), demonstrating that all the coatings have a stabilising effect on
the Li dissolution. This is likely due to the passivating effect of the coating, passivating both
the Li deposits and the Cu current collector. Interestingly, the PMMA-coating has the greatest
stabilising effect and correlates with the higher CE observed in Figure 6.6.

To investigate the effect of the Cu surface on corrosion, the same experiments were performed
on a Cu current collector pre-treated in concentrated acetic acid (denoted AcH, the Cu used in
all other experiments was pre-treated in HCI acid). The surface treatments on Cu current
collectors and the corresponding SEI have been studied in detail in our previous work?'® where
by XPS it was shown that the surface of the AcH-treated Cu (prior to assembly in a battery
cell) was better passivated with high concentrations of Cu(OH),/CuO on the surface whereas
the HCl-treated showed the Auger Cu metal peaks, indicating either a thinner or a more

heterogeneous surface oxide layer on the Cu electrode with no Cu(OH), observed.?!®

Figure 6.16d (black) shows that the corrosion of Li metal is slowed down using AcH-treated
Cu, demonstrating the importance of surface passivation on Cu. In addition and following the
approach of Lin et al.,'” the corrosion was monitored on a (HCl-pretreated) Cu electrode,

following an initial low-current step of 0.02 mA/cm? prior to Li deposition, the electrolyte



6.3 Results 161

reduction products precipitating on the Cu surface resulting in an SEI that grows in thickness
during polarization.?%2!8 This was followed by Li deposition at 0.5 mA/cm? (Figure 6d, grey).
As shown previously by electrochemical measurements, the long SEI formation step on Cu
slows down the Li metal dissolution under OCV consistent with passivation of the Cu electrode
surface.!”® This stabilization is likely a combined effect of the reduction of the copper
oxides/hydroxides on the Cu surface, minimising possible galvanostatic reduction reactions
involving Cu?* and Cu", and formation of a more stable SEI layer, reducing the SEI reduction

rate.

A linear fit was used to extract the slope of the dissolution curve during the OCV period, as
shown in Figure 6.17. The slope of the linear fit was extracted for the entire measurements,
Xstope in s, (data in Figure 6.16) and is displayed in the bar chart Figure 6.18. A steeper slope
was obtained when for the initial two hours of the rest period indicating that some stabilisation

occurs on the Li metal and Cu during the measurement.
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Figure 6.17. The linear fit to the corrosion curve of Li metal on bare Cu in LP30. The dashed lines show the linear
fit obtained when accounting for only the first two hours compared to for the entire measurement. The corrosion

current, i, for the first two hours is 49 A cm™. Averaging over the whole measurement results in 28 pA cm?.
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Figure 6.18 A bar chart showing the slope of the dissolution curve from a linear fit to the different sets of in situ

NMR measurements in different electrolytes and with different polymer coatings.

The corrosion current can be estimated from the slope by using the SEI capacity determined

above. The full plating capacity is Cpjating = | mAh/cm? = 3.6 C/cm?. The corrosion current

density, i.,., becomes:

lcorr = (Cplating - CSEI,l) X Xslope (6.6)

The corrosion current for each electrolyte was calculated using the mean of two separate
experiments, with the values listed in Table 6.2. The highest corrosion current is for LP30 on
bare Cu, around 30 uA/cm?.

Table 6.2. The mean of the slope (for two sets of experiments) obtained from a linear fit to the decreasing intensity

of the ’Li NMR metal signal during the OCV period (Figure 6.16) and the calculated corrosion current i.,,.. For

experiments using the polymer-coated Cu, LP30 electrolyte was used in all cases.

Electrolyte/ Xstope /-1 icorr /MA cm-2
Polymer coating

LP30 -8.7 29

LP30 — 6th cycle -9.6 31

LP30 — slow SEI formation step -1.7 5.6

LP30 + FEC -1.7 5.5
DOL/DME -5.8 18
PEO-coating 2.1 5.3

PMMA-coating -1.7 5.2
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6.3.4.1 Long term Li metal dissolution

The long-term corrosion behaviour of the Li electrodeposits was probed in LP30 and LP30 +
FEC by acquiring few ex situ NMR measurements over a 50-80 hour period while storing the
cells in an inert Argon glovebox in between measurements (Figure 6.19). Both electrolytes
show a continuous Li corrosion throughout the measurement that does not seem to slow down
notably with time. The Li metal deposits in LP30 have disappeared after 50 hours, whereas
there is still Li metal left in LP30 + FEC after ~ 80 hours, albeit a small amount. The dissolution
of the Li metal was also probed after the 6! deposition cycle in LP30 (Figure 6.19, black).
Interestingly, the corrosion rate does not decrease after further cycling, as indicated by the

similar slope of the two dissolution curves
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Figure 6.19 The long-term corrosion behaviour was probed by ex situ NMR measurements. In black is the
corrosion of Li metal at the top of charge for the 6" deposition, normalised to the first cycle intensity, for the cell

shown in Figure 6.3b. The dashed line represents the linear fit through the data points to guide the eye.

6.3.4.2 Li corrosion followed by stripping

Figure 6.20 shows the corrosion experiment for DOL/DME (the dissolution curve also shown
in Figure 6.16b) and LP30 (using 0.02 mA/cm? SEI formation current) where after about 18
hours of rest at the OCV, the Li was completely stripped off using 0.5 mA/cm?. Interestingly,
for DOL/DME the amount of dead Li after stripping (Figure 6.20) is less for the corrosion

experiment compared to stripping without the rest period; that is a dead Li of around 5% of the
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plating capacity compared to on average of 11% without the rest period (Table 6.1). For LP30,

the dead Linwmr after stripping is on average 6% (Table 6.1), which is the same as measured

after stripping with the rest period (Figure 6.20).

This indicates that the corrosion of Li metal, as measured here by NMR, does not result in a
significant formation of dead Li prior to stripping by loss of contact to the Cu electrode.
Furthermore, the small amount of dead Linwmr left in the cell after stripping does not dissolve
further (stable intensity seen after stripping at ~21-24 hours) further indicating the corrosion of

Li is mainly due to the galvanic corrosion between the Cu and Li.
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Figure 6.20 In situ NMR measurements of the corrosion followed by stripping The normalised integrated intensity
of the Li metal intensity during the first 2 hours of deposition using 0.5 mA/cm? (corresponding to 1 mAh/cm?)
and the corresponding decrease during the OCV period of roughly 18 hours followed by stripping at 0.5 mA/cm?
in DOL/DME (purple) and LP30 with the initial SEI formation on Cu using 0.02 mA/cm? (compared to 0.5
mA/cm? used in all experiments where it is not stated specifically, grey). The formation period on Cu using 0.02

mA/cm? before plating is not shown as there is no Li metal signal to integrate. Thus, time = 0 equals to the time

at the start of Li plating.
6.3.5 "Li shift of the diamagnetic peak

Finally, the "Li shift of the diamagnetic region was analysed. The diamagnetic region of the
Li in situ NMR spectrum typically shows a single peak around 0 ppm that captures both the
Li* ions in the electrolyte and the lithium-containing species in the SEI. For the Cu-LFP cell
however, the diamagnetic resonance becomes relatively broad and multiple resonances are

observed (Figure 6.21a). When the LFP electrode is oriented perpendicular to the magnetic
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field there are on average two peaks observed, one around 0 to -15 ppm (Peak A) and one peak
around +30 to +10 ppm (Peak B, Figure 6.21a). A similar split in the shift of the diamagnetic
resonances was previously observed in an in situ Li1.0sMn1.9204 cell (albeit with larger shifts
of +100 and -67 ppm).'*” The shifts were assigned to the electrolyte in different regions in the
cell induced by the different dipolar fields from the Lii.0sMni.9204 film; within the glass fibre
separator, at the edges of the cell, between current collectors or close to the cathode

electrode.!?’
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Figure 6.21 The Li NMR spectra of the diamagnetic peak in Cu-LFP in situ cells before any current has been
passed. a) A Cu-LFP cell that was rotated in the NMR rf-coil so that the electrodes were oriented at approximately
0°(parallel), 22°, 45°and 90° (perpendicular, same as all the in sifu experiments unless otherwise stated) with
respect to the magnetic field. b) Three different Cu-LFP cells (oriented perpendicular with respect to the magnetic

field) using LP30 electrolyte, demonstrating how sensitive it is to cell assembly.

Shifts caused by BMS effects are influenced by the shape of the sample container and all of
the cell components; that is the Cu current collector, the electrolyte and electrolyte separator,
the Li metal (after plating), but the dominant contribution is expected to come from the
paramagnetic LFP cathode.'?” The peaks shift when the orientation of the electrode with respect
to the applied magnetic field, B, was changed by rotating the Cu-LFP cell in the NMR coil
(Figure 6.21a). This can be explained by the non-spherical shape of the paramagnetic LFP

cathode film.'* Following previous assignments, Peak B is tentatively assigned to Li" ions
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close to the LFP cathode and Peak A to the electrolyte in the glass fibre separator further away
from the cathode. Figure 6.21b shows the "Li NMR spectra of the diamagnetic region for three
pristine in situ Cu-LFP cells, that is before any current was applied. Of note is how the peaks
differ between cells that were assembled with identical procedures, which demonstrates how

sensitive the electrolyte peak is to the cell assembly.

During cycling of the Cu-LFP cell, the shift cycles with the electrochemistry, that is Peak B
shifts to lower frequencies during plating (delithiation of the LFP) whereas Peak A stays
constant (Figure 6.22a). The change in shift may be attributed to the changes in the magnetic
susceptibility of the LFP, which increases during delithiation at a higher state of charge of the

cathode.?%5:2%7
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Figure 6.22 The "Li NMR spectra of the diamagnetic region in a Cu-LFP cell during plating and stripping at 0.5
mA/cm? current density and with 1 mAh/cm? capacity. a) A heatmap of the NMR spectra, showing how Peak A
stays constant during cycling whereas Peak B cycles with the electrochemistry. b) The shift (ppm) and ‘shift
change’ (A ppm) for Peak B. The shift is going towards lower shifts in each cycle due to capacity losses in the
cell pushing the LFP to a higher state of charge in each cycle (and the plating capacity kept constant at 1
mAh/cm?).

A similar trend was recently demonstrated by Ilott et al. where the changes in magnetic
susceptibility within a lithium-ion battery cell was measured using an indirect '"H magnetic
resonance imaging (MRI).?>’ The authors showed that the average oxidation state of an NMC
cathode could be tracked by measuring the susceptibility-induced shift change of the resonance
of water (that surrounded the battery cell) with negative shift changes observed with increasing
susceptibility of the NMC.??’ The trend in Figure 6.22b is consistent with their study, with a
negative shift in Peak B during delithiation when the susceptibility of the LFP is increasing.??’

We observe the change in shift to be linear with the state of charge.
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Figure 6.23 a) The 'Li NMR diamagnetic region for a Cu-LFP cell, which was fully charged (delithiated) at 0.5
mA/em? current density, reaching 2.3 mAh/cm? capacity. b) The "Li shift (ppm) and shift change (A ppm) for
Peak B.

In order to observe the change in shift in more detail, the LFP cathode was fully charged
(corresponding to an areal capacity of 2.3 mAh/cm?), which results in a change in shift of -3.3
ppm of Peak B (Figure 6.23). Testing whether the change in shift, A ppm, can be used as a
method to directly predict the state of charge of the LFP cathode, the change in Figure 6.23b
corresponds to -1.4 ppm per mAh/cm? of capacity for the LFP cathode. Comparing this value
to the A ppm in Figure 6.22 the change is equivalent to -1.7 ppm per mAh/cm? of LFP capacity.
In analysing more cells, we discover that A ppm normalised to the LFP areal capacity is not
consistent between cells. This is likely due to the trend observed in Figure 6.21, where a
significantly different spectrum are observed for different in situ cells, but a more accurate
method would be to account for the gravimetric capacity of the cathode and is a subject of

future studies.

6.4 Discussion

The in situ NMR technique allows the capacity losses due to SEI formation and dead Li to be
quantified during cycling. Importantly, it demonstrates that both the SEI formation and dead

Li formation contribute significantly to the cycling stability of LMBs. In all cases,
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electrochemical SEI formation was shown to contribute more to the capacity losses in the
anode-free battery compared to dead Li formation. This is in contrast to the results reported by
Fang et al., where the authors concluded that the dead Li is the main reason behind capacity
losses in LMBs in the first cycle as well as in subsequent cycles.’® The studies are not entirely
comparable as Fang et al. performed the measurements in Cu-Li coin cells.’® Having Li foil in
the cell has been shown to boost the cycling performance and the CE compared to anode-free
cells.*’ The Li foil not only supplies the battery with enough reservoir of Li" ions but critically
may also act as a scavenger for any impurities or electrolyte degradation products in the

electrolyte, which likely influences the amount of SEI that forms on the Li deposits on Cu.

In LP30 + FEC small amount of dead Li was observed on the first cycle (0.01 mA/cm?) and on
cycle five the total dead Li capacity amounted to 0.04 mAh/cm?, although the CE remained 90-
93% over the first five cycles demonstrating that the SEI needs reforming and continues to
grow every cycle. This is consistent for all three electrolytes as shown in Figure 6.5 where the
SEI formation capacity for the carbonate electrolytes remains around 0.05-0.1 mAh/cm?. This
is also consistent with the corrosion rate seen on the 6™ cycle in LP30 (Figure 6.19) where a
stabilization after five cycles of plating and stripping was not observed. This is probably due
to the volume changes associated with the complete stripping of Li metal in an anode-free
battery, damaging the SEI in each cycle. But it also indicates that the film formed on Cu is still
poorly passivating, even after 6 cycles. By contrast, the corrosion current drops by a factor of
five (Table 6.2) when a passivating film is formed electrochemically on Cu prior to deposition.
In this case, a larger contribution to the corrosion current is presumably coming from Li
corrosion due to chemical SEI formation (Figure 6.16a). Further studies are needed to explore
this phenomenon, additives such as FEC clearly affecting both the galvanic and chemical SEI
formation. This may also indicate that the full stripping of the Li is too extreme in LMBs and
a gentler approach where a reservoir of Li is left on the anode after fully discharging the cell

may help stabilise the SEI in later cycles.??®

In contrast to the carbonate electrolytes, the CE of the DOL/DME increased in the first five
cycles with a concurrent drop in dead Li formation and SEI formation (Figure 6.5). In addition,
the Li deposits in DOL/DME appear at a lower shift (Figure 6.11) indicating formation of a
more homogeneous coverage of Li on the Cu electrode. The CE on the PEO- and PVDF-

coated Cu was low on the first cycle compared to that on bare Cu (Figure 6.6) without an
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increase in the observed dead Li concentration, indicating an increase in side reactions during
plating. This may partly be due to less homogeneous deposition (as indicated with the higher
Li metal shift in Figure 6.15), that causes enhanced SEI formation. Assegie et al. demonstrated
the importance of optimizing the PEO-film on a Cu current collector, where high CE was only

achieved with a uniform and defect-free PEO coating.?!°

The quantitative in situ NMR allows the corrosion current of Li metal on Cu to be estimated.
The corrosion current density (with respect to the Cu electrode area) of Li electrodeposits on
Cu was measured as 29 nA/cm?in LP30 and 5.5 pA/cm? in LP30 + FEC. The lower corrosion
current measured for LP30 + FEC is likely due to both a denser Li morphology and differences
in the SEI that forms. The isotope exchange experiments in Chapter 5 showed a noticeably
faster SEI formation in LP30 + FEC at the OCV, that led to faster stabilisation of the SEI on
Li metal. This will lead to more effective passivation of Li metal and slower Li corrosion at
later times. In addition, the chemical composition and the nanostructure of the SEI on both Li

metal and Cu has been shown to be different in LP30 + FEC.45-82.157.206

The rate of galvanic corrosion measured here should be contrasted with the values measured
by zero resistance ammetry (ZRA)."”7 Kolesnikov et al. found the corrosion rate to be highly
dynamic with the initial corrosion current > 160 pA/cm? that decreased rapidly to < 1 pA/cm?
after 10 hours of measurements, reaching a steady-state value of 0.2 pA/cm? after 100 hrs in
LiPF¢ — carbonate electrolyte. They again attribute this decrease in the corrosion current to the
formation of a passive film on the Cu, which decreases the reduction reactions at the Cu
surface.!”” The passivation of the Cu is consistent with the reduced corrosion rate when using
a slow SEI formation step on Cu prior to Li deposition, which indicates that if the Cu electrode
is properly stabilised the Li corrosion can be mitigated (Figure 6.16¢). The results are also
consistent with the data for LP30, where an enlargement of measurements of Li corrosion
immediately after the current is switched off show an enhanced rate of corrosion (initially
around 50 pA/cm?, Figure 6.17) that settles to a steadier value after two hours. However, no
complete stabilisation was observed here over longer time-periods (Figure 6.19) in the

carbonate electrolytes.

Finally, Kolesnikov et al. describe the corrosion effect in terms of the differences in the
standard electrode potentials of two metals — here Li and Cu. Strictly this is only true if the Li

corrosion is coupled with either Cu" or Cu?' reduction to Cu metal. Instead it is more
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appropriate to view galvanic corrosion as arising from a difference in the rates of SEI formation
on Li and Cu, which will arise from both a different in the passivating nature of the SEI on the

196

Cu as discussed in reference’”°, and also simply due to differences in surface area.

6.5 Conclusions and Outlook

In this chapter the application of in situ "Li NMR was demonstrated to study the plating and
stripping, and the corrosion of Li metal on Cu current collector. The in situ NMR method is
shown to be a valuable technique for deconvoluting the multiple capacity losses that occur in
LMBs, which will enable further studies on different electrolytes as well as on the compatibility

of protective coatings and artificial SEIs for Li deposition.

Almost no dead Li is observed in LP30 + FEC although the CE is < 100% (~92%) indicating
that capacity losses are mainly due to the SEI formation. Similarly, for LP30 and DOL/DME
electrolytes the dead Li accumulates continuously for the first five cycles but cannot account
for the entire capacity loss and again the SEI formation is a significant part of the coulombic
losses. Importantly, we show that the SEI does not stabilise with the cycling of the battery and
indicates that full stripping of lithium metal in anode-free batteries might aggravate battery

degradation, thus a reservoir of lithium metal may be needed on the anode side

The bulk magnetic susceptibility shifts caused by Li metal results in lower ’Li shift of the
deposits formed in DOL/DME and LP30 + FEC, indicating higher surface coverage of Li as
suggested by the susceptibility calculations. In contrast, the Li metal shift in LP30 on both
bare Cu and polymer-coated Cu is at a higher metal shift indicating less dense coverage of the
deposits. Of note, the dead Li deposits show essentially no BMS effect due to the Li metal,
consistent with their random orientations within the electrode; their shift is dominated by the

BMS effect arising from the LFP electrode (and the Li Knight shift).

The evolution of Li metal was monitored under OCV conditions by in situ 'Li NMR and
revealed that the Li metal corrosion rate is highly sensitive to the type of electrolyte and the
surface of the Cu current collector. The rate of corrosion is high and remains a critical issue for
LMBs to be a viable option for energy storage technologies. Strategies to protect the Li metal
deposits need to be studied systematically and with quantitative techniques such as presented

here. Polymer coatings were shown to protect the Li metal deposits from dissolution and may
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be studied further with respect to reactivity, conductivity and coating homogeneity and
thickness.?”” Furthermore, it is crucial to perform more controlled study of the Cu films, to
correlate Cu surface chemistries and the passivating films that are formed with the rates of
galvanic corrosion. We note, however, that simple pre-treatments of the Cu metal to remove
surface oxides, and to reduce Cu®*/Cu* species electrochemically and form an SEI on Cu before

Li deposition were shown to noticeably reduce the corrosion rate.

The in situ NMR technique can be further used to study corrosion in lithium-sulfur batteries
that remains a critical issue due to the dissolution of polysulfides.??® Other strategies to mitigate

229

Li corrosion that will be interesting to study include artificial SEI layers such as Al,O3,~~ metal

coatings?30-233

and inactive additives such as hydrocarbons that have been shown to decrease
the corrosion rate and lead to more homogeneous Li plating and lower Li" solvation
energies.>**?3% Furthermore, this technique could be used to study corrosion in Na metal

batteries using 2*Na in situ NMR.

The 7Li shift of the diamagnetic peak was shown to be highly susceptible to the
electrochemistry of the battery, with a shift to lower frequencies when the LFP cathode is at
higher state of charge. The change in shift did not correlate with the state of charge of the LFP
when normalised to the charge/discharge areal capacity of the cathode. A more detailed study,
where the gravimetric capacity is fully accounted for, will clarify whether a specific change in

the 7Li shift may be extracted to predict the state of charge of the cathode with NMR.
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Chapter 7 Conclusions and Future Work

The major objective of this thesis was to gain a better understanding of how the SEI that forms
spontaneously on Li metal affects the cyclability of LMBs. Throughout this work two
electrolytes, the commercial carbonate electrolyte LP30 and LP30 with the widely known
additive FEC, are studied together with various electrochemical and in situ NMR
measurements. NMR spectroscopy is both a non-invasive and a quantitative technique, and can
be used to study lithium losses during operation of the battery. The resonance of Li metal is
easily resolved from other lithium-containing components in the cell due to the metallic Knight

shift, which makes NMR an ideal technique to study LMBs.

In Chapter 4, in situ NMR was used to study the microstructural growth of Li and the effect of
FEC systematically studied under different plating conditions. Having FEC additive in the cell
led to denser Li deposits and higher current efficiency. This can be explained by the results
presented in Chapter 5 where ®7Li isotope exchange measurements are used to probe the SEI.
The isotope exchange between Li metal and the electrolyte was reported in an earlier study, '
but has never been used as a direct tool to study the dynamic differences between SEIs. The
charge transfer and the SEI formation kinetics are an important aspect of Li plating and
expected to influence the electrodeposition and Li morphology. The isotope exchange
measurements reveal the distinct kinetics on Li metal and the corresponding SEI with FEC. By
numerical modelling, we show how exchange occurs twice as fast when using FEC additive
and the SEI formation occurs five times faster. Together with the results on pulse plating this

illustrates the important effect of the SEI when using FEC, the faster Li* transport and healing

of the SEI leads to increased levelling effects.

There is currently an intense research effort underway to study the capacity losses in LMBs
and ex situ methods for quantitative Li measurement have recently been developed. A non-
destructive in situ technique is important for characterising such losses because, as shown in
Chapter 6, the capacity losses during rest periods due to lithium corrosion are significant in
LMBs and will affect any type of an ex situ measurement. A new in situ NMR metrology was

developed to study the capacity losses in a full cell LMB and the different processes that lead



174 Conclusions and Future Work

to capacity fading are quantified, namely the dead lithium formation (that corresponds to
lithium metal that no longer has electronic contact with the current collector), the formation of
the SEI and Li corrosion, which all lead to a loss of active material in the battery cell.
Importantly, we show that the SEI does not stabilise with cycling of the battery and indicates
that full stripping of Li metal in anode-free batteries might aggravate battery degradation, thus
a reservoir of Li metal may be needed on the anode side. The technique will be extended to
other high-voltage cathodes, where degradation mechanisms such as electrolyte oxidation may
occur at high state-of-charge and contribute to the capacity losses. More detailed measurements
and analysis of the diamagnetic "Li NMR peak should be performed on different cathodes, the
results here on the LFP cathode indicate that changes in "Li shift may be used to infer about

the state-of-charge of the cathode during battery operation.

By in situ NMR, we quantify processes that occur during the OCV when the battery is not in
use, which is hard to measure with other quantitative techniques. The corrosion current is here
calculated directly from the decrease in intensity of the Li metal NMR peak. The measurements
reveal that Li corrosion is significant and stabilisation of the Li metal is crucial for these types
of batteries. Strategies to mitigate the corrosion are explored and show that electrolyte
additives, polymer-coatings and copper surface treatments lead to a reduction in the corrosion
current up to a factor of five. There is an extensive scope to apply both the isotope exchange
methodology and the in situ NMR presented in Chapter 6: exploring different electrolyte
systems and other surface chemistries being investigated for LMBs. Ideally, a fast screening
method should be developed for the isotope exchange measurements allowing them to be
performed in an NMR solution-state facility found in many university chemistry departments.
As most facilities do not allow direct access to the NMR magnets and probes, the orientation
and thus the excitation profile of the metal electrode cannot be controlled. A cylindrical Li
metal piece should remove this orientation issue and preliminary work has been carried out by

soaking an extruded Li metal wire in an electrolyte using a typical NMR tube.

Isotope labelling should be used to greater extent when studying Li metal with NMR; emerging
and promising techniques such as DNP-NMR, used to study the SEI on Li metal,?” will benefit
from the wider chemical shift range of °Li compared to “Li. The transport mechanism in a
ceramic-polymer composite electrolyte was investigated in an elegant study by Zheng and Hu

using isotope labelling by cycling the electrolyte using °Li metal.!”” The dissolution of Li metal
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into PEO has also recently been shown to occur at elevated temperatures by NMR.?3¢ Thus,
there is great potential to study the reactivity of Li metal and Li* transport in different polymer
electrolytes, composite electrolytes and solid electrolytes using NMR. Isotope labelling and
isotope exchange measurements could be used to study Li metal solid-state batteries (under
pressure) where improved fundamental understanding of the buried ceramic/Li metal interface
is needed. The pitting of Li, or void formation, is also recognised as one of the main problems
for Li metal solid-state batteries, which leads to a loss of contact to the solid electrolyte.?3” In
Chapter 4, the pitting of the Li metal electrode was shown to affect the NMR spectrum by
broadening of the "Li metal peak. Due to skin depth effects, the NMR is sensitive to the total
surface area on bulk Li metal and there is a potential here to develop an NMR method to
quantify the extent of pitting on a stripping electrode, an underexplored area when it comes to

Li metal studies.
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