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Abstract

With the electrification of transport, the increase in cordless appliances, and the intention
of many countries to switch to renewable energy production, the demand in energy storage,
especially in batteries, is rapidly increasing. At present, lithium-ion batteries are used to
power most electric cars and portable devices.[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11] However,
lithium is a rare material with an appearance in the upper earth crust of less than 70 ppm
and its primary resources in China and Bolivia.[12] Sodium-ion batteries are discussed as
a potential alternative to replace lithium-ion batteries partly.[13, 14, 15, 16, 17, 18] Like
lithium-ion batteries, sodium-ion batteries contain transition metal materials on the cathode
side, e.g., layered oxide or phosphates, paired with a carbon comprising anode. Graphite
cannot be reversibly cycled in sodium-ion batteries when carbonated electrolytes are used,
so amorphous hard carbon is the anode of choice for sodium-ion batteries.[13, 19, 20] But
improvements in the observed charge rate are required for many potential applications such
as power tools, e-mobility and stationary energy storage. An improvement in electrode
design is required to enable fast charging of sodium-ion batteries and eliminate metallic
dendrite growth on the electrodes. In this work, fundamental research is undertaken to
understand the limitations in cell testing design and the influence of testing parameters
to build up a reliable and repeatable test regime. The then tested composite electrodes are
determined in terms of electrochemical performance and physical properties with the aim to
link manufacturing parameters to performance and implement those findings to improve the
overall battery performance. The results emphasize the importance and limitations of ionic
transport within hard carbon electrodes, and the required optimization between electronic
and ionic conductivity for sodium-ion transport in these electrodes. By adding the ionic
conductor zeolite to the composite electrode, better rate performance and improved ageing

characteristics were observed, which may enable faster charging of sodium-ion batteries.



Impact Statement

The world requires more energy, and the urge for renewable energy production is grow-
ing for years. Hence, the public, academia and also the industry is highly interested in
developments as to new high capacity materials, cost-savings, and battery safety concepts.
Therefore the support either via public funds or industry-sponsored research is massive.
So, besides the still growing field of research for lithium-ion batteries, the need for alterna-
tives increases as well. Sodium-ion batterie technology is one of those candidates that, as a
drop-in alternative to lithium-ion, are close to commercialisation.

Nonetheless, several obstacles have to be overcome to make this technology suitable
for a broader range of applications. Within the last ten years, the scope of research has not
changed a lot. Still, the main goal is to look for an all-in-one-solution: a fast charging, light
weighted material, that is cheap, highly abundant, and environmentally friendly. Thereby
the mismatch of performance between laboratory scale (material) and industrial application
(composite electrode) is often neglected. This work targets to close this gap on different

levels:

» To challenge and study the parameter settings for testing methods use in the commu-

nity for years.
* Determining the differences between material and composite electrode testing.

* The methodical approach to link physical characteristics of composite electrodes to

their electrochemical performance.

The chosen approach of investigating electrode characteristics in terms of ionic mobility in
composite electrodes is novel. And so is the demonstrated solution to add ionic conductors
during the electrode preparation process (patent pending).[21] Follow-up research under-
taken at University Birmingham regarding the use of ionic conductors during the inking

process has also been recently published.[22]



Impact Statement 5

For this study the cell set-up has been extensively studied and improved in order to
measure electrode characteristics rather than artefacts. More accurate electrochemical test
methods have been evaluated on those cells and the importance and influence of parameter
settings has been highlighted. The generated data set will be implemented in teaching tuto-
rials. This will help many researchers to investigate accurate electrode features rather than
misinterpret systematic errors as an electrode or material feature.

Further, this work will help replace the expensive approach of trial and error by mod-
elling pathways to electrode optimisation. It will enable the linking of physical charac-
teristics to electrochemical behaviour by combining electrochemical analysis with imaging
techniques such as computed tomography or synchrotron X-ray diffraction either in-situ
or in-operando. Both techniques are used heavily to study commercial cell characteristics,
such as safety (thermal runaway) or defects caused via or during cell manufacturing.

Moreover, as a future aspect many materials for sodium-ion batteries can be sourced
nationally: hard carbon can be gained from many organic sources; sodium is much more
abundant than Lithium and extractable from seawater. Hence, sodium-ion batteries have a
location advantage towards lithium-ion batteries, since from 2024 EU tariffs become effec-
tive on automotive batteries comprising less than 50 % local (UK or EU sourced) materi-

als.[23]
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Chapter 1

Introduction and background

1.1 Motivation

Energy storage is one of the most important research topics nowadays. More applications
are becoming powered or cordless like toothbrushes, vacuum cleaners, scooter and electric
cars. Additionally, the upcoming climate catastrophe forces society and politics to move to
carbon-free energy production. And although forecasts based on wind and solar energy are
reliable enough to enable a stable net frequency, the times where power is consumed does
not fit the production (day-night mismatch). Therefore energy storage facilities are needed.
Different energy storage concepts are in development, including water pump plants, gas
storage caverns, fuel cells, redox-flow systems, and batteries. To date, the best known and
promoted solution are lithium-ion batteries. The technology is within our lives for nearly
30 years. Especially for small portable appliances lithium-ion batteries are beneficial. Also
within the automotive sector lithium-ion batteries seem to be the use of choice. However,
the potential shortage in materials used in lithium-ion batteries such as lithium and cobalt
pushes prices and dependencies. With sodium being an alternative to lithium-ion batteries,
sodium-ion batteries’ research is gaining increasing interest within recent years. Sodium is
much more abundant than lithium, but the potential lack of power and energy density is a
challenge for its application in portable devices. Therefore enhanced material development
and improved charge and discharge rates and cycle life are crucial for its commercial use.
Hence, most research institutes invest in developing new materials with larger capacities
and better rate capability. Nevertheless, the electrodes used in commercial applications
are composite materials based on the active material providing the ion storage capacity
and additional ingredients to change the electrode’s physical characteristics and enhance

electrochemical processes and performance. The link between electrode composition and
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the active material performance is rather neglected in literature.

1.2 Research aims and thesis outline

In recent years many new materials for electrochemical energy storage have been devel-
oped focusing on higher energy and/or power density. These materials’ given values are
often measured by low rate cycling tests on lab-scale in small cells and do not consider the
processing. This PhD project aims to engineer electrodes for next-generation battery de-
vices and identify and understand the main mechanisms of chemical and physical changes
in the electrodes. Understanding the fundamental chemical and physical processes will help
identify the influences of processing steps on electrodes’ final performance characteristics.
The combined fundamental studies and empirical process optimisation approach helps de-
sign and fabricate engineered electrodes, which exceed the currently available commercial
electrodes’ performance.

The active material must be processed into an electrode under carefully controlled con-
ditions to produce a good reliable device.! This fact is well-known, as displayed by several
publications in all fields of energy storage such as flow field studies in redox flow bat-
teries,[24] influence of porosity in batteries,[25] particle size of active material [26] and
addition of electronic additives in lithium-ion batteries.[27] The processing optimisation is
often done by empirical trial and error. Often no fundamental scientific understanding of
the processes and the effect on the output is understood or known. However, to improve and
investigate novel battery technologies, a fundamental understanding of the electrochemical
mechanisms within an electrode, e.g. charge transport (ions and electrons), phase transitions
and microscale investigations to study electrode stabilities are crucial. Hence the first part
of this work centres upon the methodology of electrode testing. Different cell designs, test
parameters and methods are investigated to determine the most reliable and reproducible
testing routine. Based on those results, simple composite electrodes are analysed for their
electrochemical and physical properties. Further, the impact of changes within the elec-
trode processing upon cycling performance will be determined. Subsequently, the gained
knowledge of the interaction between material characteristics, processing and composite
electrode performance will be used to tailor electrodes and will deliver a optimised battery

performance.

'A famous example is the development of Lithium Iron Phosphate (LFP, LiFePO4). Because of its poor
conductivity, it was not used in lithium-ion batteries for years. An increase of the conductivity via carbon
coating and particle size decrease made it one of the most used materials in commercial lithium-ion batteries
nowadays.



Chapter 2

Fundamentals: Theory and mathematical

background

This chapter gives an overview about the theoretical background of sodium-ion batteries,
materials, processing and analysis techniques. This first two chapters provide the theoretical
and mathematical basics of the electrochemical and physical techniques used for character-
isation and data analysis. Further the general working principle of sodium-ion batteries and
their degradation mechanisms are discussed, followed by an introduction of hard carbon,
the anode material most commonly used in sodium-ion batteries, which is investigated in

this thesis.

2.1 Electrochemistry

Electrochemistry can be used to determine and understand fundamental inner processes
within battery electrodes. The main techniques to investigate the properties of composite

electrodes are:
* Measurement of Open Circuit Voltage (OCV), also named Open Circuit Potential,
* Cyclic voltammetry (CV),
» Galvanostatic and potentiostatic methods, and
* Electrochemical Impedance Spectroscopy (EIS).

This chapter provides detailed information and theoretical background of these methods and
their analysis. More specific information regarding the implementation of these techniques

can be found in Chapter 3.5.
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2.1.1 Galvanostatic and potentiostatic testing methods

Publications stating new materials or improvements in performance often show voltage -
capacity profiles for different charge and discharge currents. The current values are either
stated as C-rates or in A-g~!. Regardless of which denotations is used, it should be clearly
stated if capacity calculations are based on electrode weight, electrode material weight or
active mass only.

Fast charging or discharging tests help to determine in addition to the available ca-
pacity, conductivity, side reactions and ageing mechanisms. Charge and discharge profiles
might differ in shape or are shifted from each other. The effects give an indication of the
source of inner processes. If curves are shifted towards lower capacities and voltage, a
higher internal ohmic resistances can be assumed!. If the shape of the curves differ from
each other, polarisation effects depending on the state of charge (SoC) are occurring. These
effects are, for example, side reactions, surface changes or a lack in conductivity related
to the state-of-charge of the material. All mentioned reactions and properties also depend
on the state-of-health. Polarisation effects can be spotted easily at the beginning or end
of charge and discharge (see Figure 2.16 in Chapter 2.5) within the voltage drop between
charge/discharge and OCV state.

Polarisation effects in sodium-ion batteries can be differentiated into resistive, diffu-
sion, and charge transfer. Ohmic overpotentials are caused by the resistance of current
collectors, active materials and electrolyte. Therefore, changes in cohesion, adhesion and
electrolyte decomposition influence the intensity of overpotentials. Diffusion overpotentials

are based on Fick’s first and second laws:
Fick’s first law:  J=-DVec 2.1

6 .
Fick’s second law: 6—5 =-VJ. 2.2)

J is the partial current density, D is the diffusion coefficient and ¢ the concentration of
the moving species. The charge transfer is based on the Arrhenius and the Butler-Volmer
equations. The two terms of the Butler-Volmer equation describe the forward and back-
ward reactions. These are balanced, unless a current is applied which favours one reaction

(Bulter-Volmer: o +0.5). This leads to diffusion effects to adapt an equilibrium and a mass

'In general V = R-1, Ohm’s law, R - resistance, V - Voltage, I - Current



2.1. Electrochemistry 24

transfer as a concentration gradient is formed.
The sudden increase and decrease of the electrode potential at the beginning and end

of any charge or discharge is caused by the IR drop.

2.1.2 Galvanostatic Intermittent Titration Technique

The Galvanostatic Intermittent Titration Technique (GITT) is conducted to investigate one-
dimensional diffusion within electrodes and polarisation effects and diffusion characteristics
depending on the state-of-charge of battery materials. GITT is a combination of transient
and steady-state measurements.[28] For time 7, a constant current / is applied to the system,
followed by a relaxation step while monitoring the voltage (chronopotentiometry). The
calculation of the apparent diffusion coefficient D is based on Fick’s first and second law.
Also, the voltage (IR) drops at each pulse are considered to remove the effect of polarisation
form the calculations and can also be utilized to elucidate the change in electronic resistance
with SoC.[29, 30, 31, 32]

Diffusion processes occur within liquid and solid material as well as influencing the
kinetics of charge transfer. GITT was first introduced by Wen et al. [33] to characterise the
electrochemical properties of insertion materials assuming a one-dimensional diffusion in
a solid solution electrode, neglecting double-layer charging, phase transformation, charge-
transfer kinetics and ohmic potential drop. Based on Fick’s laws (see Equations 2.1 and

2.2), the following equation can be used to calculate an apparent diffusion coefficient:

i 4(IVM)(dE/d6 2 ( 2
D=— , > =1,
T \zaFS dE/d\/; D

where [ is the time dependent current, V), the molar volume, z4 the charge number of the

electro-active species (for Na ion battery, z4 = 1), F' the Faraday constant, S is the sample-
electrolyte surface area, 0 the titration step, L is the characteristic length or thickness of
the electrode material, and ¢ in seconds the duration of the pulse. For S the geometrical
electrode shape is assumed and L is measured using a film thickness gauge. (fl—g) and (dd—\%)
can be obtained from the graphs of the measurements. (Z—g) can be be measured by plotting
the equilibrium electrode voltage against the electroactive material composition after each
current pulse, (;’—\%) from a plot of the voltage versus the square root of the time during

constant current pulse [34]. If small currents and short time intervals are used the transient

response of the voltage E is a linear function of the square root of time and Equation 2.1.2
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can be simplified to:

v (i) 2) - (%) =
where 7 is the applied current time interval, myy, the mass of active material, My, the
atomic weight of the active material, AE; the change in steady state voltage, and AE; the
change in cell voltage. As mentioned above, these assumptions are not validated for phase-
transforming materials, as ions are not only transported by movement through the interphase
boundary, but also by ionic diffusion.[30, 34] Therefore, the calculated diffusion coefficients
are apparent diffusion coefficients, reflecting the characteristics of the whole composite
electrode system including a phase change from a sodium deficient into a sodium rich state
(e.g. sodiation of HC (HC)) and the other way around (e.g. desodiation of HC).[34]

For GITT a small current is applied to the system followed by a relaxation step, record-
ing the consequent response measured as a function of time until steady-state is reached. In
this work GITT is used to investigate the diffusion coefficients depending on state-of-charge
and state-of-health of composite electrodes.

It should be noted that by using graphical data analysis it is possible to exclude the

ohmic drop from the diffusion coefficient calculations, as illustrated in Figure 2.1.

213 CV

CV is a potentiodynamic measurement, where a triangular voltage is applied between work-
ing and reference electrode and the resulting current between working and counter electrode
is recorded. For analysis, the resulting current between working and counter electrode is
plotted versus the applied voltage. This plot is named cyclic voltammogram. Within stan-
dard charging and discharging profiles showing voltage versus time, phase changes occur
in plateaus regions. The same effects appear in CV plots as peaks. Hence, the voltage at
which phase changes occur can be determined. As sodium-ion batteries involve relatively
slow solid-state processes, low scan rates are used to capture relevant details (e.g. below
100 uV-s71h.

Data obtained by CV can by used to analyse the nature of the charge transfer, re-
versibility of reactions, and orders of magnitudes of diffusion coefficients. When scanning
the potential with time, it is important to distinguish two different kinds of current densities:

capacitive and Faradaic.
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Figure 2.1: Ilustration of two GITT steps, visualising Ohmic drop, time interval T, AEg and AE;.

Capacitive currents derive from the charging of the double-layer. The capacitive cur-
rent is given by:
dE

o= Cq—, 2.4
Je ddt ( )

where j. is the current density, E the potential, C, the capacitance, and ¢ the time.

Faradaic currents originate from the charge passed during red-ox reaction and are in-
fluenced by charge transfer kinetics and species diffusion. Peaks within a cyclic voltammo-
gramm appear due to ratio changes of mass transport and surface reaction control. Within
the nonfaradaic region of the cyclic voltammogram the active species are transported to-
wards the electrode surface. When the electrode potential is close to a reaction potential
Ey the reduction or oxidation on the electrode surface begins and a current / starts flowing.
While the reaction continues, the concentration of the active species on the electrode sur-
face decreases, the flux towards the electrode and therefore the current, increases, as well
as the travel distance of the active species towards the electrode. Hence, the thickness of
the diffusion layer is time depended and is described by &, = \/7Dr. At the maximum value

of the current peak, smaller amounts of reactants approach the electrode and the oxida-
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Figure 2.2: Cyclic voltammogramm of a reversible redox reaction; illustrating cathodic peak current
Jp» anodic peak current jj, cathodic peak potential ¢, anodic peak potential ¢, and
reversibility potential @y, = % ((p; + (pl‘,) from Hamann, Hamnet, and Vielstich [35].

tion/reduction reaction depletes. The peak current j can be calculated by

d
j=nF Dd—c F: Faraday constant. (2.5)
X

Analysis of peak positions (potential), peak hight (current and total charge passed) and peak
shifts as a function of scan rate determine limitations of charge transfer and reversibility of

reactions. For a full reversible surface reaction the following requirements must be fulfilled:

. . 1
* jis proportional to v2, v: scan rate,
* quotient of anodic j;, and cathodic current density jj, should be j—f ~ 1,
4

* existence of uninhibited charge transfer reactions.

There are different ways to determine the value of the current peak density j,, as it can
be seen in Figure 2.2 from Hamann, Hamnet, and Vielstich [35]. If the current of the
anodic branch starts at the zero line, the reached maximum value is the true peak density.

Otherwise a new baseline has to be drawn from the starting point of the oxidation/reduction
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branch to the inflection point of the counter reaction (an example is given for the reduction
branch in Figure 2.2). To determine the presence of inhibited or uninhibited charge transfer
reactions, CVs at different scan rates have to be performed. If the anodic peak shifts towards
higher potentials with increasing scan rates the reaction is inhibited and a prior reaction has
to finish first. This prior reaction influences the main reaction characteristics and a full
reversible might not be constituted. If the reaction is fully reversible (conditions are listed
above), diffusion coefficients D can be calculated by using the Randles-Sevcik equation:

1
jp=2.69-10%02Ac%, D2 v3. (2.6)

2.14 EIS

EIS enables the separation of reactions and processes within a cell if temporally resolved.
Therefore, this technique can be used to split-up surface and charge transfer reactions. For
EIS studies, the applied current (PEIS) or potential (GEIS) is amplitude-modulated over a
range of frequencies. The transfer function relating the stimulus to the resulting signal can
be fitted using equivalent circuits, which describe electrode properties. EIS is used to inves-
tigate reactions by separation of processes with different time constants and to determine
the internal resistance and charge transfer resistance, and additionally apparent diffusion
coefficients can be extracted from the low-frequency Warburg branch.[31, 36, 37, 38, 39,
40, 41, 42]

EIS is conducted by applying an oscillation current (galvano-EIS, GEIS) or potential
(potentio-EIS, PEIS) to a system and recording the phase and amplitude response. The
potential or current stimulus should be low enough to keep the system within a quasi-stable
state and a quasi-linear part of the voltage curve, but high enough for adequate signal-to-
noise discrimination. The potential profile of the electrode can be used as an indication. For
example, within the plateaus of the voltage profile, even a small potential stimulus induces
an SoC change. The resulting impedance Z(i®) can be calculated as shown in Equation

2.7.
U 'eiwt

Z(iw) - I - ei(@t+@) -

Zreal - iZimaginary (2 . 7)

The range of frequencies used for battery testing is between a few micro hertz up to a several
kilohertz. Due to the different reaction rates the response of the system can be divided into

different sections, as illustrated in Figure 2.3 from [43].
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Figure 2.3: a) Schematic drawing of kinetic processes in lithium-ion batteries; b) Modelled
impedance spectrum of an intercalation material by Barsoukov and Macdonald [43].
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Figure 2.4: 3D representation of the EIS spectra. The left projection is a Bode diagram, whereas
the right projection a Nyquist plot. The insert represents the Randles equivalent circuit
for fitting [44].

In general, the generated data is presented in so-called Bode or Nyquist plots (shown
in Figure 2.4). A Bode format is displayed by plotting the real part of the impedance versus
the logarithm of the excitation frequency. A Nyquist format is generated by plotting the
negative imaginary part of the impedance versus its positive real part. Figure 2.4 a from
Macdonald, Schoonman, and Lehnen [44] shows a 3D plot combining both formats. Figure
2.3 b displays the corresponding equivalent circuit based on one RC parallel element in
series with one resistor. The RC element is associated with the semi-circle in the Nyquist
plot and represents an inter-phase within the battery. Displaying the data as a Nyquist plot
helps to identify interfaces of the system as it is simple to identify semi circled shaped

features within the graph. Hence, both axes of the plot should have the same scale to
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distinguish the features more easily. For analysis, equivalent circuits are fit to the data to
estimate capacitance, resistance and diffusion parameters. The analysis of the EIS data is
challenging since, there is no standard model, that fits the internal battery processes over the
full state-of-charge range. Furthermore, the morphology of electrodes is changing during
cycling and consequently the model has to be adjusted.

EIS can also be used to calculate diffusion coefficients. The mathematical theory is
given by Haran, Popov, and White [45]. The determination of the diffusion coefficients, D,
for spherical particles with radius R is based on the slope of the Warburg element of each

d(Im)

impedance spectra a(Re) "

d(lm) B Ty [—T3 + (S3S5 +S4S7 —S]SG +S258)‘P:| —2T3 (S4S3 +85,5] )‘P
d(Re) - Ty [—T5 + (S3S6 +S4Sg —S1Ss +S2S7)‘P:| —2T5 (S4S3 +Sle)‘P

(2.8)
where

Tz = (S4S5 +S2S6) Ty = (Si +S%) Tz = (S4S6 +S2S5)
S1=35556 Sr =2¥ -85 S3 =200th(\P)COt(‘P)(1—‘1’S6)—2‘PS5 +Sg
S4=2Wcoth (W¥)cot (¥) - Ss Ss =coth (W) —cot (V)

S¢=coth (W) +cot(¥)  S$7=2-8,  Sg=cot(¥)*+coth(¥)?

2
g [ O
2D

These calculations can be used as an approximation for investigating the diffusion coeffi-

and

cients of composite electrodes. A more accurate model has to consider different particle
sizes and material characteristics of binder and conductive additives.

Apparent diffusion coefficients are determined from experimental either via fitting to
an equivalent circuit or, as mentioned above, on calculations based on the slope of the
Warburg element. The potential or current stimulus should be low enough to keep the
system within a quasi-stable state and a quasi-linear part of the voltage curve, but high
enough for adequate signal-to-noise discrimination. The potential profile of the electrode
can be used as an indication. For example, within the plateaus of the voltage profile, even a

small potential stimulus induces an SoC change. Liu et al. state the equation to determine
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the diffusion coefficient Dy as

R2T?

282ntF4c2o? 9

Dgjs =

with

_1
ZRE =RQ+RCT+GCO 2.

Whereas R is the gas constant (J mol~! K1), T the absolute temperature (K, ambient tem-
perature), n the number of electrons exchanged (1), F the Faraday constant (A s mol~!), and
¢ the concentration of sodium-ions within the electrode (mol cm™>). The real impedance
(ZgE) 1s the sum of the ohmic resistance or series resistance (Rg), the charge transfer resis-
tance (Rcr) and the electrolyte resistance (G(O_%); where o is the Warburg coefficient, and
@ is the radial frequency. As the Warburg coefficient ¢ can be obtained from the slope of

the graph showing Rgg versus > [46], IR contributions are neglected.

2.1.5 Electrochemical Potential Spectroscopy

Electrochemical Potential Spectroscopy (EPS) is a voltage-step technique based on the po-
tentiostatic intermittent titration technique (PITT), skipping the OCV steps.[46, 47, 48, 49]
In both techniques, a repeated small step increase (or decrease) in voltage is applied, and
the current transient monitored (chronoamperometry). The difference between PITT and
EPS is that OCV is not reached between each pulse in EPS, but the time between each
potential step is limited by the current. The minimum current value is chosen close to the
thermodynamic equilibrium to insure the IR contributions’ insignificance (e.g., 0.01 C). The
diffusion-limited current is proportional to 7 , and the apparent diffusion coefficient can be
calculated using the Cottrell equation.[33]
The Cottrell equation describes the decay of the current i(¢) for diffusion-controlled
redox reactions via |
i(t) = —"FSDEPLSC;“. (2.10)
w2t2
Cna = Cs — co describes the concentration difference (mol cm™>) between the concentration
co in the electrode corresponding to equilibrium voltage and cg at the electrode-electrolyte
interface when a voltage step is applied at ¢ = 0. n is the number of electrons transferred per

mol of material (1), F' is Faraday constant (A s mol™1), and S is the electrode surface area .

The diffusion coefficients Dgps can be determined graphically. For short time approxima-
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tion (r < L>D™"), the chemical diffusion coefficient can be determined from the slope of the

/D
i(t) =nFScy, %Ps (2.11)

1
The slope of each current decay is proportional to D; p, provided that the concentration

linear plot of / versus 7 by

difference cy, is known. For a long time approximation (t > L*D7! ) Dgps can be evaluated
from a linear plot of /n(I) versus ¢ without the knowledge of cy, by

2
nFScy, D _ = Dgpst
DU ONaTEPS -y

i(t) = . (2.12)

Assuming a diffusion length L of 4.5 um (radius of spherical HC particle) and an apparent
diffusion coefficient between 10719 to 10716 [50, 51, 52], the experimental parameters in

this work meet the condition for short time approximation.

2.2 Physical characterisation techniques

There is a wide range of physical characterisation techniques available for the study of
battery components. Within this work Scanning Electron Microscopy (SEM) is used to
determine surface changes and the chemical composition of composite electrodes. X-ray
computed tomography (CT) is used to visualise the 3D network of composite electrodes
and to estimate porosity and tortuosity values. As SEM is a well known technique, this

chapter gives only a brief introduction into SEM and focusses more on 3D X-ray CT.

2.2.1 SEM, FIB and EDX spectroscopy

The SEM is a well established technique. Depending of the energy and interaction of the
primary electron beam with the sample, several modes of detection are possible. Most com-
mon are the detection of secondary electrons (SE, inelastic scattering) and backscattered
electrons (BSE, elastic scattering). Further, Auger electrons, X-rays and photons can be
detected to provide chemical analysis. An illustration about generation of different kind of
SEM radiation is given in Figure 2.5 from Nijmegen [53].

The magnification and details of information depend on conductivity of detected par-
ticles, sample and lenses of the system. In general SEM is a surface observing technique
as the depth of penetration varies between 10 nm to 2 um. The lower the primary electron
energy, the better the spatial resolution and less depth of penetration. Good systems can

achieve a spatial resolution of smaller than 1 nm using energies below 30 kV.[54]
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Figure 2.5: Illustration of different kinds of electrons; left: principle of generation. right: Schematic
drawing of detection area by [53].

Optical analysis and material compositions can be investigated applying energy dis-
persive X-ray (EDX) or a focussed ion beam (FIB) techniques to the sample. X-rays are
generated by inelastic scattering of primary electrons with the electron shell. The generated
empty spots on low electron shells are filled from higher energy shell levels and the differ-
ence in energy is released by X-ray radiation. The energy of these X-rays is specific and
can be attributed to certain elements. However, detection of hydrogen, helium, lithium and
beryllium is not possible, as their energy spectra are within the energy peak of the primary
electrons. FIB can be used for material depositioning or ablation. In combination with a
secondary ion mass spectroscopy (SIMS), FIB enables also material analysis. During this

process, single layers of material are removed and analysed by a mass spectrometer.[55]

222 X-ray CT

X-ray CT is based on the attenuation characteristics of the material. These characteristics
are described by the Beer-Lambert law (Equation (2.13)) stating the probability P(x) to find

a particle at depth x in an material with an given attenuation length A.

X

P(x)=exp * (2.13)
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Figure 2.6: Schematic drawing of the working principle for X-ray CT operation.

Further, the intensity I of the radiation can be calculated based on initial intensity Iy and

mass attenuation coefficient y by
_ ~ [J par - (U
I=Iyexp /0" with u = E P, (2.14)

where p is the density of the material. The quotient % can be approximated by Z*-E~3 (Z:
atomic number, E: photon energy).[56]

2.2.2.1 Working principle and parameters

The working principle of 3D X-ray CT is similar to 2D X-ray projections. A sample is
placed between an X-ray source and a detector to image a radiograph. The sample is then
rotated by an certain angle n or with an angular speed @ and multiple radiographs are
created!. These steps are repeated until the sample returns to its initial position (Figure 2.6).

360° _ 360° :
= orm= ="~ pictures is generated. Computer

This way an image stack containing m =
software programmes are used to calculate a 3D image based on the information of the
image stack by mathematical reconstruction.

The resolution of the system depends on the focal spot size of the source f, the distance
between the X-ray source and the specimen d, as well as the specimen and the detector dy,

the detector pixel size p; and the number of pixels n. Based on the theorem of intersecting

lines, highest resolutions can be achieved for small d,; and large dy; settings (dyq << dy;).

1By rotating the sample instead of moving detector and source around the specimen compacter apparatus
can be build.
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Optical lenses between the specimen and the detector can be used to enhance the magnifi-

cation. Therefore, the resulting geometric magnification M can be calculated by

des+d,
M= % +optical. (2.15)

XS

The magnification factor is needed to calculate the specimen pixel size p,; and the resulting
field of view (FOV). These calculations are slightly different when a Zeiss Xradia Versa 520

is used as a high resolution detector is implemented. The specimen pixel size can then be

calculated by
2
. ) pytb
in general: p; = % Zeiss: pg= Y (2.16)
FOV =n-p; (2.17)

where b is the blurring size given by b= (M —1)f. It has to be considered, that some
sources expand in diameter when used with a high current. Further, the voxel size is related
to the pixel size as a voxel is a 3D pixel. In theory every voxel represents a feature of the
sample. But not every voxel may be a real feature as there might be a ‘bad pixel’ resulting
from detector errors or a bad signal-to-noise ratio. Hence, the smallest obtainable spatial
resolution is about 2.5 to 3 times of voxel size.

To obtain useful data, at least 5000 counts are needed and a transmission of 20 to 30 %.
The number of counts can be increased by extending the exposure time. The transmission
can be adjusted by applying a filter to remove low energy electrons. Another way to increase
the number of counts is ‘binning’. Binning describes the consolidation of pixels/voxels. So
a binning of two is reducing the pixel size by a factor of 4. This reduces the resolution, but
also the measurement time. Hence, these parameters are set when a lower resolution can be
tolerated.

The working principle of nano-scale instruments are similar to the one explained
above. In case of the Zeiss Ultra XRM, additional post-transmission optics are implemented
to improve the resolution. Instead of a polychromatic cone beam a filtered mono-energetic

quasi-parallel beam (4.5kV) is implemented.[57, 58]
2.2.2.2 Reconstruction

There are two different kinds of reconstruction algorithms: direct and iterative. The filtered-

back projection (FBP) is a technique based on a direct algorithm, whereas the algebraic
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reconstruction technique (ART) and the statistical image reconstruction technique (SIRT)
rely on an iterative principle.[59]

Direct methods are faster and need less storage, but as straight monochromatic X-
rays are assumed instead of polychromatic ones, further image processing is necessary.
Additionally, when a polychromatic X-ray beam is used, low energy electrons are absorbed
by matter. Hence, the beam becomes gradually harder and results in non-uniform intensity
signals. Beam hardening can be compensated by either pre-filtering of low energy electrons,
manual correction of the measurements based on material assumptions or by incorporating
a polychromatic model. Zeiss developed three techniques to compensate this effect: source
filters (filter of low energy electrons), software corrections, and secondary referencing.

Besides beam hardening, there are more artefacts, which might influence the data anal-
ysis. Figure 2.7 gives some examples of the most common effects [56]. The list below

explains their visual appearance within the data.

Limited projections appear, when a limited number of projects N; is used. The optimum

can be calculated by N, = %Pn with P, are the number of pixels.

Rotation speed artefacts show a sharp image in the centre and blurred details on rotation
edges. These artefacts appear, when using ‘on-the-fly-scans’ and can be avoided by

‘step scans’.

Beam hardening, as described above, can be either avoided by using a monochromatic

source, filtering low energy electrons or compensated by mathematical calculations.
Streak artefacts appear with specimen having straight boundaries or sharp edges.

Misalignment of centre of rotation leads to a radial deformation of features. Circles ap-

pear oval instead of round shapes.

Specimen movement may result in a data set that is not possible to reconstruct. If the

movements are small, features appear blurred.

Ring artefacts are a result of faulty detector pixels (weak or no response). These effects

can be avoided or compensated by calibration of the detector or image processing.

Zinger’s are straight black lines due to an interaction of X-rays with the detector.
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Figure 2.7: X-ray CT artefact overview summarised by Lowe et al. [56].
Most artefacts can be removed by image processing. But in general, image processing of

CT data has to be done with great care, as the techniques applied might also remove or

change true features.
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Figure 2.8: Illustration of charge and discharge of a sodium-ion battery.

2.3 Batteries: functional principle

The most important equations to describe the processes within a battery are the Nernst

equation and the Butler-Volmer equation. The Nernst equation is given by

RT
<p0:<p00+n—FZlna,~. (2.18)

oo is identical to Gibbs energy (AG, U; = AGy = @no) (first and second law of thermody-
namics), a; is the chemical activity for the reduced or oxidized species. The equilibrium
potential@y is the free energy at a second potential (AG, U, = AG = ¢p). The Nernst equa-
tion describes the equilibrium between a chemical (second term) and electrical potential
difference (first term). Hence, the potential at which the equilibrium between chemical and
electrical potential is given can be calculated by the Nernst equation depending on the con-
centration of the species. As those are independent of time only the nominal voltage, not
the OCYV, can be determined.

The difference between OCV and nominal voltage is the so-called overpotential. Those
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are processes depending on the current density within the battery and are either related to
reactions (diffusion, charge transfer, concentration) or resistance (Ohmic). Therefore the
sum of the overpotentials can be described as 1) = E - E,, with E = @ the electrode potential
and E,; = @y the equilibrium potential. The current resulting from a deviation of the E,, is
described by the Butler-Volmer equation:

F 1- F
j=jo [exp(%nn)—exp(—%m))]. (2.19)

whereas j is the current density, jo the exchange current density and « is th charge transfer
coefficient, describing the ratio of the anodic and cathodic charge transfer coefficient.

In general the working principle of sodium-ion batteries is identical to lithium-ion and
differs only by the kind of the carrier ion (sodium instead of lithium). In general the energy
storage in a battery takes place within the electrodes. At charging/discharging a reduc-
tion/oxidation of the electrode material takes place with ions moving through the battery
(working electrode — electrolyte — separator — counter electrode) and a red-ox equiva-
lent of electrons over the external circuit to power the connected electrical load, as illus-
trated in Figure 2.8. When discharging, the active material within the anode is oxidised
and gives electrons to the external circuit; whereas the active material within the cathode
is reduced by accepting electrons from the external circuit. As a consequence sodium ions
are removed from the anode and diffuse within the cathode active material to maintain the
electro-neutrality. A rechargeable battery is called a ‘secondary battery’ or ‘accumulator’,
if the described process is reversible. Lithium, sodium or any other alkali metal accumu-
lators are based on the ‘rocking chair’ principle with lithium, sodium or alkali metal ions
acting as carrier ions. On the cathode side materials such as layered oxides, phosphates or
metal oxides are used in sodium and lithium-ion batteries. For sodium-ion battery anodes
the most common and advanced material is HC!. But anodes containing HC blended with
tin or antimony are increasingly discussed in the literature. Specifically, the designation of
anode and cathode in accumulators depends on the electrochemical reaction taking place
while discharged. The electrode with the lower electropotential in the galvanic series is the
anode which is oxidised within the latter, the one which is reduced is named the ‘cathode’.

The reduction/oxidation of the cathode active material leads to a change in oxidation

numbers. An example is given in Equation 2.20 stating the full reaction and oxidation

"HC is disordered carbon and further introduced in Chapter 2.5.
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numbers (superscripted in blue) for a LFP battery.
FePP0, 2+ Lit'Co " = Lit' Fe* P 0,72 + C° (2.20)

A charged LiFePOy/graphite battery contains delithiated FePO4 on the cathode side and
LiCg¢ on the anode side. During discharge the oxidation number for iron changes from +3 in
FePOy4 to +2 in LiFePO,. This is important as in most cases a change of the oxidation num-
ber involves a change of the electron configuration, which influences the lattice structure

and induces mechanical stress to the system.

2.4 Electrode properties

Important characteristics for electrode and battery evaluation are the first cycle loss (FCL),
Coulombic efficiencies (CE), direct current internal resistance (DCIR), the voltage profile
versus SoC and ageing behaviour (state of health, SoH) and the corresponding polariza-
tion/overpotential. All those characteristics can be measured in half-cell experiments for
anode and cathode, respectively. However, it is important to highlight, that the sum of the
effects occurring on anode and cathode differ from the results gained in a full-cell set-up.
Further, those characteristics depend on processing and material properties itself. There is
a wide range of different electrode materials available. They differ in characteristics such
as energy storage reaction, theoretical capacity, price, volume expansion, potential window,
crystal structure and particle size. Within this chapter electrode reactions for intercala-
tion, alloying, and conversion are explained, potential degradation effects on electrodes are
discussed and process steps of electrode manufacturing are introduced. Furthermore, the

material used within this thesis is elucidated in Chapter 2.5 Anode material - HC.

2.4.1 Electrode reactions: Intercalation, alloying, and conversion

As mentioned earlier, there are different kinds of electrode reactions: intercalation, alloy-
ing and conversion materials. Figure 2.9 illustrates the average potential of different kinds
of cathode and anode materials versus their experimental (intercalation types) and theoret-
ical (conversion-types) capacities.[60] The values given for conversion-type materials are
theoretical as these electrodes are still under development. The following paragraphs state
chemical reactions, crystal structures, advantages and disadvantages of each electrode reac-
tion. All given chemical reactions are based on sodium-ion batteries, but are also true for

lithium or any other alkali metal.
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Figure 2.9: Overview of the average discharge potentials and specific capacities for all types of
lithium-ion electrodes [60].

Intercalation/deintercalation describes the insertion of an exchange ion into a crystal
structure. The exchange ion is inserted between layers, planes or tunnels within a topotactic
reaction, which describes a structural change in a crystalline solid. Within this reaction, 0.5
to 1 electrons (equivalent to 0.5 to 1 lithium or sodium-ions) take part. The general chemical
reaction can be expressed by:

A+xN = AN, (2.21)

with A representing the exchange alkali ion and N an active element or compound. Ex-
amples are graphite (Cg), titanium dioxide (TiO;) or vanadium pentoxide (V,0s).[31, 61]
The range of usable capacities for different intercalation materials are shown in Figure 2.10
(left) and lays between 100 to 230 mAh-g~'.[60] The operating potential stretches from 2
up to 5 V. The process is highly reversible and shows fast kinetics depending on crystal
structure, surface reactions and ionic diffusion coefficients. The crystal structure is impor-
tant as it indicates stability and ionic conductivity of the material. Figure 2.10 (right) shows
three different crystal structures for intercalation materials: lithium cobalt oxide as an ex-
ample for a layered oxide, lithium manganese oxide as an example for a spinel structure
and LiFePOy4 as an example for an olivine structure.[62] The fastest kinetics are stated for

the two dimensional layered oxide structure as ions can easily move between the layers.
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Intercalation materials, amount others lithium cobalt oxide (LCO, LiCoQ,), lithium manganese oxide (LMO, LiMn,0,), nickel cobalt
manganese oxide (NCM), nickel cobalt aluminium oxide (NCA), lithium cobalt phosphate (LCP), lithium iron phosphate (LFP, LiFePO,),
lithium iron fluorosulphate (LFSF), lithium titanium sulphide (LTS).

Figure 2.10: Overview of the average discharge potentials and specific capacities for all types of
electrodes [62].

Table 2.1: Electrochemical characteristics of the three classes of insertion compounds, adapted from

[62].
Specific capacity | Average potential | Specific energy
Compound
(mAh-g~H! (V vs. Li%Li") (mWh-g™1)?
Layered LiCoO, 272 (140) 4.2 588
oxide LiNiiMn:Co: 0, 272 (200) 4.0 800
3 3 3
) LiMn;04 148 (120) 4.1 492
Spinel
LiMn;Ni; Oy 148 (120) 4.7 696
2 2
o LiFePOy4 170 (160) 3.45 552
Olivine
LiFe; Mn; POy 170 (160) 3.4/4.1 544
2 2

Within the spinel structure movement across the layers is possible, but pathways are longer
due to a higher tortuosity. The lowest moving kinetics are within olive structures. Due to
their 1D structure, ions are only able to move within channels. A comparison of electro-
chemical parameters such as specific capacity, the average potential and specific energy for
different intercalation materials is listed in Table 2.1 (adapted from [62]). Due to their high
specific capacities, layered oxides are more suitable for high energy applications. However,
as volume expansions are better compensated by spinel and olivine crystal structures, these

materials are more suitable for high power and long life applications, respectively.

Alloying/dealloying is a solid or solid-state solution of two solvents, mostly inter-metallic

compounds. Materials should have similar atomic radii, same crystal structure, similar

"Value in parenthesis indicates the practical specific capacity of electrode.
%Calculation is based on the practical specific capacity of electrode.
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electro-negatives, and valency (Hume-Rothery rules) to form an alloy. The chemical equa-
tion is given by:

A+xM =AM, (2.22)

whereby A and a metal M forming an alloy AM by exchanging x > 1 electrons. Alloy
electrodes promise capacities of up to 3500 mAh-g~!, when used within their full potential
range. The best developed alloy anode to-date is a silicon-carbon compound.[63] But elec-
trodes containing e.g. tin (Sn) and antimony (Sb) are also of interest (Figure 2.11, right
[60]). The main challenge when using alloy forming materials is the compensation of the
huge volume expansion. Due to the fact that these materials are able to store more than
one exchange ion per atom leads to volume expansions > 300 %, paired with nano-particle
agglomeration and enormous mechanical stress. Therefore, a buffer matrix for alloying

electrodes needs to be developed.[64]

Conversion reactions form new materials during charging and discharging processes, by

breaking and recombining chemical bonds.

M,Xp +yA — aM +A,bX (2.23)

Whereby M is a transition metal with more than two valence metal ions, for example. Mn>*,
Fe*, Fe>*, Co?*, Ni** and X an non-metallic element, either a pnictogen (for example N,
P), a chalcogen (for example. O, S) or a halogen (for example F, Cl).[65, 66] Figure 2.11
shows a range of potential conversion cathodes (left) and anodes (right).[60] These mate-
rials show in general higher specific capacities for cathodes than intercalation or alloying
materials. However, cycle life and stability is still a problem.

In summary, intercalation materials are the best developed materials to date. They
are more stable than conversion or alloy-types. Hence, they are more likely to compensate
volume expansions caused by lithium or sodium-ion insertion due to their lower densities.

As a drawback they also show lower capacities.

2.4.2 Degradation mechanisms

There are various degradation mechanisms within the electrodes. One of the main issues
leading to capacity losses and decrease in battery performance can be linked to surface layer
formation. The formed layers are non-conductive, passivated films on electrode surfaces.

They are called the Solid Electrolyte Interphase (SEI) when formed on anodes and often re-
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Figure 2.11: Approximate range of average discharge potentials and specific capacity of some of the
most common alloying and conversion-type (a) cathodes (theoretical) and (b) anodes
(experimental) for lithium-ion batteries.[60]

ferred to Cathode Electrolyte Interphase (CEI) for positive electrodes. The mechanisms are
different for every material and are still under investigation. Although, it is common under-
standing that these surface layers are formed by decomposition products of the electrolyte
solvent and conducting salts.[67, 68, 69] But a stable surface layer also slows down further
side reactions and protects the active material surface against solvent ion intercalation'.
Nevertheless, charging and discharging processes induce volume expansion and cause me-
chanical stress. Current research focusses on particle embedding frameworks to solve this
issue (Figure 2.12 [70]). However, most composite electrodes do not have a flexible binder
framework or matrix to compensate these effects. This leads to a ‘breathing’ movement of
the particles and causes particle cracking and delamination. As a consequence the actual
surface is increasing and additional SEI are formed.[71, 72]

Alongside uncontrolled SEI formation, particle cracking can lead to higher ohmic re-
sistance, if single particles lose electronic contact to the current collector. Moreover, with-
out contact to the current collector, these particles can no longer be charged and discharged.
Furthermore, loose particles might move through the battery and block separator pores.
This leads to an inhomogeneous current distribution and a local increase of the current den-
sity, as mentioned in Chapter 3.3. Hence, the voltage exceeds the safe potential window
and a local overcharging/overdischarging of the materials occurs. Overcharging on cathode
side leads to electrolyte decompensation and dissolution of transition metal into the elec-
trolyte. Overdischarging of anodes leads to lithium and sodium plating and dendrite growth,
respectively.[74, 75]

There a many different processes causing degradation of the electrode materials and

I'The SEI hinders the intercalation of the complete counter ion solvation shell. While moving through the
SEI layer the counter ion removes its solvent shell, which reduces the mechanical stress for the electrode
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Figure 2.14: Illustration of main process steps for electrode manufacturing by Liu et al. [76].

hence reducing the battery performance. A good visual summery is given by Weaving et al.
[73] as shown in Figure 2.13. The pictures summarises the different ageing and degrada-
tion mechanisms occurring in Na-ion systems, assuming a HC anode, organic carbonate

electrolyte, polyolefin separator and metal oxide cathode.

2.4.3 Processing

Electrode manufacturing is a multi-step process and depends on a large number of param-
eters. The following fabrication steps give a short summary of the main tasks, which are:
mixing, dispersing, coating, drying, and calendering. They are illustrated in Figure 2.14.
These steps might differ due to processing routine, ingredients and active materials. Be-
sides, in battery manufacturing some process steps (coating, drying, calendering) are com-
bined to so called reel-to-reel coating machines. In addition some equipment enables in-line

double side coating.

1. (Pre-)Mixing
Depending on the number of ingredients and kind of active material: a dry mix of
all ingredients might be necessary for a homogeneous mixture. As an alternative, a
premix/pre-dispersion of some ingredients is required to ensure good solubility. Also,
most carbon-nano fibres or polyvinylidene fluoride (PVdF) binders are pre-dispersed
in a suitable solvent for better performing electrodes. Important parameters include
ratio of ingredients and mixing time. The duration is crucial as it needs a sufficient

time to obtain a homogeneous mixture, but long time mixing might result in particle
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sizes changes or demixing.

2. Dispersing
Most techniques use solvents to prepare slurries for the coating'. Common solvents
are water and N-methyl-2-pyrrolidone (NMP). Water is used for water-soluble binder
systems such as alginate, carboxylmethyl cellulose (CMC) or styrol butadien rub-
ber (SBR). These systems are already available for commercial available anodes for
lithium-ion batteries.[27, 79, 80] Often, inks containing cathode materials or HC are
based on NMP solvents or the less harmful alternative N-etylpyrrolidone (NEP). The
produced inks should have a high material content and viscosity. This is important to
achieve thick coatings comprising high loadings of active material. For ink prepara-
tion high shear equipment comprising a propeller stirrer or planetary mixing are used.
High shear forces are required to break apart agglomerates to obtain a smooth and ho-
mogeneous. Important parameters include the type of mixing equipment, viscosity of

the ink and mixing time.

3. Coating
A standard coating technique is the doctor blade method. Within this process the
slurry is poured onto the current collector foil. A blade with a defined gap to the
current collector removes any excess material while being pushed across the current
collector foil (see Figure 2.14 from [81], step coating). Important parameters influ-
encing the characteristics of the draw down are the blade gap, feed rate, and current

collector tension.

4. Drying
Drying on laboratory scale differs from industry-scale massively. On laboratory-scale
heating plates, infra-red lights or vacuum ovens are used for drying. This process can
take up to 1.5 hours depending on thickness and solid content of the ink. On industry-
scale the drying step is implemented within the reel-to-reel process. Most reel-to-reel
coating machines contain more than four heating elements or zones, placed above and
underneath the coating to ramp the coating in several zones to different temperatures.

As a result the coating will dry within 5 to 15 minutes depending on roller speed,

'A new technique of dry coating was presented to the battery community in 2016 and might be commer-
cialised within the upcoming years. The technique is based on patents from Zhong et al. [77] and Duong,
Feigenbaum, and Hong [78].
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thickness and solid content of the ink. The important parameters within this step are

the roller speed, temperature, and current collector tension.

5. Calendering
Calendering is a compaction process for electrodes, where the electrodes are fed be-
tween two stainless steel rollers to achieve a certain thickness and hence densification.
The process can be enhanced by heated rollers (hot roller press) choosing a tempera-
ture similar to the softening temperature of the binder used. Besides, the calendering
step is important to increase cohesion and adhesion of the materials and the current
collector. This process has a substantial impact on the pore structure and therefore
the electrochemical performance of the electrodes. Adjustment of the porosity in-
fluences electrolyte wetting characteristics and also charge transfer reactions during
cycling. A thickness reduction increases volumetric density which is important for
portable and automotive applications. Important parameters include the line pressure,

temperature, and residual moisture of solvents within the coating.

2.5 Anode material: HC for sodium-ion batteries

Graphite cannot be used in sodium-ion batteries containing carbonated electrolyte, as
sodium does not reversible intercalate into graphite. So the most common anode mate-
rial in sodium-ion batteries is HC. HC is a non-graphitic carbon that cannot be graphetised
even at temperatures as high as 3000 °C.[82] Its distance between single graphene sheets
is larger than within graphite. The synthesis of HC is a solid-state pyrolysis and is similar
to soft carbons and differs by the maximum temperature only. Common used precursor
materials are pitch and charcoal, but also renewable resources such as coconut shells, cot-
ton, banana peels, and glucose are used.[29, 83, 84, 85, 86] The main difference between
graphite and HC is their hybridisation. Whereas graphite has sp? bonds, HC has a mixed
sp” and sp’ hybridisation, which leads to cross-linking between the layers and a lack of
long range ordering in the c¢ direction of graphite, as seen in Figure 2.15.[87] As a result,
the HC particles’ 3-D electronic conductivity improves the electronic transport properties
compared to graphite.[88] Furthermore, cross-linking reduces the density of the material.
The density of HC is around 1.5 g-cm™>, which is slightly lower than the density of graphite
of around 2.1 g-cm™>.

Sodium intercalation into HC was first described by Stevens and Dahn [83]. Within
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Figure 2.15: Franklin models for isotropic and graphitising carbons; a) non-graphitised carbon, HC;
b) partially graphitised; c) graphitised, graphite by Mochida, Yoon, and Qiao [87].
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Figure 2.16: HC characteristics: a) SEM picture of a commercial HC material; b) Typical potential
versus capacity profile for HC when tested against sodium metal counter electrodes.
The different steps of the mechanism are also labelled and depicted [89].

the following years, synthesis routes and material characteristics were improved. Nowadays
most carbons show similar capacities of around 300 to 350 mAh-g~! for room-temperature
sodium-ion batteries. The observed FCL depends on the particle size of the different mate-
rials and electrode formulation and varies between 15 and 25 %. As SEI formation and its
stability influence the cell performance massively, parameters such as particle size and sur-
face area are crucial. The left picture in Figure 2.16 shows an SEM image of the commercial
HC used within this thesis. The average particle size for this material is stated as 9 um, but
particles up to 20 um can be found. The right picture in Figure 2.16 from Irisarri, Pon-
rouch, and Palacin [89] shows the usable capacity of a HC electrode versus sodium metal.
The high discharge capacity of around 500 mAh-g~' might be caused by a large surface
area' of 70m?-g~!. Currently HC is the anode of choice for sodium-ion batteries, therefore

improvements in the observed charge rate is required for many of the potential applications

! Commercial products are used to conduct the experiments within this thesis. These products state values
around 3 to 8 mz-g_1
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on the horizon for sodium-ion batteries such as power tools, e-mobility (e-bikes, electric
vehicles) and stationary energy storage.[13, 19, 90, 91] During cycling, and especially dur-
ing the initial formation cycles, an electronically insulating SEI forms on the anode surface,
this can increase internal resistance and cause a subsequent drop in cell performance.[92,
93, 94, 95] Xia and Dahn [95] show that the inter-phase for sodiated HC is more related
toward the electrolyte compared to lithiated HC/electrolyte. Hence, the SEI in sodium-ion
batteries is less stable than in lithium-ion batteries. The growth of the SEI decreases the
porosity of the composite electrode as the SEI grows into the available pore space. Hence,
possible electrolyte reservoirs vanish, and pathways for sodium-ion diffusion are elongated

or removed altogether.



Chapter 3

Literature review

This chapter gives an introduction about the economic potential of the world wide bat-
tery marked as well as summarises and discusses prior research on electrode and material
characterisation for lithium and sodium-ion batteries. Based on composite electrode char-
acteristics and market needs bench-marks will be set, which are required for the sodium-ion
technology to meet commercialisation targets. These bench-marks are based on state-of-
the-art characteristics, e.g. performance and costs of commercially available lithium and
sodium-ion batteries. Additionally, characterisation methods used to investigate material
and hallf-cell performance are introduced. Section 3.1 Comparison of lithium to sodium-ion
batteries - costs and commercialisation gives a general overview about the battery market
and points out the advantages and disadvantages of both technologies. Electrode materials
used in either lithium-ion or sodium-ion batteries are introduced in Section 3.2 Electrode
materials and reactions. Cell designs used for material testing and commercial applications
are summarised and discussed, subsequently. Finally, Chapters 3.5 Electrochemical charac-
terisation and 3.6 Physical characterisation state suitable methods to investigate chemical
and physical electrode properties and their utilisation in literature is discussed. The conclu-
sion of the literature review summarises obstacles and objectives for the upcoming research

to accomplish the bench-marks set by the lithium-ion technology.

3.1 Comparison of lithium to sodium-ion batteries: costs and

commercialisation

The battery market is fast growing with a turnover of US$ 80 billion in 2018 with an over-
all share of lithium-ion batteries of approximately 30 % (data based on pack-level). The

average growth rate was about 5 % over the last 15 years and an increase for the upcom-
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Figure 3.1: Analysis of the world wide battery market in 2018 by Pillot [96].
SLI: Start light and ignition batteries for cars, truck, motor boat etc.

ing years is expected.[96] Figure 3.1 shows the share of several applications to the battery
market in 2018. The key applications for lithium-ion batteries are portable devices, power
tools, and e-bikes. Furthermore, their percentage in applications for ESS (Energy Storage
Systems) and other stationary systems is growing. With the increasing demand of portable
devices, house or grid energy storage systems and electric vehicles, battery costs have be-
come more important for many applications. Considering this, sodium-ion technology is
an attractive alternative as sodium is much more abundant than lithium. Sodium can be ex-
tracted from seawater, whereas most of the lithium resources are located in China or South
America. Furthermore, the manufacturing of sodium-ion batteries can be implemented as a
drop-in technology into the existing infrastructure of lithium-ion battery production. Table
3.1 states the average costs of the most common electrode and current collector materials. A
comparison of the cathode raw material costs shows a benefit for sodium-ion batteries as the
precursor material sodium carbonate is about an order of magnitude cheaper than lithium
carbonate. In the case of anode material costs, HC (sodium technology) is slightly more
expensive than graphite (lithium technology)'. But the difference in price may change, as
research projects are aiming to develop new blended electrodes containing silicon, tin or an-

timony for energy storage, to increase volumetric and gravimetric capacities. Nevertheless,

"HC needs to be used since sodium does not reversible intercalate into graphite.
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Table 3.1: Prices of electrode and current collector materials for lithium and sodium-ion batteries.

Material Application Price in | Reference
100 US$/mt
Lithium carbonate Cathode 6 [97]
Sodium carbonate (soda ash) | Cathode <0.2 [97]
Graphite Lithium anode 7-13 [98]
HC Sodium anode 25 [98]
Silicon Anode 300 [97]
Tin Anode 1500 [97]
Antimony Anode 750 [97]
Aluminium Current collector 2 [97]
Copper Current collector 610 [97]

HC offers an environmental advantage as it can be easily produced from coconut shells, rice
or other biomass.[29, 89, 99, 100] Additionally, in sodium-ion batteries aluminium can be
used as an anode current collector, because in contrast to lithium, sodium does not form an
alloy with aluminium at low potentials. Hence, the utilisation of aluminium reduces costs
and improves safety as a freshly built sodium-ion battery can be shorted externally without
the hazard of exothermic reaction and consequent fires or explosions.[101]

The main disadvantage of sodium-ion batteries is the theoretically lower energy and
power density compared to lithium-ion technology. These calculations are based on the
ionic radius' and the standard electrode potential (vs. SHE)?. Nevertheless, under operating
conditions, theoretical capacities cannot be achieved for both technologies. Further efforts
in sodium-ion battery development have to be made to improve these characteristics. Be-
sides, capacities and cycling performance of batteries need to be improved to lower life-time
costs. This can be done either by inventing new materials with higher capacities for high
power applications comparable to lithium cobalt oxide (LCO) or by improving the cycle
stability of existing materials to be able to compete with LFP batteries (see also Chapter
3.2). Bearing in mind the lower theoretical gravimetric capacity of sodium-ion batteries,
focussing on a development of a low-cost and long-life battery seems to be a sensible ap-
proach. These low cost, high energy batteries can be used for house or grid scale energy
storage systems where costs and life-time are essential, and volumetric/gravimetric capac-
ities are secondary considerations. Current commercial solutions for home energy storage

systems are e.g. the Tesla Powerwall, SonnenCore and LG Chem.[102, 103, 104] All these

1Ionic radii: 182 pm for lithium, 227 pm for sodium
2SHE: -3.04V for lithium, —2.7 V for sodium
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Table 3.2: Summary of characteristics and budget costing for a home energy storage system sold by
Sonnen, Tesla, and LG Resu.

SonnenCore Tesla | LG Chem
eco | Powerwall 2.0
Chemistry LFP NMC NMC
Usable energy 10kWh 13.5kWh 9.3kWh
Power Output cont (peak) 4.5 (8.6) kW up to 7kW 5(HkW
Life time 10000 cycles unlimited 6 000
or throughput 58 MWh 37.8 MWh | 22.4 MWh
Warranty 10 years 10years 10 years
Depth of Discharge 100 % 100 % 90 %
Price system 9500US $ 8500US$ | 7000US $
Price Converter included included
Installation costs n.a. 2000US $
Costs per kKWh/throughput 0.16 USS$ | 0.22US$ | 0.31USS$ |

solutions are based on lithium-ion technology and a comparison including an approxima-
tion of costs is given in Table 3.2. The products state a warranty of 10 years and a cycle life
of greater than 6 000 cycles. The calculated costs of the Sonnenbatterie system per lifetime
throughput are around 0.16 US$, the Tesla is 50 % more expensive (0.22 US$), whereas the
storage system from LG Chem is around 0.31 US$. The company called Aquion Energy
(closed in 2017) offered a system based on sodium salt water batteries (Manganese ox-
ide versus titanium phosphate ( in 5M NaClOy4). The costs of their system was at around
0.23 USS$.[105]

The current key players in the sodium battery market include Faradion Ltd, AGM
Batteries Ltd (amte power), NGK Insulators Ltd, TTAMAT SAS, HiNa Battery Technology
Co. Ltd, Altris AB, and Natron Energy Inc. Except NGK Insulators Ltd, who offer a energy
storage system on the high-temperature sodium/sulphur technology (NAS) [106], all other
companies offer either active materials or assembled cells based on the room-temperature
sodium-ion technology. As an example, the company Faradion Ltd. is a start-up company
focussing on commercialising sodium-ion batteries. They claim a cost benefit of up to 30 %
on cell level and state power densities similar to LFP.[107] With a cost reduction of 30 %
in mind, sodium-ion batteries need to hit 3 500 cycles to compete with currently available

lithium-ion products on the market.
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Figure 3.2: Illustration of capacity and electrochemical reduction potential of reported positive and
negative electrode materials with plausible application in lithium-ion cells (left,[108])
and sodium-ion cells (right,[109]).

3.2 Electrode materials and reactions

Electrodes for sodium-ion and lithium-ion batteries are based on similar materials. In most
cases layered oxides, phosphates or metal oxides are used on the cathode side. Common
materials for anodes are different kinds of carbons or titanates.[108, 109] Many reviews
have been published stating recent materials and developments in lithium and sodium ion
research.[13, 16, 60, 89, 110, 111] But recent developments on blended or pure metal elec-
trodes comprising e.g. lithium, sodium, tin, antimony or silicon, show promising results.
These advanced electrodes operate at slightly higher potentials and show high capacity fade
rates. But, if cycle stability and life can be improved, a huge boost in capacity can be
achieved. Figure 3.2 illustrates the operating potential and capacities for several materials
used in lithium-ion and sodium-ion batteries. Batteries can be built out of any combination
of lithium-ion or sodium-ion materials. The battery voltage is the difference between the
two potentials of the selected anode and cathode.

It can be seen that lithium-ion and sodium-ion batteries operate within the same volt-
age window, but lithium-ion batteries reveal the higher capacities, for both, anode and cath-
ode materials. In 2014 Sharp Laboratories of Europe Ltd (SLE) invented a new cathode
material suitable for sodium-ion batteries, showing capacities of 150mAh-g~!. A further
development of this material led to an improved material with promising capacities of up to
190 mAh-g~!.[112] These maximum capacities are similar to the ones stated for LiFePOy4
(Figure 3.2, [108, 109]) and makes SLE’s material suitable for low power applications. Re-

cent developments show cathode materials with similar or slightly higher capacities, altough



3.3. Importance and safety of the experimental set-up 56

full cell testing has not reported with these materials, yet.[113, 114, 115]

Depending on the kind of material, different charging and discharging processes
are happening. In the literature, often generic expressions like lithiation/delithation and
sodiation/desodiation are used, respectively, to implicate processes such as intercala-
tion/deintercalation, alloying/dealloying or conversion. Intercalation materials show a more
stable cycle life than conversion and alloying materials, but due to their limited storage of
exchange ions they offer lower capacities.[31, 60, 61, 63, 64, 65]

This Ph. D. project focusses on the characterisation and processing of HC composite
electrodes (intercalation anode). Within Chapter 2.4 a detailed description of the differ-
ent processes (intercalation, alloying, conversion) and a more detailed introduction into
the materials used in this project, including synthesis routes, parameters and their material

properties are given.

3.3 Importance and safety of the experimental set-up

A well-conceived experimental set-up is mandatory to generate reliable data. It also guar-
antees a safe testing environment and a minimisation of hazards. At cell level, good align-
ment of electrodes, a separator in good condition and balanced electrodes are essential.! A
misalignment of anode and cathode or unbalanced electrodes lead to inhomogeneous cur-
rent distribution, which results in lower capacities or dendrite formation.”[116, 117, 118,
119] Dendrite formation has to be avoided as dendrites can cause internal short circuits,
electrolyte evaporation and fires. Internal short circuits influence the results of cell char-
acterisation as short circuits lead to a continuous small discharge current. Hence, charging
capacities might appear higher, discharging capacities lower and therefore lead to an incor-
rect coloumbic efficiency. For example, Samsung investigated a misalignment of electrodes
as one cause for the fire evolution within their Galaxy Note 7.[120] To prevent dendrite for-
mation, the capacities of anodes are chosen to be slightly higher than the ones for cathodes.

Laboratory scale cells are often tested within half-cell configurations, this implies the
working electrode is tested versus sodium or lithium metal, respectively.[84, 121, 122] But
electrochemical testing has to be evaluated carefully, when done in a standard 2-electrode
arrangement as stripping and plating of metallic sodium and lithium contributes to the over-

all cell polarisation.[123] Some research groups work on additives to suppress dendrite for-

"Electrodes are called balanced, when the capacities of anode and cathode are alike.
Dendrites are metallic depositions on the anode surface.
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mation. Besides, homogeneous lithium plating reduces the cell volume and enhances safety
as internal short circuits are avoided. Ongoing research on dendrite formation is mainly
focussed on lithium-ion metal or lithium air batteries as these battery types incorporate a
solid or liquid lithium metal anode.[124, 125, 126]

To monitor the working and counter electrode potentials separately a 3-electrode
arrangement comprising a reference electrode can be used. Different approaches of 3-
electrode set-ups are discussed in Chapter 3.4. It is important that these mainly in-house
made cell set-ups are gas tight to avoid any humidity entering the cell environment as metal-
lic sodium and lithium react exothermically when in contact with water. Hence, lithium and
sodium-ion batteries have to be built in an inert/dry atmosphere to reduce the water con-
tent to a minimum (< 15 ppm). Additionally hydrofluoric acid (HF) can be formed when
conducting salts such as LiPFg or NaPFg are used. Besides health and safety risks, HF
generation reduces the overall battery capacity as it reacts with transition metals used in the
cathode materials and corrodes the aluminium current collector.[127, 128]

Other safety aspects are incorporated within cell assembling and battery manufactur-
ing. Some cell manufactures use a triple layered separator. These separators comprising a
safety layer, which melts down at higher temperatures (approx. 130 °C, [129]) and should
avoid or stop thermal runaway as initiated by an internal short circuits. During a thermal
runaway the cell temperature increases. After reaching an on-set temperature, the heat gen-
eration will be self-supplied and the battery cell will melt down.[130, 131] The use of a
shut-down separator prevents any further ionic and electric exchange and causes a stop of
the electrochemical reaction. One of the disadvantage of these separators is their sensitivity
to heat within the manufacturing process. As a consequence, tab welding and sealing of
pouch bags has to be done with caution to avoid separator melting. Also, partial melting
of the separator leads to an inhomogeneous current distribution resulting in dendrite for-
mation, as stated above.[75, 132] Besides, these separators are thicker than other double
layered separators and therefore increase the internal resistance of the cell, which leads to
power losses in the battery performance. Therefore, electrodes, balancing, separator and
housing should be chosen depending on the purpose of testing. A range of different cell
designs are introduced in the following section, discussing their advantages and disadvan-

tages.
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Figure 3.3: Assembling of different cell set-ups as used for research and development on laboratory-
scale by [117, 121, 133].

3.4 Comparison of cell designs for material testing and commer-

cial applications

The focus of cell characterisation on a laboratory-scale is on initial material testing (e.g.
capacity and performance) whereas commercial battery tests are focussing on cycle life
and rate stability. Furthermore, commercial cells have either a high volumetric or gravi-
metric energy density and have to be suitable for high power or high energy applications.
Therefore, cell designs differ from each other as the cell or battery set-up has to match the
application or testing purpose. Cell designs on laboratory scale need to be fast and eas-
ily assembled/disassembled, low-cost and gas-tight. Size and volume of the housing do not
matter as gravimetric and volumetric densities are only important on an electrode level. The
most common set-ups are disposable coin cells or reusable *Swagelok cells’. Three differ-
ent cell designs used for material testing are shown in Figure 3.3. For scale-up approaches
and long term testing often small pouch bag cells with capacities up to 0.5 Ah are used as
this set-up is closer to a commercial set-up. Most common are single layered pouch bags
(SLP) consisting of a single electrode stack (anode, separator, cathode).

Coin cells (left picture in Figure 3.3) are low cost, and fast and easy to build. But
in comparison to 2-electrode Swagelok cells (picture on the right) they are more difficult
to disassemble if post-mortem analysis is necessary. In contrast, Swagelok cells are easy
to disassemble and reusable. Being actually made for gas pipelines, they are gas tight,
when assembled correctly. Swagelok housings are either made out of stainless steel, using
insulating insets to avoid internal short circuits, or made from polyvinyl alcohol (PVA) or
polyether ether ketone (PEEK). The cell design can be modified to a 3-electrode set-up by
using a Swagelok Tee-union as the body part (Figure 3.3, middle). Via the third entrance

a reference electrode enables the monitoring of the cathode and anode potential separately
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Figure 3.4: Optimisation of the reference electrode diameter by Klink [134]. a) Standard 5 mm ref-
erence electrode as used in 3-electrode Swagelok arrangement and an alternative 0.5 mm
micro reference; b) Influence of the reference diameter on data collected by EIS.

from each other. This is important to allocate cell effects to individual electrodes.
Although material characterisation is done by so-called half-cell testing, the metal
counter electrode influences the properties of the test cell as mentioned earlier. The ref-
erence material used should be stable within the voltage range, show low polarisation and
be inert to electrolyte reactions. In most cases lithium is used as a reference material
for lithium-ion battery testing and sodium for sodium-ion cells. The advantage of this 3-
electrode Swagelok set-up is the rather small variation compared to a standard 2-electrode
arrangement as the cell remains the same and the reference electrode is attached to the side
of the stack. As a drawback, a large amount of reference material is needed. This causes
side effects as surface layers occur on lithium and sodium when in contact with electrolyte.
An investigation of different reference designs was done by Klink [134] and is shown in the
top drawing in Figure 3.4 a. A reduction of the amount of reference material used results in
a lower overall resistance as seen in Figure 3.4b. Nevertheless, both data sets show the same
features, although the shape of the data set collected by using a 0.5 mm reference is more
distinct. However, the reference electrode has to be aligned centrally towards the cell stack
to ensure the shortest possible distance between counter and reference electrode, as well as
between working and reference electrode. This can be more difficult with an diameter of

0.5 mm.
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As alternative to these in-house solutions, commercial systems can be purchased. For
example MTI Corporation (US) or EL-Cell (Germany) provide test housings. EL-Cell offers
solutions for special experimental cell set-ups such as optical test cells, cells for gas analysis
and reference electrode cell set-ups. The amount of reference material, which is used in their
3-electrode set-up is reduced to a minimum, but a thick separator (thickness around 1 mm)
is needed to adjust the position of the reference correctly, which results in higher ohmic
resistances. This makes this set-up less suitable for impedance or long term testing.

The research community is aware of the importance of accurate repeatable cell test-
ing. The added value of monitoring working and counter electrode potential is expressed by
Barker [49] and Abraham et al. [135]. Further, the issues resulting from geometry, position
and size of the reference electrode are discussed by Klink et al. [116], Gomez-Camer and
Novék [136] and Dees, Jansen, and Abraham [137]. An influence of cell geometry and
reference size on the monitoring of cell characteristics is shown in these publications. As
an outcome, a small reference electrode close to the cell stack is suggested. The most re-
cent developments integrate ring-shaped reference electrodes into test cells. A ring-shaped
reference electrode has the benefit of a more homogeneous potential distribution. A com-
mercial solution of an implemented ring-shaped reference electrode was introduced by EL-
Cell recently. The modified cell set-up may lead to more accurate results, if assembled
correctly.[138] As a small drawback a variation of the reference material cannot be done,
as the reference component is already set-up and has to be disposed after single use. Al-
though the industrial cell set-up differs from laboratory-scale cell testing, reference elec-
trodes are also used in commercial cell designs to investigate the influence of ageing and
scale-up.[139, 140] Within this thesis 3-electrode Swagelok cells are used. Their cell set-up
and assembling is described in Chapter 4.1.

Cell designs for commercial applications have either stacked (pouch bag, coin cell) or
wound (cylindrical, prismatic) electrodes. Pictures and schematic drawings of a range of
commercially available lithium-ion batteries are shown in Figure 3.5. Cylindrical cells have
good gravimetric and volumetric energy densities due to a minimum of packaging material,
but they need to have a rupture diaphragm to release pressure in case of a cell failure due
to the risk of a potential explosion.[130] This is not necessary for pouch bag cells as higher
inner pressure ruptures the laminated foil more easily than a tin can of a cylindrical cell.

Cylindrical, prismatic and pouch bag cells are used for secondary battery applications, such
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Figure 3.5: Left: photo of different kinds of lithium-ion battery shapes fabricated by different
manufacturers.[141] Right: Schematic drawing of four different kinds of lithium-ion
battery shapes. a: cylindrical; b: coin cell; c: prismatic; and d: plastic lithium-ion
(PLiON).[119]

as laptops and smart phones. The coin cell design is used for primary batteries and low
current applications only. Coin cells consist of a thick layer of active material (Figure 3.5),
which results in poor electronic and ionic conductivity. Hence only low currents can be used
to discharge the cell. New developments demonstrate batteries with extraordinary shapes.
For example companies like Ascent Batteries (US) and Custom Cells (Germany) offer ring
or Tee-shaped lithium-ion batteries.[142, 143]

In summary, a reliable cell set-up is mandatory for accurate and reproducible data. To
ensure this, settings and parameters for electrochemical testing methods have to be carefully
considered. The following section introduces the main testing methods and their application

in the literature.

3.5 Electrochemical characterisation

Battery testing can be done in several different ways and there are no standard procedures
yet. Therefore, comparison of published data is difficult.

The following subsections give a short overview about the implementation of the most
common used techniques in the literature, their merits and limitations as well as the impor-
tance of parameter settings. Further, advantages and disadvantages of each testing method
and its eligibility for material characterisation and industrial application are stated. A theo-

retical view about methods and analysis can be found in Section 2.1.

3.51 OCV

The OCV describes the voltage of an electrochemical cell, when disconnected from any

circuit. It is important to realise the difference between OCV and the equilibrium potential.
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Whereas the equilibrium potential is stable due to balanced kinetics of the forward and
backward reactions, during OCV some reactions might be preferential. The contributions
of these reactions are small, but accumulate over time and result in a self-discharge of the
battery, thus influencing their shelf life. For rapid investigation of these slow processes,
OCYV measurements are often carried out at elevated temperature as this accelerates these
processes (Arrhenius equation).

Most publications based on OCV data and measurements are stating new models to
predict state-of-charge (SoC) and state-of-health (SoH) of batteries. To measure the true
OCYV potential, all diffusion reactions induced by charging or discharging steps have to
come to a standstill. Therefore, this measurement is quite a time-consuming method. Many
publications show low rate cycling curves instead of true OCV data (e.g. cycling at a C-
rate! of C/40 [144]). Another approach is a calculation of the average voltage of charge
and discharge recorded at a low C-rate.[145] In most cases the charging or discharging
process at low C-rates is interrupted by several steps of OCV measurements for relaxation.
The duration of these steps differs from around 30 minutes to up to 24 hours.[94, 146, 147]
Furthermore, the relaxation time depends on materials and SoC. At the end of the OCV
step, the potential should be stable; but the self-discharge of cells has to be considered.
Whereas commercial cells have a rather low self-discharge rate of 2 to 3 % per month, cells
on laboratory scale might discharge faster depending on the design used. Weng, Sun, and
Peng [145] and Lavigne et al. [146], and Zhang et al. [94] used OCV data of commercial
cells to develop models to estimate SoC and SoH of cycled cells. However, the deviations
in parameter settings make it difficult to compare the published data to each other. But this
kind of research helps enormously to improve the prediction of battery life. Nevertheless,
the values stated in the literature are based on commercial full cells, and therefore these
results are not material related and no linking towards inner processes is possible.

The results from Matsui et al. [147] and Schmidt et al. [144] are based on laboratory
test cells. Matsui et al. used a coin cell set-up testing LiFePO4 versus metallic lithium.
Their OCV measurements show a change in diffusion behaviour depending on the SoC of
the battery. As the tests are performed in a 2-electrode arrangement, the results are influ-

enced by counter electrode contributions and might differ from the actual material potential.

'A C-rate names the charging or discharging current defined by the time, which is needed to fully charge
or discharge a cell, independent of its capacity. A rate of 1 C corresponds to a full charge or discharge within
1 hour, 2 C within 30 minutes, etc.. The calculation of C-rate is often based on the theoretical capacity of the
active material and therefore a charge at 1 C might take longer than 1 hour.
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Schmidt et al. rebuilt dissasembled commercial batteries in a 3-electrode cell set-up to in-
vestigate the OCV behaviour of different materials. Based on this data, an OCV of blended
electrodes can be calculated. Additionally, their simulation helps to conclude the composi-
tion of unknown cathode blends by knowing the OCV potential only. Again, these papers
focus on material characterisation and do not link their results to electrode characteristics

or morphology.

3.5.2 Galvanostatic and potentiostatic testing methods

Different charging and discharging profiles are used to determine the characteristics of ma-
terials or full cells. Discharging profiles from different current rates, for example, give an
indication about transport and conductivity characteristics within the battery. Most papers
introducing a new battery material or stating improved battery performance show these kind
of rate tests. Figure 3.6 shows discharge curves at four different C-rates for a lithium-ion
battery. It can be seen that the extractable capacity is reduced by around 15 % at higher C-
rates. Rate tests give an idea about existing processes. To investigate these in more detail,
additional tests are necessary. For example, characteristics such as diffusion coefficients are
important as they give information about the transport limitations within electrodes. Suthar
et al. [149] and Smekens et al. [150] investigate the correlation of porosity and usable ca-
pacity. Their mathematical models are based on Newman’s diffusion model for lithium-ion
electrodes and include electronic and ionic diffusion within the electrolyte and the solid
phase [151, 152]. Whereas the approach by Suthar et al. is mathematical only, Smekens
et al. validate their model using composite electrodes with different densities and correlate
density to usable capacity at different C-rates. Nevertheless, this approach is based on non-
aged cells only and the influence of the SoH is not considered. Furthermore, they link the
reduced capacities to the properties of the electrodes, but do not bridge these results to ma-
terial characteristics such as low conductivity of active materials or surface layer formation.
Besides, the given capacity values are average values based on charge and discharge. To
investigate diffusion coefficients depending on the SoC, the most common techniques are

GITT, PITT and EIS. These techniques are discussed within the following sections.

3.5.3 GITT, PITT and EPS
Intermittent Titration Techniques, such as PITT and GITT, and EPS are powerful techniques
to investigate material and cell behaviour related to the SoC of electrodes and batteries,

respectively. These techniques can be used to calculate diffusion coefficients pointing out



3.5. Electrochemical characterisation 64

-- C/3

Cell voltage (V)

Capacity (Ah)

Figure 3.6: Example for different lithium-ion cell discharge curves LiNigp5Cog,Mng30;, versus
graphite at various C-rates at room temperature (published in Wang et al. [148]).

limitations of inner processes and kinetics as mentioned in Chapter 2.1.2. Furthermore,
the generated data provides information about 1-, 2- or 3-dimensional ion movement, when
calculated on material level and crystal structure only. A full understanding of SoC and SoH
related diffusion coefficients can help to stabilise reaction processes and change the way of
charging and discharging procedures.

Most papers present diffusion coefficients for a single charge and/or discharge to show
changes of material properties within lithiation or sodiation, respectively, or stating an av-
erage value only. However, it has to be considered that the calculated diffusion coefficients
are apparent diffusion coefficients as they are influenced by battery characteristics, such as
electrode additives, electrolyte, and porosity. These apparent diffusion coefficients depend
on electrode characteristics and changes due to continuous cycling are likely. Therefore,
the published characteristics are only a snapshot in cycle life of the battery.[29, 153] The

described experiments by Li et al. [29] and Zheng et al. [153] are based on a standard
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Figure 3.7: Typical GITT voltage trace of the working vs. counter electrode and working vs. refer-
ence electrode. A 30 s constant current discharge pulse is applied to the cell, followed
by a long relaxation period [30].

2-electrode coin cell set-up and therefore the data is influenced by counter electrode con-
tributions. The importance of a 3-electrode set-up for accurate data generation is given by
Dees et al. [30] and was mentioned earlier. Dees et al. [30] perform GITT measurements
to validate a model for lithium-ion diffusion in porous electrodes. Their experiments show
clearly deviation between the working electrode potential measured via the reference elec-
trode compared and the cell potential while using lithium metal as counter and reference
electrode (see Figure 3.7). Furthermore, parameter settings are crucial to generate reliable
data. To reach steady-state during OCV steps, the choice of the correct length of the charg-
ing/discharging and OCV step is important. By the end of the OCV step, the potential has to
be in steady-state to assure a correct starting point for the following current/potential step.
The duration of the current step is important as it has to be long enough to not only reverse
polarity of the electrochemical double-layer, but also have some true charging/discharging
processes happening.[33] For these reasons, comparison of results with published values
has to be done with caution, as current density and OCV duration might differ between pub-
lications. However, to accredit these effects to any physical effect or morphology change,
electrochemical testing needs to be done on modified electrodes and linked to physical char-

acterisation as done by Bommier et al. [92] on HC anodes for sodium-ion batteries. Their
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Figure 3.8: Cyclic voltamogramms of a) bare LiFePO, and LiFePO4/C at a scan rate of 0.05 mV-s~!
and b) the LiFePO,4/C with various scan rates [155].

results indicate a main contribution of electrolyte and metallic sodium on the decreasing
effects of apparent diffusion coefficients. However, their experiments seem to be performed
in a 2-electrode arrangement, so changes within the diffusive profile cannot be linked to
material or electrode properties. Therefore, a combination of electrochemical and physical
investigation to assign these effects to changes in physical properties such as porosity or
adhesion is necessary. This approach cannot be found in literature at present and will be

part of this Ph. D. project.

3.54 CV

CV is one of the main electrochemical techniques to analyse chemical reactions and is
widely used to investigate reduction and oxidation processes and phase transitions within
the material. Furthermore, the reversibility and stability of these reactions can be deter-
mined. In case of reversible reactions, diffusion coefficients can be calculated.

Franger, Bourbon, and Le Cras [154] and Park et al. [155] show CV studies on LFP.
Both publications show reversible processes, which enables diffusion coefficient calcula-
tions. Furthermore, Park et al. evaluate the difference of bare LiFePO4 and carbon coated
LiFePO4/C. Their experiments illustrate the improved kinetics of carbon coated LiFePO4/C
as seen in Figure 3.8 a. Their diffusion coefficient calculation is based on the semi-reversible
processes shown in Figure 3.8 b. Besides, CV is a common technique to investigate surface
layer and SEI formation. Besides stability studies, influences of additives and scan rates on
surface layers have been determined by Wang et al. [67] and Wu and Bennett [156].

A good summarising article comparing the elctrochemistry of lithium and sodium ion

technology is given by De La Llave et al. [157]. In Figure 3.9 a comparison of lithium-ion
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Figure 3.9: Comparison of electrochemical performance of cathodes in half cells. %vs.E (voltage
profile derivatives) at 0.1 C for sodium and lithium-ion materials . Cyclic voltammo-
gram for a a) sodium-ion cathodes compared to b) a lithium-ion cathode; cyclic voltam-
mograms at different scan rates c) for a sodium-ion cathode; d) for a lithium-ion cath-
ode; Inset: maximum peak currents versus the square root of the scan rate. Diffusion
coefficients calculated from the slope of the linear curves thus obtained [157].

and sodium-ion kinetics using potentiostatic and CV techniques is shown.[157] The upper
graphs show the voltage profile derivatives at different states of ageing, whereas the graphs
c and d display CV curves at different scan rates for a lithium and a sodium-ion cathode
material, respectively. To be able to calculate diffusion coefficients from CV data, red-ox
reactions have to be reversible. Detailed information about how to prove the fulfilment
of requirements for reversibility or semi-reversibility are given in Section 2.1.3. De La
Llave et al. [157] point out faster kinetics for lithium-ion batteries and irreversible fast
degradation processes for sodium-ion batteries. The graphs show an obvious irreversible
red-ox reaction at around 2.7 V for sodium-ion batteries 3.9 (a). Hence, De La Llave et al.
calculate diffusion coefficients based on following red-ox reactions shown in Figure 3.9
c and d. Due to the low resolution of current and voltages axes the quotient of anodic and
cathodic current density cannot be determined and therefore, an evidence of full reversibility

cannot be given by the pictured cyclic voltamogramms.
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Figure 3.10: Nyquist plots for a) graphite at different degrees of lithium intercalation levels for ini-
tial cycling at 25 °C; b) comparison of high (1410 m? g~!) and low (24 m? g~!) surface
area carbon materials at various stages during the first discharge.[163]

3.5.5 EIS

Within the last 20 years a lot of work was done to set-up a suitable model to describe
the processes in lithium-ion electrodes. The group of John Newman pioneered within this
area and publications by Doyle and Newman laid the foundation for subsequent work.[151,
152] An improved version of the equivalent circuit based on these models was published
by Meyers et al. by adding an additional interface to the model to simulate surface layer
formation.[158] Based on this model, density functional theory (DFT) can be used to study
composition of surface layers and their electrochemical and mechanical properties.[159,
160, 161, 162] However, generation of reliable data is difficult. Besides the influence of
different grades of porosity, electrode properties change within cycling and therefore affect
the electrochemical properties as well. Among others, Wang, Appleby, and Little [39]
investigated the resistance of the SEI under different temperature conditions on graphite
electrodes for lithium-ion batteries. The dependency of the impedance on the SoC can be
seen in Figure 3.10 a. 2-electrode half-cell studies on HC for sodium-ion batteries show
the same effect. Bommier et al. [163] showed a change of impedance within the first cycle.
Furthermore, they investigated the contribution of the surface area towards SEI formation
and its negative effects on kinetics (Figure 3.10 b). Bommier et al. linked EIS generated data
to electrode features. But long-term EIS measurements on continued cycled electrodes have
yet to be explored. These kind of experiments might help to find out which ageing effect
are influencing the inner resistance of the cell with time. The gained knowledge can help
to create better equivalent circuit models to optimise processing and cycling parameters of

lithium and sodium-ion batteries.
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3.6 Physical characterisation

There is a wide range of possible physical characterisation techniques for electrodes. These
methods can be used with different experimental set-ups and parameters to maximise the
outcome of the investigation. Due to the large number of possible methods, this chapter

concentrates on widely used techniques only, such as:

* Microscopy, e.g. Atomic Force Microscopy (AFM), Electrochemical AFM (EC-
AFM), SEM also in combination with EDX.

* 3D X-ray CT.
* Porosity measurements using e.g. BET or mercury porosimetry.

» Spectroscopy, such as Raman, X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), Nuclear Magnetic Resonance (NMR) spectroscopy, and high energy

synchrotron spectroscopy’.

Techniques such as SEM, AFM, Raman spectroscopy, and XRD are fast and easily acces-
sible techniques commonly applied in publications. Other techniques have high acquisition
costs or restricted access, e.g. using high energy synchrotron X-rays. Whereas electrochem-
ical measurements are done in a sealed cell set-up, physical characterisation can be invasive
and/or non-invasive, and measurements can be done ex-situ, in-situ, or in-operando. This
differentiation is important as a lot of electrode samples are moisture or air sensitive, so in-
vasive or ex-situ experiments can change electrode properties while observing, which leads
to misinterpretation. Therefore, special handling or transfer chambers need to be developed

to perform these experiments, which introduces additional experimental complexity.

3.6.1 Microscopy

Most microscopes can be set-up for ex-situ, in-situ or in-operando experiments, depend-
ing on material properties, sample and equipment. AFM is a widely applied technique to
observe surface features such as morphology and roughness. The operation can also be
non-invasive, when run in non-contact mode. Breitung et al. [164] developed an EC-AFM
within an argon filled glove-box to investigate SEI formation on lithium-ion anodes com-
prising silicon. AFM measurements by Becker et al. [165] showed a correlation of the an-

ode potential to hight changes of silicon nano pillars. High resolution transmission electron

! Common techniques are for example: X-ray absorption near edge structure (XANES), X-ray emission
spectroscopy (XES), X-ray fluorescence (XRF) and so on.
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microscopy ((HR)TEM) is mainly used to observe volume changes due to lithium alloy for-
mation or dendrite growth [166, 167]; whereas surface changes or inter-phases introduced
by cycling or ageing are often observed by SEM.[168, 169] For in-situ SEM investigation,
an ionic liquid has to be used to avoid fast evaporation of the electrolyte due to a vacuum
atmosphere within the microscope chamber. Material analysis can also be done in combi-
nation with EDX. As an invasive method, focused ion beam and SEM in combination with
Time-of-flight Secondary Ion Mass Spectroscopy (FIB-SEM ToF-SIMS) can be used to de-
termine the chemical composition of surface layers and SEI.[55] Within this thesis all SEM

experiments are performed ex-situ.

3.6.2 Porosity measurements

Measuring the porosity of electrodes is a challenge as electrodes consist of a highly porous
network structure that spans different length scales. The structure may have a broad pore
distribution as well as macro and micro-pores within the electrode itself. Some materials
even have nano-pores due to agglomeration or surface texture. BET calculations (invented
by Brauner, Emmett, and Teller) or mercury porosimetry can be used to measure the sur-
face area. If the volume of the electrode is known, the porosity can be calculated. Both
techniques are ex-situ and invasive methods. BET are performed by measuring the surface
area using gas physiosorption.[170] Via application of different gases and pressures, a pore
distribution can be evaluated as well. For porosimetry, a non-wetting liquid (mercury) is
used for intrusion into pores of the tested material. Using mercury for lithium or sodium-
ion electrodes is rather difficult as mercury reacts with the aluminium current collector by
forming amalgam alongside gas evolution.[171] Removing the current collector beforehand
will change the total surface of the electrode. Therefore, mercury porosimetry is a valuable
method to compare different electrode formulation and their influence on the porosity, but
does not give any absolute values. Furthermore, both techniques record accessible pores
only. A different approach is the estimation of porosity by using morphology data gained

by high energy synchrotron X-ray or CT (see techniques below).[172]

3.6.3 Spectroscopy

Spectroscopy describes the interaction between matter and radiation and can be used to
assay materials or investigate changes in lattice structure or oxidation state. With various
kinds of radiation sources available, different measurement set-ups can be arranged. Com-

mon radiation sources are laser, X-ray or magnetic radiation, introducing interactions of
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the sample material with photons, electrons or an electromagnetic field, respectively. The
choice of radiation depends on the physical characteristics of the sample material.

For example, Raman spectroscopy is a non-invasive technique and its functional prin-
ciple is based on Raman scattering, where photons stimulate molecules by inelastic collision
and to a virtual state. The resulting vibrations of the chemical bonds can be linked to a cer-
tain material.[173, 174] This technique is suitable for materials which allow a change of
their polarisability, when being on a vibrational level. Often, infra-red spectroscopy (IR)
might be an alternative, if the resulting Raman signal is too weak.[175]

In contrast, NMR is based on absorption and re-emittion of electromagnetic radiation.
Depending on frequency and strength of the alternating magnetic field, nuclei absorb ra-
diation and re-emit the energy, when their electromagnetic moment shifts back into initial
state. Therefore, NMR is only suitable for paramagnetic materials. As isotopes such as SLi,
170, 2Na, 2Si, and others can be determined, an investigation of lithium and sodium-ion
battery materials by NMR spectroscopy is possible.[61, 176]

Another method to investigate structural changes of active materials is XRD. Interfer-
ence data is generated along the crystal lattice of the tested material by low or high energy

electron diffraction. The effect is based on the Bragg equation

nA =2dsin@, 3.1

where A is the wavelength of the electron, d spacing between crystal layers and 0 the
angle of diffraction. The resulting interference peaks are unique and can be assigned to
distinct materials and crystal structures. Diffraction patterns are often used to investigate the
structural changes induced by air-sensitivity or cycling.[177] Furthermore, XRD techniques
help to investigate structure changes and their reversibility during cycling, as done by Talaie
et al. [178]. Figure 3.11 shows the results of an in-operando XRD measurement (left) and
the related phase changes during cycling (right). This data helps to identify irreversible
changes and indicates factors for mechanical stress, which lead to cracking and accelerated
ageing effects. Neutron diffraction is based on the same principle. In contrast to X-rays, fast
neutrons interact with nuclei, rather than the electron cloud of the tested material. Therefore,
the resolution of neutron diffraction is much higher than XRD. To determine the elemental

composition of the surface XPS can be used.
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Figure 3.11: Left: Operando XRD data recorded during galvanostatic cycling at a rate of C/20 along
with illustration of sodium content vs. voltage of the cell for the first discharge. Right:
Phase evolution within two sodium-ion materials as a function of the sodium content
during first cycle. The sign * shows the starting point of cycling.[178]

3.7 Summary and Conclusion

To compete with or replace lithium-ion batteries, a new battery technology has to provide
either higher capacity or a cost benefit over its life-time. As lithium is the lightest metal
on earth, has a high electrode potential and is an established technology, new technologies
with higher theoretical capacities are unlikely to reach commercialisation in the near future.
But considering costs, abundance and the restricted access of lithium, sodium-ion batteries
might be an alternative. The best way for sodium-ion batteries to enter the market might be
home or grid energy storage systems, as costs are the main factor for these applications. A
comparison with commercially available systems show costings of approx. 0.10 to 0.15US$
per kWh and cycle (as stated in Section 3.1), which are required for sodium-ion batteries
to enter the market successfully. One approach to achieve this is by electrode optimisation,
or more precisely by reduction of ageing processes and side reactions, respectively (Section
3.2). This prolongs the life time and usable capacity of sodium-ion batteries and will de-
crease the costs per kWh and per cycle. Currently, electrode optimisation is mainly based
on experience and done by trial and error. And although the utilisation of electrochemical
testing is well-established within the research and development community, unfortunately,
these techniques are mainly used for material characterisation and less to investigate full
electrode characteristics. But an understanding of material characteristics and their changes
within charging/discharging and ageing is important to process composite electrodes, which
compensate or minimise degradation effects. A limited number of approaches have been

summarised within this review, but this field of research is still at an early stage. The gener-
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ation of reliable and reproducible data is essential to investigate these correlating processes
and characteristics.

Also the choice of the testing equipment is essential. Investigation of material and
composite electrode effects have to be done in a 3-electrode cell set-up in order to achieve
electrode-specific information. The cell set-up can be changed to e.g. smaller pouch bag
cells for long term testing as they minimise effects caused by cut edges due to a higher
surface area (Section 3.4, [149, 150, 163]). Furthermore, background knowledge of the
techniques used is crucial to apply correct parameter settings to gain reliable and repeatable

results.



Chapter 4

Methodology

This chapter summarises the experimental part of this work. Within the following sections
the preparation of electrodes and their assembling in Swagelok cells, coin cells and pouch
bags are described. Further, the used equipment is introduced and parameter settings for

electrochemical and physical characterisation are given.

4.1 Preparation of HC anodes for sodium-ion batteries

The HC processed is a commercially available material. The commercial material was cho-
sen to avoid any differences in material properties caused by the use of different in-house
synthesised batches. Unless stated otherwise the electrodes tested comprise a commercial
HC material (Dsq particle size distribution: 9 um), PVdF (Kynar, HSV900), and carbon
black (CB, TimCal, C45) in a 90:5:5 wt. % ratio. PVdF was pre-dispersed in NMP (anhy-
drous, Sigma Aldrich) and used to formulate an ink aiming for a solid content of approx.
42 %. For mixing a planetary centrifugal mixer (Thinky, ARE-310) was used, adding in lig-
uid ingredients first and then adding solid materials such as HC powder on top. The ingredi-
ents were mixed for ten minutes at 2000 rpm and subsequently for two minutes at 2200 rpm
for degassing. The ink was left to cool down to room temperature and was then coated onto
a carbon-coated aluminium current collector using the doctor blade method (MSK-AFA-
L800BH, MTTI). The blade gap was set to 250 um. The electrodes were pre-dried using
an infra-red lamp and then placed into a vacuum oven at 120°C for at least 90 minutes to
remove any NMP residues. All electrodes were calendered to a porosity of approximately
35 % by placing the electrode between two metal shims before feeding through the heated
rollers of a calender machine (MTI Corporation, MSK-HRP-01, temperature: 90°C). The
electrode was stored in a vacuum oven at 80°C until needed and then cut into electrodes.

For porosity calculation, and active surface area of the electrode, the average density of
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Figure 4.1: a) drawing of a standard cell stack with attached reference electrode; b) electrical con-
nection and wiring of a 3-electrode test cell.

the composite electrode materials and the volume of the dry coating (electrode surface x

thickness) were considered. Electrode thickness was measured with a micrometer gauge.

4.2 Cell set-up, assembling and optimisation

To gain reproducible and reliable data sets a well elaborated and tested experimental set-up
is crucial. The following subsections give an description of the different optimisation steps

for testing set-ups such as cell design, choice of electrolyte and laboratory conditions.

4.2.1 Assembling of different cell set-ups

Electrode discs were cut from the prepared electrode sheets and transferred into a glove
box (argon atmosphere). For cell building, a 3-electrode cell set-up was used utilizing a
Tee-union compression fitting (see Figure 3.3 in Section 3.4, test cells purchased from Uni-
versity of Muenster, Germany). A schematic drawing including wiring of the 3-electrode
cell set-up is shown in Figure 4.1. An oil-free sodium ingot (Goodfellow) was flattened to
approximately 0.5 mm thickness before 10 mm sodium discs were punched out as counter
electrodes. An acceptor attachment of the 3-electrode cell was filled with sodium for ref-
erence electrode connection. A combination of one GF/A Whatman and one 20 um PP
separator (2020, Celgard) were used in the cell stack and were placed perpendicular to the
cell stack for electronic insulation of the reference electrode. A total of 130 uL of a pre-
made electrolyte containing 1 M NaPFg in a 1:1 (v) mix of EC and DEC (Kishida Chemical
Co. Ltd) was used as an electrolyte to wet both separator stacks.

All cell components are shown and labelled in Figure 4.2 a. For assembly, a long steel
plunger (i), with mounted round (B), and cone shaped plastic ferrule (A), was inserted into

the Swagelok Tee-union and aligned to the middle of the Swagelok chamber (see bottom left
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Figure 4.2: Assembly of a 3-electrode Swagelok cell. a) Picture of all cell parts; schematic drawing
of b) a cell stack assemby; c) reference attachment.

inset in Figure 4.2 a). The nut was screwed hand tight on the cap end and turned by another
quarter using a spanner to ensure an air tight seal. The WE (anode or cathode material) was
then loaded facing up into the main chamber and covered by a separator stack consisting
of two glass fibre separators' (Sigma, GF/A, thickness 0.26 mm)s. 100 ul electrolyte were
filled in to wet the cell stack®. Additionally 30 ul electrolyte were added to wet the reference
separator. Then the CE or sodium metal electrode was placed on top facing towards the cell
stack (see Figure 4.2 b). Finally, a spacer (C) and a spring (D) were inserted. The cell stack
was pressed and closed by a second plunger including ferrules and nut (ii). To connect the
reference, a separator was attached to the cell stack and wetted with electrolyte. The sodium
filled reference pin (E) and a third metal plunger (also type ii) with ferrules were inserted,
tightened, and closed using a nut (see Figure 4.2 c).

Type 2032 coin cells were built using standard stainless steel housings, 13 mm cathode
discs, 14 mm anode discs, glass fibre separators and a sufficient amount of electrolyte to wet
electrodes and separator. Cells were crimped using a MTI Hydraulic Crimper MSK-110 and
a crimping pressure of approx. 65 kg-cm™2.

Pouch bags were assembled using 30x30 mm single side coated anodes, 28x28 mm
single side coated cathodes and a PP separator. Anodes were chosen to be larger than
cathodes to ensure a homogeneous current density on cathode side and to avoid any sodium
plating on the anode edges. The cathode was placed into a separator pouch and the anode
was aligned. To hold the anode in place a small amount of Kapton tape was used to secure
of the position within the cell stack. The cell stack was placed in a laminated aluminium

foil pouch and filled with 400 ul electrolyte. The cell was left to soak for at least an hour

'As the separator affects cell performance, different separator set-ups might be necessary for high energy or
high power performance test
2The amount of electrolyte depends on electrode and separator thickness.
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before being sealed using a vacuum sealer. The balance of full cells was aimed at 5 % anode

excess based on first theoretical charge capacity.

4.2.2 Influence of cell design on stability of long-term OCV

Long-term OCV measurements were performed to investigate material characteristics and
cell set-up reliability. Long-term stability of the cell set-up and the material itself is impor-
tant to ensure accurate data analysis. Also, material characteristics have to be determined
first, to link changes in composite electrode properties to substitutions made. Tests were car-
ried out in charged and discharged states for standard HC anodes. Half and full cells were
built comprising a HC anode, sodium metal and a sodium-ion intercalation cathode, respec-
tively. Furthermore, experiments at elevated temperatures were conducted for accelerated
testing. To investigate the influence of the cell design in more detail, 2- and 3-electrode
Swagelok cell data was compared to results gained by using coin cell and pouch bag de-
signs. The cells were assembled as described in Chapter 4.2 using 1 M NaPF¢ ethylene
carbonate (EC) and diethylene carbonate (DEC) electrolyte (ratio 1:1 (v)) as electrolyte
(premixed electrolyte provided by Kishida Chemicals).To ensure equal conditions for all
cells, three formation cycles were performed at room temperature before the cells were set
on OCV. Figure 4.3 summarises the results of the conducted long term OCV experiments.

Figure 4.3 a shows a comparison of full and half cell data, rested at room and accel-
erated temperature in a 3-electrode arrangement. The HC electrodes were cycled versus a
sodium metal CE (half cell configuration) and a sodium intercalation cathode material (full
cell configuration), respectively. Different CE were chosen to investigate the influence of the
sodium metal CE onto the HC WE potential. The shown HC profiles were measured versus
the sodium metal reference electrode to minimise counter electrode contributions. In gen-
eral, HC electrodes are fully desodiated when freshly assembled. As there is no current flow
to favour either a forward or backward reaction, an equilibrium on the electrode-electrolyte
inter-phase is established (Bulter-Volmer: o=0.5) resulting in a stable potential. Hence, the
straight green line of the un-cycled HC electrode can be seen as a base line as no reactions
were induced.

The other displayed profiles were recorded on cells being cycled and desodiated up
to 1.5V in full and half cells configuration, before being left at OCV at either RT or ac-
celerated temperature of 60°C. All profiles show a potential increase up to approx 2.6 V to

the discharged HC state. The blue and black profiles are both related to full cell data, but
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Figure 4.3: OCV profiles of full cells and HC electrodes; a) OCV profiles observed at RT and at
60°C compared to an untreated HC electrode; b) OCV profiles measured versus two
different reference materials: stainless steel and sodium metal; ¢c) OCV profile of full
cells and HC electrodes in different cell designs; d) OCV profile of full cells and HC
electrodes using improved cell designs.

differ in environmental temperature. It can be seen, that the voltage change is speeded-up
at accelerated temperature. As the same effect appears in half cells (red line), this effect
cannot be caused by the sodium metal CE.

The observed potential increase may be caused by dissolution of sodium from the
HC electrode into the electrolyte or by internal short-circuits. Further, the slightly higher
desodiation potential of the blue profile might be induced by a potential drift of an unstable
reference potential or by oxidation of the HC at higher voltages resulting in a change of the
OCV.

These hypotheses were investigated by replacing the sodium metal reference electrode
with a stainless steel reference. The experiment was performed at accelerated temperature
to shorten measurement time. Figure 4.3 b shows the comparison of these two different
reference materials. Again, both profiles were measured versus the reference electrode; the

data based on a sodium metal reference is shown in black and the potential is stated on the
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left y-axis. The data gained by using a stainless steel is shown in red and numbers are given
on the right y-axis. The self-discharging effect of the displayed cells is identical, as seen
in the shape of the full cell potential (straight lines). The difference between the HC pro-
files is caused by the different standard potential of stainless steel differs from sodium. The
potential of sodium versus the standard hydrogen electrode (SHE) is -2.71 V versus SHE.
The reference pin is made of passivated stainless steel, type 316. The standard potential
versus sodium was not investigated. However, the HC potential measured versus the stain-
less steel reference seem shifted by 1.2 V towards the sodium reference. As shape and trend
of the profiles are identical a similar reference behaviour can be assumed. This implies no
influence of the (sodium metal) reference electrode to the OCV behaviour.

To provide evidence for this hypothesis, 2-electrode full-cells were assembled devoid
of any sodium metal or reference set-up. Therefore, a 2-electrode coin cell and a 2-electrode
Swagelok configuration were chosen. Figure 4.3 ¢ compares the data gained by these two
different full-cell set-ups (coin cell - straight black, Swagelok - dashed red) to previously
in Figure 4.3 b shown 3-electrode full-cell data (dotted). The data of the 3-electrode full-
cell is split up into two profiles. The full cell profile is shown in blue, the HC CE profile
is shown in grey. The graph shows a stable coin cell potential whereas the potentials of
both Swagelok cell configurations decrease slightly. However, the potential decrease for the
2-electrode Swagelok cell is less pronounced compared to the 3-electrode one.

The differences between these two 2-electrode set-ups (Swagelok vs coin cell) are the
amount of dead volume within the housing, clamping pressure, and air and light tightness.
The differences between 2- and 3-electrode Swagelok set-up are the absence of a reference
electrode within the 2-electrode configuration and the amount of dead volume within the
housings. Further, misplacing or piercing the reference separator during assembling or
cycling causes leakage currents or internal short-circuits. This indicates cell design issues
rather than effects caused by the presence of metallic sodium.

To investigate the differences between 2- and 3-electrode Swagelok cells and to test
the hypothesis of leakage currents via the reference, a pouch bag cell containing a reference
electrode was designed. Also, the 3-electrode Swagelok set-up was improved by replac-
ing the thin PP separator by a double glass fibre separator. Figure 4.3 d shows the voltage
profiles of the HC working electrodes (grey) and cell potentials of the tested cells. The

performance of the 3-electrode Swagelok cell with double glass fibre separator is identical
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Figure 4.4: Picture of an used sodium metal reference showing darker sodium metal around the im-
print of the cell stack connection and shiny parts of metallic sodium where no reference
currents were present.

to the 2-electrode Swagelok configureation. This supports the hypothesis based on leakage
currents and short-circuits via the reference electrode. However, HC and full-cell profiles
seem to be less stable in a Swagelok cell set-up compared to a 3-electrode pouch bag (graph
d, black) or a 2-electrode coin cell (graph c, black). As mentioned earlier, variations be-
tween these different designs are: dead volume, clamping pressure, light and air tightness,
and the use of different cell stack separators. The effect cannot be caused by dead volume,
as pouch bags have a larger dead volume than Swagelok cells. Also, all cells were stored in
closed cabinets, so translucency cannot cause these differences in behaviour either. Within
the cell stack of pouch bags, a thin polypropylene separator is used, whereas the coin cell
set-up and Swagelok design is based on glass fibre separators. However, separators cannot
be the issue as the conducted pouch bag tests and coin cell test look similar. More difficult
is the determination of air tightness and clamping pressure of the cell. As Swagelok parts
are made for gas pipes and the assembling was followed instructions given by Swagelok,
air tightness is assumed. To obtain certainty, further experiments have to be performed,
varying the clamping pressure in Swagelok, coin or pouch bag cells to determine any differ-
ences in OCV behaviour and self-discharge, respectively. An insufficient clamping pressure
might lead to gas trapping between separators and electrodes and an inhomogeneous current
density, which results in local overcharging/overdischarging and benefits side reactions.
Besides the difference in OCV behaviour, the maximum OCYV potential reaches differ-

ent values, as mentioned above and seen in Figure 4.3 a. To investigate these differences the
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Figure 4.5: HC potential versus sodium reference before and after (a) addition of new electrolyte,
(b) replacement of reference separator, and (c) new sodium metal reference.

sodium metal reference acceptor and separator of a test cell were renewed. The new sep-
arator was wet with 30 ul of fresh electrolyte to ensure ionic connection to the reference.
Then the cell was reassembled and put back on test. Figure 4.4 a shows a picture of the re-
moved sodium metal reference. A clear imprint of the cell stack can be seen on the sodium
surface. Also, the surface of the sodium metal within this region appears darker and matt.
The area of the sodium metal, which was compressed to the plunger and had no contact to
the cell stack, still appears to be shiny. Figure 4.4 b shows the OCV profile of the test cell
before and after replacing the sodium metal reference and a voltage drop of around 130 mV
can be determined. The voltage drop might be caused by the sodium replacement or by
the addition of fresh electrolyte. To investigate the influence of fresh electrolyte, further
experiments were done.

Figure 4.5 shows the HC versus sodium metal reference potential before and after
partial replacements of the reference components during long term OCV measurements.
The highest impact can be seen when fresh electrolyte is added to the cell or the separator
is replaced. However, wetting of the new separator is needed for ionic conductivity during
the replacement process. Therefore the effect seen in Figure 4.5 (b) might be induced by
the extra electrolyte addition. Nonetheless, interestingly also the replacement of the sodium
metal acceptor also influences the voltage profile. This indicates (in combination with the
de-coloration of the sodium metal seen in Figure 4.4 (a)) a surface layer formation causing
a polarisation on the sodium metal reference although no currents present. Consequently,

the stability of sodium metal in electrolytes were tested (as described in the next section).

4.2.3 Reactivity of sodium metal to carbonates

To prove the stability of sodium within the electrolyte, fresh sodium ingots can be placed

into different electrolytes and left within inert atmosphere for several days. Surface changes
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can be investigated either by eye or using optical spectroscopy, if airless transfer is possible.
These experiments were partly conducted and show a reaction with propylne carbonate (PC)
containing electrolytes (Figure 4.6). A macroscopic change of the sodium surface was not
seen, if an EC: DEC (1:1 (v)) electrolyte was used. Microscopic investigations were not
possible due to the lack of airless transfer chambers.

The left picture in Figure 4.6 shows three vials containing sodium metal and different
electrolytes. On the left 1 M NaPF¢ in 4: 1 (v) PC:DEC electrolyte, in the middle sodium
in 1M NaPF¢ of 1:1 (v) EC:DEC electrolyte and on the right in 1M NaPFg in 1:1:1
(v) of PC:EC:DEC. The sodium was stored within these vials for three weeks and the
change of the electrolyte and sodium was documented in the middle and right pictures
in Figure 4.6. The middle picture shows sodium in PC:EC:DEC electrolyte after three
weeks; the electrolyte is still clear. The picture on the right shows the vial containing the

4:1 mix of PC:DEC electrolyte. The electrolyte was discoloured and the sodium metal

showed a thick surface layer. The results of these experiments show no evidence that the

Figure 4.6: (a) Picture of sodium metal stored in three different electrolytes, initial state; (b) sodium
in PC: EC: DEC after three weeks; (c¢) sodium in PC : DEC after three weeks.

presence of metallic sodium is influencing the full and half-cell OCV, but they reveal the
importance of cell design in testing. Results gained by comparison of the HC profiles with
different separator settings helped to understand the issues of cell design and to improve the
cell set-up. The experiments show a reduction of self-discharge, if a thin PP separator is
replaced by a glass fibre separator. In the literature, thin polypropylene (PP) separators are
often used to ensure low ohmic resistance within a battery. But these thin separators cause
higher self-discharge rates due to leakage currents, as shown in the results above. Therefore,
electrochemical techniques, which are based on steady-state have to be done with caution

to achieve reliable data.
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4.2.4 Influence of the temperature on battery testing

Chemical reactions are accelerated at elevated temperatures (Arrhenius equation). Hence,
it is important to state the temperature at which the electrochemical testing was conducted.
The journal Joule just recently made this mandatory for battery based publication being
submitted to the journal.[179] The influence of the temperature was already mentioned in
Chapter 4.2.2 and shown in Figure 4.3. But also small increases in temperature also have
an effect and can be observed in the collected data. Modulation in the IR drop or current
densities as seen in Figure 5.3 and will be discussed in detail in Chapter 5.2 might be
misleading.

Figure 4.7 shows the temperature profile for 90 days in the battery testing lab at Sharp
Laboratories of Europe prior the installation of an air conditioning system. Day and night
times as well as weekends can be distinguished clearly and the time stamp of the temper-

ature amplitude coincides with the modulation of the potential in Figure 4.7. The impact
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Figure 4.7: Temperature profile in battery testing lab over 90 days at Sharp Laboratories of Europe
prior the installation of an air conditioning system.

can be minimised when temperature or climate chambers are used as a cell cycling envi-
ronment. Likewise, a temperature-controlled laboratory with a set temperature would be
sufficient. However, smaller research laboratories or universities might not have the equip-
ment to do so. In that case stating the total testing time helps the reader to understand the

published results.

4.3 Cell connection

When characterising electrodes it is important to collect true working electrode data. As
mentioned earlier the contribution of the sodium metal counter electrode can be severe due

to polarisation effects and surface layer formation induced by the electrolyte. The extent of
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Figure 4.8: WE and cell profile of a HC composite electrode vs. Na metal in a 3-electrode arrange-
ment. Current flow between WE and CE. Left: voltage control via cell potential; right:
voltage control via WE.

the polarisation effects depend on the current applied and resulting current density, hence
effects may vary during cycling with the increasing amount of sodium moss being formed.
Using a three-electrode arrangement helps to decrease these kinds of side effects, when
applying the current between working and counter electrode (CE) and using the potential
measured between working electrode (WE) and reference electrode (RE). When program-
ming test plans for cycling, the measured potential between WE and RE can be used as
parameter for the cut-off voltage to ensure the access of the full cycling window. Figure
4.8 shows the difference in cycling when the cut-off potential is set between WE and CE
(left) and WE and RE (right), respectively. In both cases a polarisation of the cell voltage
(WE vs CE, dashed line) of around 20 mV can be seen at the beginning of desodiation.
In both cases a constant current constant voltage (CCCV) sodiation is used. Nevertheless,
using the set-up with a cut-off voltage parameter measured between WE and CE (left), the
actual potential of the WE does not reach the suggested 5 mV needed for full sodiation.[89,
180] However, when using the measured potential between WE and RE as cut-off voltage
condition, the overall cell voltage (potential WE and CE) becomes negative before the WE
is fully sodiated due to the polarisation on the sodium metal CE. Based on these results an
accurate set-up and same sodiation parameters are needed to ensure comparability between

different electrodes and their physical characteristics e.g. microstructures and porosity.

4.3.1 Parameters for electrochemical characterisation

Within this thesis two different potentiostats were used to conduct electrochemical exper-

iments. Standard charging and discharging tests as well as OCV and rate tests were done
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using a BaSyTec potentiostat (CTS system, 1 tts time resolution, 0.05 A current resolu-
tion, 0.3 mV voltage resolution). Experiments which required a higher data accuracy and
resolution such as CV, GITT, and EIS were performed on a VMP3 potentiostat system
(Bio-Logic). All three electrodes, CE, WE and RE, were monitored when a 3-electrode
arrangement was used. All electrochemical measurements were conducted at room temper-

ature.

4.3.1.1 Parameter settings for OCV, charge, discharge and rate test

For standard testing, a BaSyTec CTS potentiostat with reference monitoring was used and
for rate testing asymmetrical cycling was conducted. A full formation cycle at 0.2 C (based
on an assumed capacity of 330 mAh g~!) was conducted before testing. During formation,
the cell was discharged in constant current/constant voltage (CCCV) mode, with a cut-off
voltage of 0.005V and a current of 0.01 C (sodiation process). Charging was conducted
using a constant current (CC) at 0.2 C up to 2.0 V (desodiation process). Some conditions
were applied for subsequent cycling. For rate assessments, tests were performed by varying
the desodiation current from the third cycle onwards from 0.2Ct00.5C, 1.0C,2.0C,5.0C,
and back to 0.2 C while keeping the same sodiation conditions (CCCV sodiation at 0.2C

with a cut-off voltage of 5 mV).

4.3.1.2 Parameter settings for CV
A VMP3 potentiostat (Bio-logics) was used for CV testing. The CV was conducted at
different scan rates starting with initial three cycles at 50 uV-s~!, followed by three cycles

at25uV-s~!, 10 uV-s~!, and again 50 uV-s~'. Anodes were tested between 0.005 and 1.5V.

4.3.1.3 Parameter settings for GITT

The tests were conducted using a VMP3 potentiostat system (Bio-Logic). To perform the
GITT measurements, a current equivalent to 0.2 C was applied for five minutes, followed by
an open-circuit voltage (OCV) step with a termination condition based on a working elec-
trode potential variation of AEwg < 0.001 mV-s~!. The potential termination parameter is
essential to ensure a quasi-equilibrium state of the electrode as ongoing diffusion processes
and polarization affect the results.[123] Subsequent cycling was performed using identical

parameters as for the formation cycle.
4.3.1.4 Parameter settings for EIS

The EIS measurements using a BioLogic VMP3 system were conducted at 16 evenly spread

potential steps within sodiation and desodiation, respectively. Each potential step was fol-
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lowed by a 150-minute OCV step to ensure full relaxation of the electrode to reach the
equilibrium state before conducting the EIS measurement. For EIS a spectrum of 52 fre-
quencies between 50 mHz and 1000 kHz were chosen, applying an amplitude of 2mV and
recording the average impedance based on three measurements per frequency. A low am-
plitude was chosen to minimize the contributions of SoC changes within the low plateau
region. Subsequent cycling was performed using identical parameters as for the formation

cycle.

4.3.1.5 Parameter settings for EPS

EPS using a BioLogic VMP3 system was conducted in 10 mV potential steps monitoring
the current decay. Termination condition of each voltage step was a minimum current /,,;;,
of 0.01 C. A sufficient low cut-off current I,,;, is essential as it ensures a state close to
the equilibrium and avoids any influence of polarization effects, as stated earlier. After
triggering the termination condition, the working electrode potential was raised by another
10mV relative to the previous starting value. Subsequent cycling was performed using

identical parameters as for the formation cycle.

4.4 Sample preparations for SEM

For SEM and EDS imaging, an uncycled (identical batch as used for electrochemical char-
acterization) and a cycled electrodes were used. The cells were charged to 1.75 V before
being dismantled under inert atmosphere and transferred via an air-less transfer chamber or
glove bag to the SEM. For detailed cross-section measurements an FEI Scios DualBeam
system accessed at the Advanced Material Manufacturing Centre in Warwick was used.
Batch testing was done using an Ion beam mill for electrode cutting and and SEM-EDX
machine at EIL.

Often electrodes are washed using dimethylcarbonate (DMC) to remove any conduct-
ing salt residues. The here determined electrodes were scanned as cycled as the contact with
DMC might also change the surface layer and might remove the SEI partly. For the SEM-
FIB experiments at Warwick University an 1 um thick layer of platinum was deposited on
the surface to enable even material removal during FIB slicing. First, material in U-shape
was removed to obtain a cuboid of material for conducting FIB slicing with an Auto Slice
and View Software (Figure A.11). The dimensions of the cuboid were set to 32x30x15 um

for the uncycled and 28x29x15 um for the cycled sample, respectively. Next, slices with
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a thickness of 50 nm were removed using an ion beam current of 5nA at an accelerating

voltage of 30kV. The resolution of the images taken was set to 1536x1024 pixels.



Chapter 5

The Performance of HC in a Sodium Ion
Battery and Influence of the Sodium Metal

in Observed Properties

This chapter lays the foundation for cell assembling and testing as conducted in this thesis.
The investigation includes the electrochemical testing protocols for a HC sodium ion anode
material, in respect of charge and discharge behaviour, ageing and discusses the use of a
sodium metal counter electrode with respect to the material and cell stability during the
electrochemical testing. Some of the results present in this Chapter were published in ECS

transactions.[123]

5.1 Introduction

Typically, in a sodium ion cell, HC anodes are partnered with sodium containing transition
metal oxides or polyanions.[112, 181] The HC anode offers specific capacities of 250 to
300mAh g~! with good cycle life, and there are many previous reports on the manufacture
and testing of these HC materials.[20, 83, 89] To test the performance of HCs the elec-
trochemical testing is often performed in a standard 2-electrode set-up, e.g. compression
fitting (‘Swagelok’) cells, coin cells or similar using a sodium metal CE. We show that the
performance of the HC is extremely sensitive to processing conditions and testing meth-
0ds.[182] In particular, the electrochemical performance of the HC WE and a sodium metal
CE with the use of 3-electrode cells are described and the influence that the sodium metal
CE may have upon 2-electrode testing is discussed. Rate tests are utilised to investigate the
specific properties of the HC in more detail and to eliminate any contribution from the CE.

For some of the tests, two different electrolytes were chosen to compare their influence on
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polarisation effects and in particular to investigate the influence of PC on metallic sodium.
In literature, PC is stated as more unstable and responsible for enhanced side reactions on

sodium [180] (see also Figure 4.6 in Chapter 4).

5.2 Electrochemical analysis

The electrode preparation and cell building are conducted as described in Chapter 4.
Additionally to the 1M NaPFs EC:DEC (1:1, wt.%) electrolyte, also 1M NaPFg in
PC:EC:DEC(1:1:1, wt.%) was used and the formation cycle was done at 0.1 C for lower
polarisation effects. In this cell set-up, the voltage and current are controlled between WE

and CE electrode, whereas the reference electrode is for monitoring only.

5.2.1 Charge and discharge behaviour

Figure 5.1 shows the first charge and discharge, sodiation and desodiation of the HC, respec-
tively. A specific capacity of approx. 320 mAh g~! is observed upon sodiation and 270 mAh
g~ ! upon desodiation at a 0.1 C-rate. The solid lines show the cell potential, which are typ-
ical charge and discharge curves versus gravimetric desodiation capacities of HC, as seen
in standard 2-electrode set-ups and published in literature.[89, 91, 180] The WE potential
(dashed) shows a slightly lower hysteresis compared to the cell potential. This mismatch of
cell and WE potential is more pronounced during sodiation (inset in Figure 5.1 (a)). Figure
5.1 (b) shows the change of the sodium metal CE upon the same first cycle, as seen above.
At the beginning of the HC sodiation (sodium stripping) the potential drops down imme-
diately from around 0.4V to 0.1 V and decreases slightly to 4 mV until the end of the HC
sodiation. During the charging process (sodium plating) and during the first SmAh g~! of
passed capacity, the voltage is seen to immediately increase, but then fall just as quickly be-
fore stabilising at around -6 mV versus Na/Na*. The sodiation limitation (CCCV to 5 mV

and 0.01 C) is not reached by the HC, due to the polarisation effects of the CE.

5.2.2 Rate performance

Figures 5.2 (a) and (b) show the desodiation potentials of the cell, WE and CE at different
C-rates, respectively. In Figure 5.2 (a) an increase in total polarisation as well as an in-
crease in mismatch of cell and WE potential can be seen with higher C-rates. Whereas the
polarisation for the cell potential increases by 300 mV compared to the potential at 0.1 C,
the difference between 0.1 C and 5 C is slightly less for the WE (250 mV). Furthermore, the

difference between cell and WE potential is around 50 mV during most parts of the sodia-
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Figure 5.1: Voltage profile of a HC electrode versus sodium metal in a 3-electrode arrangement.
(a) First full cycle at 0.1 C. Solid: cell potential, dashed: WE potential. The inset is a
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different C-rates. (a) Desodiation profiles of the cell (solid) and WE (dashed) potential
for 0.1, 2 and 5 C. (b) Desodiation profiles of the sodium metal CE potential for 0.1, 2

and 5C.

tion and more than 270 mV at the beginning of the 5 C desodiation (overshoot). Regarding

the cell potential, all desodiation curves show overshoots at the beginning of the desodia-

tion, whereas the WE potential appears to be smooth. Looking upon the behaviour of the

CE potential at different C-rates, the similar effects can be observed (Figure 5.2 (b)). As

the sodium plating profile for 0.1 C is rather smooth, the profile for 2 and 5 C starts with an

immediately potential increase, which decreases rather fast and stabilises at around 80 mV

and 100 mV after 150 mAh g~!, respectively. The immediate increase of the potential is

pronounced at higher C-rates and goes up to around 270 mV for 5 C.
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Figure 5.3: GITT voltage profile of sodium metal CE in two different electrolytes during a) strip-
ping and b) plating; black: 1M NaPFg in 1:1 EC:DEC, red: 1M NaPFgin 1:1:1
EC:DEC:PC.

5.2.3 Influence of the electrolyte

GITT is used to characterise material and electrode properties, such as one-dimensional dif-
fusion within electrodes and polarisation effects. The mathematical background and meth-
ods for analysis are given in Chapter 2.1.2. Here the collected data is analysed for changes
in the IR resistance depending on the SoC of the electrode similar to DCIR (direct current
internal resistance) testing. The experiments were performed in 3-electrode Swagelok cells
as described in Chapter 4.

Figure 5.3 shows the polarisation of the sodium metal CE during (a) HC sodiation
(sodium stripping) and (b) desodiation (sodium plating). The polarisiation spikes occur
during the charging/discharging steps, when a current is flowing. The gaps between the
spikes are related to OCV measurements after each charge/discharge pulse during GITT
testing. Within the OCV steps the potential of the sodium CE measured versus the reference
is close to 0V (no sodium metal contribution to the potential as shown in Chapter 4.2.2).
The polarisation values of the sodium metal increase to maximum values of around 0.125V
during the first 40 hours. Afterwards, the polarisation values oscillates around 0.075 V.
The oscillating part of the profile shows a ‘wavelength’ of 24 hours and might be related
to the daily temperature changes within the lab as the lab is not temperature-controlled
(Figure 4.7). For desodiation (sodium plating) the polarisation values are much lower with
values around % of the sodiation value. For sodiation as well as for desodiation the effect is
pronounced for the cell containing the EC:DEC electrolyte. This is different as expected as

an addition of PC to a EC : DEC mixture should increase the overall viscosity and lower the
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Figure 5.4: IR drop on sodium metal CE in two different electrolytes during stripping and plating;
black: 1M NaPFg in 1:1 EC:DEC, red: 1M NaPF¢ in 1:1:1 EC:DEC : PC within
the a) second and b) 15t cycle.

ionic conductivity of the electrolyte. But sodium metal CE discs are hand rolled and might
differ in thickness and surface roughness (= surface area), which will effect its response to
the current applied.Figure 5.4 shows the calculated IR drop at the beginning of every GITT
step based on the data above. The calculation is based on the potential difference of the
first second of sodiation and desodiation, respectively. The graph shows the IR drop values
plotted versus SoC of the HC WE. Similar to the previous illustration, an increase for both
sodiation branches can be seen, changing into a waveform that oscillates slightly around
an average value. For both electrolytes a maximum around 30 % SoC within the sodiation
profile is observed.

Without further investigations credible conclusions are difficult. It is known, that
sodium is stripped and plated during HC sodiation and desodiation. Hence, surface irregu-
larities might lead to an inhomogeneous stripping and plating, respectively. An investiga-
tive approach would be to change the surface area and hence the current densities of the CE
sodium metal disc; for example by using different shapes, diameters and surface patterns.
If the effect is surface related, the peak should shift towards higher or lower SoC values,
respectively. Another reason could be the ratio of sodium ‘moss’ and metallic sodium on
CE side. Sodium moss might be easier to strip from the electrode than metallic sodium. The
amount of sodium moss is growing via cycling and therefore the peak should shift towards
higher SoC. These effects can also be observed using nano-scale imaging techniques such

as neutron diffraction.
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Figure 5.5: Impedance spectra of sodium metal CE for full sodiation in 1 M NaPFgin 1:1EC: DEC
electrolyte; a) 2" HC WE sodiation, b) 20" sodiation.

5.2.4 Resistance changes observed upon cycling

EIS is used to split up cell processes based on different time constants. Therefore, electrode
processes like surface reactions and bulk diffusion can be determined separately from each
other. EIS was chosen to investigate the surface reactions on sodium metal CE as well its
change in resistivity. Again, 3-electrode cells were built as described in Section 4.2 com-
prising a sodium metal CE and a HC WE. The cells were filled with EC : DEC electrolyte
(ratio 1:1 (v)) comprising 1 M NaPFg and tested as described in Chapter 4.3.1.5.

Figure 5.5 shows all 15 EIS spectra for the second (a) and 20" HC WE sodiation (b)
versus the cell voltage (CE versus WE). Although the overall impedance is increased for the
20" sodiation (stripping of sodium), both spectra show similar features. At the beginning
of each sodiation at 1.7 V the impedance is low and stable until half way through the sodia-
tion. In both graphs an increase until the end of sodiation can be observed. The increase of
the impedance starts at slightly lower voltage (around 0.7 V) for the fresh cell and around
1.1V for the cycled one. Further observations are the increasing number of inductance
features seen for the cycled electrode, whereas the serial resistance is stable at all poten-
tials but increases from around 1.5 Q to around 8 Q in the 20" sodiation. The impedance
characteristics at low frequency are related to diffusion and pore geometry, hence also to
electrode thickness.[43, 183] In each cycle sodium is stripped and plated from and onto
the sodium metal causing a moss-like structure as described for lithium-ion batteries.[184,
185, 186, 187] Therefore, the features observed are likely related to surface changes on the
sodium metal CE due to cycling; sodium stripping/plating and surface layer formation in

conjunction with the electrolyte used.
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Figure 5.6: a) Difference of WE and CE impedance compared to full-cell data in 1 M NaPFg in
1:1 EC: DEC electrolyte for 2" sodiation; b) impedance growth on sodium metal CE
during sodiation in 1 M NaPFg in 1: 1 EC: DEC electrolyte.

Figure 5.6 shows a selection of the recorded data. Figure (a) displays the EIS data
for the WE, the CE and the full-cell. In comparison the impedance spectra for the sodium
metal CE shows the lowest ohmic resistance. In general, the electrolyte contribution should
be similar for each electrode and is stated by the intercept of EIS spectra with the x-axes
on high frequencies (compare to Figure 2.3 in Section 2.1.4 [43]). The difference shown
between the WE, CE and full-cell spectra might be due to a differences in contact resistance
towards the metal plunger. In particular sodium metal is sticking better to the metal cell
plungers than a current collector foil. The spectrum of the WE seems to comprise at least
two semi-circles. In addition to the one semi-circle observed for the CE, the full-cell profile
comprises at least three semi-circles. As mentioned above and noted in Chapter 2.1.4, the
low frequency region also contains information about the porosity of the electrodes. Hence,
the pore size distribution of the WE is likely to influence the shape of EIS spectra. In Figure
5.6 b two single EIS spectra of the sodium metal CE are compared. The spectra shown
are recorded at the same HC WE potential for the second and 20" cycle. The fresh CE
shows a total impedance of approx. 27 Q at 50 mHz, whereas the impedance of the aged
cell has increased to more than 160 Q at 50 mHz. The EIS spectrum for the second sodiation
shows two semi-circles, whereas the spectrum based on the data of the 20" comprises at
least three semi circles. A further comparison of these spectra in more detail shows, that
the semi circles within the high frequency range keeps it shape, whereas within the middle
and low frequency region additional features occur along with an increase in values. Again,

the appearance of additional semi circles might be caused by sodium moss formation as the
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density and porosity of sodium moss differs from metal sodium.

5.3 Conclusion

Sodium metal counter electrodes have been studied using 3-electrode cells in order to elu-
cidate the effect of the sodium counter electrode on the observed 2-electrode electrochem-
ical results. Experiments show that with the application of a current, a polarisation of the
sodium metal is observed; this polarisation increases with increasing current, in addition
the polarisation is more pronounced upon stripping rather than plating. These results in-
dicate that care must be taken when testing these materials in a 2-electrode configuration,
and simply controlling the sodiation by voltage may result in partially sodiated HC mate-
rials. Understanding and minimising polarisation is important for electrode optimisation.
Higher polarisation results in a higher average voltage and a lower overall capacity, which
lowers the energy density of tested cells. However, rate tests are important for material and
composite electrode tests. These test methods indicate, if a material or electrode fulfils the
requirements for a high power or high energy application.[188, 189] The results show that
WE data obtained by using a 2-electrode set-up with sodium metal as a CE differs from
the actually true data of the WE and may lead to misinterpretation. The results of the rate
tests performed in 3-electrode mode show a huge polarisation of sodium metal depending
on state-of-charge and rate (Figures 5.1 and 5.2). Additionally, the rapid increase and sud-
den decrease in voltage seen at the beginning of the desodiation of the cell potential are
related to the sodium metal CE (Figure 5.1 and 5.2). Furthermore, a contribution of the
sodium metal to the overall polarisation of more than 15 % was seen at 5 C. As this effect is
non-linear towards C-rates and state-of-charge, an off-set calculation cannot be made.

Further, similar effects are true for resistance measurements in 2-electrode half-cell
configuration. The results show that an increase in full cell resistance cannot exclusively
allocated to the working electrode. Besides, continuous cycling increases the impedance on
the sodium metal CE (factor of 8 in 20 cycles). Hence, the analysis of results for ageing
studies gained in a 2-electrode half-cell needs to be done with caution and in respect of any
CE contribution.

To develop a full understanding of the sodium metal influence as a counter electrode
in 2-electrode experiments, more work is required. Future work will investigate the influ-
ence of sodium ‘moss’, i.e. dendritic growth vs. bare sodium metal and the independent

contribution towards the hysteresis. A difference being expected due to our observations
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based on the ageing and cycling conditions of sodium metal. The reason for this behaviour
cannot be explained yet and further experiments are necessary to investigate a relation to-
wards the geometry or amount of sodium moss on the surface of the metallic sodium CE.
For example, if the inflection point between sodium moss and sodium metal stripping can
be determined and linked to an increase in impedance, EIS in-situ techniques can be used to
investigate ageing effects on sodium and lithium metal electrodes. These results will help
to understand the inner processes of lithium and sodium-ion batteries in more detail and
furthermore, assist within the development of lithium air batteries.

These results point out the importance of a reliable test set-up to determine true elec-
trode characteristics. Hence, all following electrochemical testing is performed in an 3-
electrode test set-up, monitoring the WE and CE voltage via the reference. Furthermore,
the presented results and methods will be used to investigate the sodiation and desodiation

process of HC as well as the characteristics of aged or modified electrodes.



Chapter 6

Determining the apparent diffusion

coefficients of HC using GITT, EIS and EPS

In this chapter, GITT, EPS, and EIS are used to determine sodium-ion diffusion character-
istics within composite HC electrodes using a 3-electrode cell set-up. The techniques are
used to calculate diffusion coefficients; comparisons are reported, and the characteristics of
approach are discussed, including the relative advantages and limitations.[28, 47, 48, 51,

99, 190]

6.1 Introduction

To be able to design higher power, longer life and higher capacity electrodes for assigned
applications, a complete picture of the electronic and ionic transport mechanisms within the
electrode (positive and negative) and the electrolyte is required including an understanding
of the ion diffusion and reaction mechanisms at the anode, regardless of the charge carry-
ing ion, effective materials selection, and electrode design.[22] Although density-functional
theory (DFT) calculations and numerous experiments show similar mobility of sodium-ions
within electrolytes and electrodes compared to lithium-ions, their larger ion radius induces
more mechanical stress in the active materials during sodiation.[191, 192, 193, 194, 195]
Depending on the type of active materials, these processes may include intercalation, al-
loying, stripping and plating metals, and diffusion of carrier ions. The electrochemical
reactions depend on material characteristics. As mentioned earlier, the exact sodiation
mechanisms are still under investigation. Rest publication suggest a two-staged process:
intercalation during the sloping region of the voltage profile and pore occupancy within the
plateau stage.[176, 196, 197] However, the reaction rates and overpotentials are influenced

by the electrode composition itself. An investigation of the ion diffusion as a function of
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SoC and SoH is essential for effective electrode design and performance assessment.[89,
111] A full understanding of SoC related diffusion coefficients can help to stabilize reaction
processes and change the charging and discharging procedures. Several different electro-
chemical techniques can be utilized to study these processes: GITT, EPS and EIS. These
are all commonly used in battery research to investigate the properties of cathode and anode
materials and calculate diffusion coefficients.[28, 29, 47, 49, 50, 51, 83, 89, 99, 190] It has
been shown previously that the electrode composition impacts the observed electrochemical

properties extracted using GITT and EIS techniques.[198, 199]

6.2 Electrochemical analysis

To conduct those measurements 3-electrode test cells were built and tested as described in
Chapters 4.2 and 4.3.1. All electrochemical tests start with a formation cycle to assure good
cycling properties. Hereby, characteristics such as initial capacities, FCL, and reference
connections can be checked. An example of a formation cycle is shown in Figure 6.1.
The graph displays the working electrode potential (dashed line, Eyr measured between
WE and reference electrode) and the cell potential (straight line, cell, measured between the
working and counter electrode). A mismatch between the Eyz and cell potential can be seen
during sodiation caused by the polarization on the sodium metal counter electrode.[123] The
HC electrode shows an initial sodiation capacity of approximately 330 mAh g~! and a first
cycle efficiency of approximately 85 % in consistence with the literature.[20, 83, 84, 89,
190, 200]

The parameters in the test set-up can also affect the accuracy of the measurements.
For example, in GITT, too short relaxation times mean that OCV is not reached. Therefore,
AEjs is smaller than it should be, which results in errors in the diffusion coefficient when
the titration method (Equation 2.1.2) is used for calculation; using the Sand equation to
fit the voltage transient overcomes this.[22] Similar limitations are valid for PITT experi-
ments. As a solution, the Cotrell equation is used to fit the current transient at the end of
the pulse, instead of using the titration technique to reach the OCV. Here, a third electrode
or reference electrode is used to overcome some of these limitations and assumptions.[116,
123, 199] This means that the diffusion parameters can be elucidated which relate to the HC
working electrode only, and the polarization of the counter electrode can be ignored. Also
the calculated testing parameters are based on low current densities, so the pore sizes do

not affect the diffusion properties. The pulse times are short enough to reduce the effect of
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Figure 6.1: Full formation cycle of an HC half-cell showing the working electrode (WE) potential
(HC vs Na metal reference) compared to full-cell potential (WE vs counter electrode,
CE) and the first cycle efficiency.

any small particles being fully sodiated before the larger particles and long enough to make
sure that steady-state for sodiation is reached, and the electric double layer’s contribution is
minimized.

Further, in the calculated diffusion coefficients discussed below, we have utilized a
surface area S related to the active electrode area, based upon an electrode coat weight of
110 g m?, the porosity of 35 %, and an average HC particle of 9 um (calculation based on
spherical particles with a radius of 4.5 um). When using the geometrical electrode area,
as also stated in the literature, the diffusion coefficient would change by a factor of around

4x10* cm? s~!. This should be considered when comparing results to literature.

6.2.1 Apparent diffusion coefficient calculations based on GITT

The GITT measurements were performed in the second and 10" cycle to investigate the
influence of cycling on the ionic mobility using a 3-electrode cell set-up. A full GITT

cycle showing the sodiation and desodiation branch of an HC working and sodium metal
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counter electrode is shown in Figure 6.2. The series of sodiation and desodiation steps, each
followed by an OCV step can be observed in Figure (a) and (b), respectively. The length of
the OCV steps varies depending on the SoC and potential of the WE as the limitation was set
to AEwg <0.001 mV s~ Figure 6.2 (c) and (d) however, shows the same data plotted versus
the capacity. The polarization of the sodium metal counter electrode during sodiation and
desodiation can be clearly observed. The polarization depends on the SoC of the electrode
and is approx. double during sodiation compared to desodiation.

The apparent diffusion coefficients were calculated using Equation 2.3, with 7 =300s,
may = 12.4mg, Vi = 48cm® mol™!, Myy = 72g mol™!, and S = 49.8cm™2. The diffu-
sion length L of the sodium-ions depends on the composite electrode characteristics such as
porosity and particle size of the active material. The diffusion length would range between
4.5 um (= radius of the spherical particle, D5y = 9 um) and approx. 100 um (= thickness of
the electrode coating in case of for dense electrodes). Assuming those numbers as a min-
imum and maximum diffusion length and an apparent diffusion coefficient between 107°
and 1073 cm? s7!, a time interval of 300 s fulfills the requirement (‘L’ >> %2) as lined out
in Chapter 2.1.2.[196, 199] The calculation for each GITT step was done within a voltage
range between 1.2 V and 5 mV, and the results are shown versus the capacity in 6.2 (e) and
(®.

The apparent diffusion coefficients’ values vary by at least one order of magnitude

for all four profiles. In the second sodiation, minimum values of around 5x10~'2 cm? s~!

and maximum values of around 1x107!% ¢cm?

s~! are determined. The profile for the second
desodiation is revered, and the values are lower compared to the sodiation (minimum around
3x107'2 cm? s~!; maximum around 8x10~'' cm? s™!). A general decrease in the diffusion
coefficient is apparent for the cycled electrodes. The cycled electrodes’ profiles appear
noisier within a prolonged plateau region (minimum around 2x10~'?; maximum around
7x10~" ¢cm? s7!) indicating a change of the initial parameters and resulting in maybe less
accurate data collection. Hence for further examination smoothed data points are discussed.

All profiles of the apparent diffusion coefficient can be divided into four regions for
sodiation and five regions for desodiation. For sodiation, the values are plateau-like for the
first 100mAh g=! (region 1), followed by a decrease of one to two orders of magnitude

(region 2) to a second plateau from around 150 to 250 mAh g~! (region 3). For both sodia-

tion cycles, the values increase slightly at the end of sodiation from 250 and 270 mAh g~!
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Figure 6.2: GITT profile of the sodiation (left) and desodiation (right) branch of the HC working
and sodium metal counter electrode versus time. (a) and (b) show the potential curve
versus testing time, (c) and (d) show the potential versus capacity. (e) and (f) show
the corresponding apparent diffusion coefficients during sodiation (left) and desodiation
(right) within the second (squared marker) and 10th cycle (circular marker) determined
from 3-electrode GITT measurements. Coat weight of 13.5 mg.
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Figure 6.3: Comparison of the determined diffusion coefficients as seen in 6.2 (a) versus capacity,
(c) versus potential; (b): pristine anode material and one that has undergone 350 cy-
cles.[92] (d) sodiation and (e) desodiation of the second cycle of rice husk-derived hard
carbons (RHHC) at different temperatures.[99]

onwards (region 4), respectively. The profile for the apparent diffusion coefficient values
for the second desodiation is mirrored to that of the sodiation (region 4 to 1). An additional
region (region 0) can be distinguished as the values drop at the end of desodiation by one or-
der of magnitude (Figure 6.2 (f)). A similar performance can be seen for the 10" sodiation
for region 4 to 0.

Ionic mobility within battery materials is essential for the overall battery perfor-
mance. Hence, apparent diffusion coefficients for HC electrodes based on GITT experi-
ments have been reported in the literature before with maximum values between 107! to
108 cm?s7! .[29, 50, 51, 92, 99, 201] The results differ based on the parameters and settings
used; for example, testing in 2- versus 3-electrode arrangement and varying the length of
the OCV step to achieve an equilibrium. Further, the parameter setting for S differs in pub-
lications, as often the geometrical surface, BET surface or numbers of approx. calculation
based on porosity and particle size are used. Although the mentioned parameters influence
the absolute values, the shape of the diffusion curve is similar as seen in Figure 6.3.

Figure 6.3 (a) and (b) is a comparison of the determined data within this PhD project
(a) and data published by Bommier et al. [92] (b). Both graphs show the apparent diffusion
coefficients during sodiation for a fresh and cycled electrode. The observed capacities,

shape of the curve and the lower performance for the cycled electrode can be seen in both
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graphs. The values observed for fresh cells in this PhD project are covering a slightly
wider range (10719 to 1072 cm? s7!) versus the values observed by Bommier et al. [92]
(6x10710 to 2x107 "2 cm?s71). Figure 6.3 (c), (d) and (e) shows the diffusion coefficients
versus the working electrode and cell potential, respectively. Subfigure (c) details the values
as recorded in this work and seen in 6.2, whereas Subfigures (d) and (e) show the values
as derived during sodiation and desodiation of the second cycle of rice husk-derived hard
carbons (RHHC) at different temperatures.[99] All profiles follow the same trends: higher
between values between 1.2 and 0.2 V, lowest values around 0.1 V, followed by a slight
increase towards 0 V. Differences can be seen in the sodiation profile between 1.2 and
0.4 V. The trend for the diffusion values obtained in this work are increasing from 0.4 to
around 0.9x1071°cm? s~!, whereas the values shown by Wang et al. [99] are decreasing

from around 0.8 down to 0.4x10719 ¢cm?

s~! within the same potential window.

Overall the three data sets seem very similar except the sodiation values of the RHHC
(6.3 (d)). Therefore, it can be concluded, that graphs shown in Figure 6.2 are mainly in
accordance with published data. The rather small mismatch of the data might be caused by
differences within the cell-set-up and chose of parameter settings for the electrochemical
testing. For a better comparison a summary is listed in Table 6.1. Besides the use of different
precursors, the main differences are the cell set-up (2-electrode coin cells versus 3-electrode
Swagelok) and the limitation parameter for the OCV step. Both settings are important to
obtain reliable OCV data as stated in Chapter 4. The OCV limitations chosen by Wang
et al. [99] (t = 1h) might be too short to achieve an equilibrium for a true OCV value.
Further, polarisation effects are very likely within the voltage sloping region of HC during
desodiation. Hence the cut-off voltage might be triggered early, resulting in a reduced pulse

time which needs to be considered in the calculations. No information about adjustments in

calculation or polarisation effects can be found in their publication.

The mirrored profiles for sodiation and desodiation for GITT values as seen in Figure
6.2 indicate a reversible process for the second cycle. The variation of the apparent diffusion
coefficients within each sodiation and desodiation cycle points out a strong dependence on
the SoC. Further, a correlation of the apparent diffusion coefficients’ low plateau region to
HC’s low voltage potential is prominent. The presented stepped voltage profile of the GITT
curve (Figure 6.2) suggests different stages for ionic diffusion within the sodiation and

desodiation process, which correspond to the diffusion coefficient changes. Plateau regions
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Table 6.1: Differences in cell building and parameter settings for GITT testing as chosen in this PhD
project, Bommier et al. [92], and Wang et al. [99].

PhD project Bommier et al. Wang et al.

Precursor petroleum pitch | Tencel-C fiber HC rice husks
Interlayer spacing 0.38 nm[202] 0.366 nm 0.38 - 0.4nm
Cell design Swagelok coin cell coin cell
Reference electrode yes no no
Electrolyte 1 M NaPF¢ 1 M NaPFg 1 M NaClOg4
EC:DEC (1:1) EC:DEC (1:1) EC:DEC (1:1)

AM loading 1.5mg cm™> 7mgem™2 | 1.0 - 1.5mg cm™>
Current 60mA g~! 10mA g! 20mA g7!
Pulse length 300 s 1h 0.5h
Capacity per pulse 5mAh g~! 10mAh g! 10mAh g!
Limitation OCV AU<0.001 V 4h 1h

might indicate semi-stable diffusion characteristics (region 1 and 3), whereas regions of fast
decreasing or increasing values suggest changes in the diffusion characteristics (region 2, 4,
and 0), and hence a change in the sodiation mechanism.

The voltage transient at low voltages is not linear at the end of the pulse, making the
diffusion coefficient more difficult to calculate. The non-linearity indicates that the pro-
cesses occurring in the material and electrode are non Fickian. Hence, the calculated values
at low sodiation potentials are less conclusive. Besides, as the plating potential is reached,
no or limited diffusion occurs in the active material. Additionally, this could indicate that
the sodium metal ’pooling’ in the HC at the low voltages is not limited by the intercalation
but the formation of the nano-clusters of sodium and that at these low voltages sodium could
plate onto the surface of the electrodes.[196, 203, 204]. Measurements of the diffusion co-
efficients at higher potentials were difficult to calculate due to the high polarization at those
potentials, which triggered the cut-off voltage and stopped the charge pulse before 7 =300s
was reached. This polarisation is expected as the sodium concentration is very low in the
HC at these voltages resulting in a lower overall electronic conductivity in the composite

electrode.

6.2.2 Apparent diffusion coefficient calculations based on EIS

Identical to the GITT measurements, EIS was conducted in the second and tenth cycle
using a 3-electrode cell set-up. Within each sodiation and desodiation cycle, 16 EIS spec-
tra (equidistant voltage steps) were generated to cover the full range of SoC. Figure 6.4

shows the 16 EIS spectra for sodiation (left) and desodiation (right) in a voltage range be-
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Figure 6.4: EIS spectra versus voltage for the full second sodiation (a) and desodiation (b) between
0.005 and 1.7 V. Data was recorded between WE and reference electrode in a 3-electrode
set-up. Electrode coat weight: 13.8 mg.

tween 1.7 V and 5 mV. Differences in the shape of the Nyquist plots at various SoC indicate
changes in resistance, capacitance, surface layer formation, and pore sizes changes.[38, 43,
84, 158, 205] Further, the low-frequency branch’s appearance, which reflects solid-state
diffusion impedance, changes with the SoC. During sodiation, the spectra below 0.231 V
show inductance-like behaviour at low frequencies. This has been observed similarly for
fuel cells and is related to mass transport of the reactive species.[206, 207] The observed
induction phenomena are potentially related to the mass transport of the reactive species
(Na*) away from the electrode’s surface. Similar features can be seen during desodiation
for potentials lower than 0.01 V. Hence, the observation of the induction component in the
Nyquist plot at 0.005, 0.118 and 0.231V vs Na/Na™ upon sodiation, is likely to the high
concentration of solvated sodium ions at the surface of the electrode. Whereas upon desodi-
ation, the sodium concentration at the surface is likely lower because of the faster diffusion
in the liquid electrolyte compared to the solid. However, the appearance of this artefact
makes the calculation of the diffusion coefficient difficult and may be misleading.

As an example, and to visualize the influence of ageing onto the electrode performance,
Figure 6.5 show the EIS spectra at 0.457 V for the second cycle (a) and tenth cycle (b) dis-
played in Nyquist plot. The graphs show a higher overall impedance (R¢r: charge transfer)
for the sodiation compared for desodiation (second cycle: 20 to 14 Q; tenth cycle: 150 to
87 Q) as well as an increase in impedance during cycling (sodiation: 20 to 150 Q; desodia-
tion: 14 to 87 Q). The differences in sodiation, desodiation, and age of the electrodes can be

seen in the angle and frequency-shift of the low-frequency region. Hence, Figure 6.5 (c) and



6.2. Electrochemical analysis 106

25 160
(a) —=— 2™ sodiation (b) —o— 10™ sodiation
—s— 2™ desodiation 140 - —o— 10" desodiation
20}

120

E E 100
S 15f o

= w80 L
=
5 N

z Or E o0

a0 |

51
985 Hz s
0 L I 0 i I L
0 5 10 15 20 25 0 20 40 60 80 100 120 140 160
Re (Zyg) / Ohm Re (Zue) / Ohm
(c) — (d) ¥
180 |- —=— 2" sodiation —=a— 2" sodiation
—e— 2" desodiation 5 ¢ 2" desodiation
140 —o— 10" sodiation —o— 10" sodiation

—o— 10" desodiation —o— 10" desodiation

Magnitude / QO
3

Srorcd
0 . . . . - :
Y w100 100 10 10° 10f 105 10°
Freqyency / Hz Frequency / Hz

Figure 6.5: Impedance data of the second and tenth sodiation and desodiation at 0.457 V.

(d) shows the Bode plots based on the same data. The increase in the overall impedance is
also seen in Figure 6.5 (c) highlighting the pronounced effect for lower frequencies. Also,
the impedance profile of sodiation and desodiation diverge for frequencies above 1 kHz.
Within the phase diagram in Figure 6.5 (d) two distinctive local minima and two local max-
ima can be determined for the sodiation curve, whereas the desodiation branch shows less
distinct features.

Besides gaining information on serial resistance and charge transfer, diffusion charac-
teristics can be determined from impedance data. To analyse the diffusion characteristics,
the focus for the EIS measurements is on the low-frequency region, which relates to the
diffusion in a solid. The apparent diffusion coefficients were calculated using Equation 2.9,
with o gained from the slope Zgg versus w3 for low frequencies, as mentioned earlier
(Figure 2). For more information graphs showing Zgg versus ®> and the fitting results
are listed in the Appendix (Table A.1 and Figure A.2 and A.3). Figure 6.6 shows the cal-
culated diffusion coefficients versus the SoC of the composite electrode for sodiation (left)
and desodiation (right). Within the sodiation and desodiation of the second cycle, the values

of the apparent diffusion coefficients increase or decrease by four orders of magnitude in a
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Figure 6.6: Apparent diffusion coefficients based on low-frequency impedance data for sodiation
(left) and desodiation (right) of the 2nd cycle and cycled electrodes plotted versus the
SoC and potential, respectively.

four- and five-step profile, respectively. Compared to the fresh cells, the maximum values
for the cycled cells are reduced by one order of magnitude with the profiles of the apparent
diffusion coefficients following the same trends.

There are a limited number of data points for the low voltage plateaux region, as the
EIS measurement was taken at a particular voltage rather than a capacity. Besides, at these
low voltages, the fitting of the slope was poor. The Warburg contribution was difficult to
elucidate, and this led to difficulties in the calculation of the diffusion coefficients. However,
the sodiation process shown in the left graph of Figure 6.6 can be divided into five regions,
including three plateau regions and two sloping regions. Values start at a low-value plateau
until approximately 5 % SoC (corresponding to 1.25 V) at around 6x107'6 cm?s™! (Region
1), which is followed by an increase up to an SoC of 15 % (corresponding to 0.8 V, region 2).
The diffusion remains constant in a plateau (region 3) and is about three orders of magnitude
higher for the fresh (1x10713 cm?s™1), as well as for the cycled electrode (8x1077 cm?s™!)

compared to the initial values. At 30 % SoC, the values show a ’blip’ and start rising again
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(region 4) to values similar to the third region (region 5).

The desodiation process in Figure 6.6 (right) can be divided into three regions, in-
cluding two plateaus and one sloping region. The regions mirror the sodiation profile, but
regions 3 to 5 of the desodiation process merge into one plateau region, missing the sloping
region previously described as region 4 in the sodiation process. The diffusion coefficient
values start at the same level as at the end of the sodiation and are stable for most of the en-

tire desodiation process (down to 10 % SoC and 0.8 V, respectively). Within 10 to 5 % SoC

2 -1

(approximately 1.3 V), the values decrease by four orders of magnitude to 1x10™'% cm? s~
(Region 2). Identical to the sodiation profile, a low plateau can be seen at the end of deso-
diation (Region 1).

Publications on apparent diffusion coefficients gained from EIS data are rare in the
literature. EIS is mostly used to investigate the diffusion in cathode materials as the crystal
structure changes during charge and discharge.[39, 42, 122, 155, 208, 209] For analysis, it
has to be considered that the resolution within the low voltage region is quite low. Addi-
tionally, the data acquisition is not as accurate within the low voltage plateaus. Even a low
voltage amplitude changes the SoC, and the requirement for the semi-stable condition is not
fulfilled. Using GEIS would lead to more reliable results in the low voltage plateau. How-
ever, it would cause inaccuracy for the diffusion coefficient calculation as even a low applied
current amplitude would lead to an SoC change at low frequencies, which are needed for
the diffusion coefficient calculation. In this study, Potentiostatic EIS was chosen to gain

more information in the sloping voltage region of the HC to compliment the information

obtained through the GITT measurement.

6.2.3 Apparent diffusion coefficient calculations based on EPS

EPS measurements were again conducted in a 3-electrode cell set-up after an initial forma-
tion cycle. The EPS profile for the working electrode, the counter electrode (sodium metal),
and the monitored cell current is plotted in Figure 6.7. The graphs show the profiles for so-
diation (left) and desodiation (right). The working electrode potentials (upper graphs) show
the staircase profile of the 10 mV voltage steps. The polarization of the counter electrode
at each voltage steps can be seen in the middle graph. During sodiation of the HC work-
ing electrode, the counter electrode’s polarisation is increasing towards lower potentials;
during desodiation, the polarization is decreasing towards higher potentials. The polariza-

tion shows a maximum of around 8 mV within the low plateau region of the HC potential
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Figure 6.7: Working (HC), counter (Na metal) electrode potential and current profile of the EPS
cycle for sodiation (left) and desodiation (right) of an HC composite electrode versus
the gravimetric capacity (active material based). Coat weight 12.8 mg.

(middle graphs). The bottom graphs show the current profile monitored during sodiation
and desodiation. Each voltage step is accompanied by an exponential current decay due
to diffusion processes. As an additional remark, Figure 6.7 highlights the importance of
a three-electrode set-up as the sodium counter electrode’s potential varies between 6 mV
and -8 mV at sodiation and desodiation, respectively. Calculations based on the cell voltage
profile may lead to inaccuracies in the diffusion coefficient’s calculated values.

Apparent diffusion coefficients were calculated following Equation (2.10) using a lin-
ear fit for the current i(¢) versus the time 73 with the slope of each current decay being
proportional to Dgps. The results are plotted in Figure 6.8. It displays the calculated ap-
parent diffusion coefficients based on the EPS measurements for sodiation and desodiation
versus the SoC. The values of the apparent diffusion coefficient change by three orders of
magnitude during sodiation and desodiation. For sodiation, the values start at a high level
(7x10"8 cm? s7!) and decrease, undulating to around 0.03x 1078 cm? s~! when 100 % SoC
is reached. The first decrease to 0.2x1078 cm? s~! appears within the 0 to 3 % of SoC. This
is followed by a rise of the values to around 0.8x1078 cm? s~! at 20 % SoC and a subsequent
drop with its minimum at around 60 % SoC. The lowest values can be found between 50
and 80 % SoC (0.006x 1078 cm? s™!). The desodiation profile is in reverse, showing slightly
increased values between 100 and 20 % SoC.

The profile of the apparent diffusion coefficient appears similar for sodiation and des-
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Figure 6.8: Apparent diffusion coefficients based on EPS data for sodiation (black square) and des-
odiation (red triangle) of the 2nd cycle plotted versus the SoC (a) and working electrode
potential (b).

odiation, suggesting a reversible process. The changes in diffusion during the sodiation and
desodiation process indicate at least a two-step process. Again, one step within the sloping
region of the voltage profile and a second one within the plateau region, as described and
discussed above.

Based on the test plan’s set-up, the data points of the apparent diffusion coefficient
are not equidistant when plotted versus the SoC (capacity). Since the measurements are
taken in equidistant voltage steps, and the characteristic voltage profile of the HC consist
of a sloping and a plateau region, the data density is much higher at low SoC (sloping)
compared to higher SoC (plateau). This leads to a high resolution between approx. 0O to

30 % SoC, followed by just a few data points between 40 and 80 % SoC (plateau region).

6.2.4 Comparison and discussion of the results gained from GITT, EIS and
EPS

For comparison of the results gained from GITT, EPS, and EIS all data are normalized to
the maximum observed diffusion coefficient at 20 % SoC (“A Diffusion coefficient”’) during
sodiation to elucidate the changes in the order of magnitude, which will be discussed later,
and for a clearer comparison between sodiation and desodiation for each technique. The
results are shown in Figure 6.9. The left column of plots shows the results for sodiation
(black square) and desodiation (red triangle) versus the potential of the working electrode
Eweg. The right graphs display the data versus the SoC of the working electrode to focus on
the low potential region (0.2 to 0.05 V or 40 to 100 % SoC). Both illustrations were chosen

as the graph versus the SoC is beneficial for GITT measurements which is based on capacity
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Figure 6.9: Comparison of GITT, EIS, and EPS data showing changes within the apparent diffusion
coefficient based on their 20 % SoC sodiation value. Left: results plotted versus the
potential of the working electrode. Right: results plotted versus the SoC of the working
electrode.

intervals, whereas the EIS and EPS measurements were performed in voltage step intervals
and benefit from a display versus the WE potential.

The apparent diffusion coefficients shown in Figure 6.9 indicate a reversible sodiation
and desodiation for all three techniques. Whereas the shape of the sodiation and desodiation
profiles of the apparent diffusion profiles based on GITT end EPS look very similar, showing
a wavelike profile with a high plateau region between 0 and 35 % and a low plateau region
between 45 and 80 % followed by an increase towards the end of sodiation, the EIS data
follows more a two step sodiation/desodiation, showing to plateaus and an single sloping
region 1.2 and 0.8 V.

The values gained from all three techniques decrease with ageing whereas the differ-
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Table 6.2: Minimum and maximum values of the apparent diffusion coefficient for sodiation and
desodiation, respectively. Values are based on the second cycle, as seen in Figure 6.2,

6.6, and 6.8.
Diffusion coefficients of the 2" cycle in x1073 cm?s™!
Minimum Maximum
Sodiation Desodiation | Sodiation Desodiation
GITT 0.000 4 0.000 2 0.01 0.008
EIS 0.000 000 1 0.000 001 0.000 2 0.001
EPS 0.01 04 1000 1000000

ences between fresh and cycled cycles are largest in the plateau region of the HC sodia-
tion/desodiation profile (130 to 220 mAh g~!, 35 to 85 % SoC). Previous publications show
that the change in diffusion upon cycling and the increase in resistance are due to reduced
pore networks within the electrode. The pores become blocked with SEI growth, limiting
the transport of electrolyte and ions to the surface of the material.[22, 92, 199]

For detailed analysis, the minimum and maximum apparent diffusion coefficient for
each technique are shown in Table 6.2. When comparing the range of the apparent diffusion
coefficient values, it is noticeable that the values based on GITT measurements change
within two orders of magnitude, whereas the values for EIS change by four and EPS by
six orders of magnitude. This might be caused by many different parameters. A list of the
parameters chosen for each technique is given in Table 6.3. The table states the accounted
parameters needed for the evaluation of the apparent diffusion coefficients and highlights
the key differences of the three techniques used. Those differences can be categorized in
three groups: general settings, behaviour within the low voltage region, behaviour within

the high voltage region.

General aspects: The important key parameters valid for the whole potential region are:

experimental control, step limitation, IR contribution, parameter settings and test duration.

* In all methods, the derivation of the method is based upon Fick’s laws of diffusion.
Therefore, if the sodium ion transport mechanism deviates from the assumption that
the sodium concentration changes, the calculations for diffusion coefficient will not

hold true.

* The step limitations were chosen to be close to an equilibrium state. The time scales
of the sodiation and desodiation steps reach from 1 to 17 minutes for GITT, fixed

150 minutes for EIS, and tens of seconds up to 4.5 hours for EPS. The corresponding
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Table 6.3: List of parameters for evaluation of the apparent diffusion coefficient for the three tech-
niques used: GITT, EIS, and EPS.

GITT | EIS | EPS |
Controlled via | Current \ Potential \ Potential ‘
Based on Fick’s laws of diffusion
Step limitation | AEwg < 0.00lmVs~' [ 150 min OCV 1<0.01C
constant Surface Surface Surface

Pulse time Temperature Diffusion length

T Current

Molar mass

Molar volume

Active material mass
IR contribution | None None Yes, low
graphical AEg Warburg coefficient | Step time
analysis AE, Concentration A Concentration

Current

Test duration 51 hours 174 hours 69 hours

currents are 0 mA for GITT (OCV step), < 0.002 C for EIS and < 0.001 C for EPS.
The variation in time lines and current ranges strongly depends on the SoC of the

electrode and the technique used (see also following paragraphs).

* The control of the techniques is either done via the current (GITT) or the potential
(EPS and EIS). When controlled via current, the polarisation effects trigger the step
limitations faster. Therefore, the voltage range covered by the apparent diffusion

coefficients differs slightly between the different techniques used.

» EIS is a time-intensive method, especially when focussed on the low frequency region
for diffusion analysis. Despite the fact that EIS shows the lowest data’s resolution (16
data points per sodiation) of all three techniques (GITT: 64 data points per sodiation,
EPS: 138 data points for sodiation), the festing time is three time larger compared to
GITT. The cell-set up chosen is very reliable, but test cells built on lab-scale, espe-
cially 3-electrode cells, might suffer from higher self-discharge or leakage currents
via the reference electrode and ageing. This might lead to higher capacities during so-
diation and lower capacities for desodiation and deficient concentration calculations.
Hence, more data points would have extended the testing time even more, making it

difficult to compare results due to described “side” effects.

* As the electrodes’ porosities were set to 35 %, the diffusion length should be similar at
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initial state. During sodiation, especially at low voltages, pathways might be blocked
by localized sodium deposition which could increase the diffusion length, but also
increases the internal resistance and impede the charge transfer (initial results for the
serial resistance, SEI and charge transfer resistance for each of the 16 EIS spectra are
listed in the Appendix A in Table A.2 and A.3). As the diffusion length is assumed to

be constant, the influence of enlarged diffusion pathways are left out.

* For EIS calculations the temperature is taken into account. Although all experiments
was conducted at ambient temperature, changes in temperature during night/day or

workday/weekend may cause small variations.

» All test cells were built from the same printed electrode, and an identical cell design

is used, electrode related parameters are unlikely to be the cause for the differences.

» In general, the GITT condition of AEwg < 0.001 mV s~! might be too soft. Hence an
equilibrium is not reached, leading to too high values for AEg, causing an overestima-
tion of the apparent diffusion coefficient. In this case, it may be more appropriate to
fit the SAND equation to the voltage transient, as then the variation in reaching OCV

would not be taken into account.

Effects on low voltage level: So besides the factors discussed above, several potential test-
ing artefacts are arising at different voltage levels for these methodologies. At the low

voltage level these include:

* For GITT at the low voltages very low diffusion coefficients are observed. Towards
the end of sodiation, where T <300 s as the limitation voltage is triggered, it is likely
that no charge was transferred (only double layer formation). This would mean that

AE,; would be too large, leading to underestimating the diffusion coefficient.

» EIS and EPS were both controlled by voltage rather than current. Therefore the cal-
culation of the concentration of sodium in the solid is difficult at the low voltage
plateau. However, the small changes in voltage in EPS measurements mitigate some
inaccuracies, especially as a limitation current of 0.001 C is still linked to a sodia-
tion/desodiation. However, only two points across the low voltage region for the EIS
measurements will likely not reflect the complete change in the diffusion coefficient

at the low voltage.
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» Especially the EIS measurements seem to be affected by processes occurring at very
low voltages. It is suggested that within the low voltage region, sodium metal deposits
on the HC surface and metal sodium clusters form within the HC’s pore space.[176,
196, 197, 201, 203] This would enhance the electronic conductivity of the HC and
change the local sodium concentration (local potential # electrode potential [74, 210])
and could cause induction effects. The Nyquist plots at low voltages shown in Figure
6.4 show the lack of a Warburg feature, but induction loops. Besides, as the Warburg
feature is missing during desodiation, a faster sodium transport away from the surface
upon desodiation through faster transport in the electrolyte would be expected. The
data gained from simple equivalent circuit fitting (Figure A.4) shows a lower varia-
tion within the SEI and charge transfer resistance for desodiation than for sodiation,

explaining the higher apparent diffusion coefficient values during desodiation.

* When conducting PEIS measurements within the plateau region of the HC sodia-
tion/desodiation a small change in voltage induces a high current response reflected
in inaccuracies in the impedance measurements. The high current response leads to
charge/discharge of the working electrode, especially during low-frequency measure-
ments. This means that the electrochemical system is not in a semi-equilibrium state.
Hence, the interpretation of the calculated values within the plateau region of the HC

voltage profile is difficult for EIS-based measurements.
Effects on high voltage level:

* EIS and EPS are controlled via voltage, leading to a better and controllable data
resolution. However, as the limitation conditions are met quickly (tens of seconds),
the charge contribution within the current profile used for fitting might be masked
by double-layer formation. Further, the SEI formation might not be completed after
the first formation cycle. This means holding the voltage at approx. 0.7 V will grow
the SEI layer. This is also true for any other side reactions triggered by a certain
voltage, which might be enhanced if the potential is held at the triggering voltage. In
terms of the EPS experiment, the second cycle’s differential capacity plot is shown in
the Appendix (Figure A.5), showing no ongoing reactions within the HC potential’s

sloping region.

* The benefit of using a small voltage amplitude during the PEIS measurement to avoid
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altering the SoC within the plateau region too much might be a disadvantage at high
potentials. The change in potential (amplitude modulation) might be too small to
cause a reliable current response. The data gained from the PEIS measurements per-
formed in this study are based on the average value of three iterations per frequency

to minimize the effect of inaccurate numbers.

* The pulse length for GITT measurements needs to meet the condition: T <« %. Nev-
ertheless, due to the steep sloping region, there is the potential to induce a big chance
in the SoC. So the registration interval is poor. This effect is intensified because due
to the low electronic conductivity, the IR contribution at high voltages is quite high.
Still, the pulse length 7 has to be chosen long enough to induce an actual charge into
the material, which is on longer time scales than the ohmic polarization and double-
layer forming and capacitance. However, with sufficient long OCV periods within
the GITT measurements, the Ohmic resistance changes are considered and can be
neglected in discussing the results. In addition, the influence of the sodium metal
counter electrode can be neglected, and a 3-electrode arrangement is used. Never-
theless, sodium metal is also used as reference material and although there are only
measurement currents present, sodium metal is known for surface layer formation

within carbonated electrolytes.[114, 123]

Differences in the reported diffusion coefficients arise from both experimental set-ups and
the assumptions made in the calculations. The original GITT experiment was related to
discussion into a thin film rather than a porous electrode, and therefore the surface area used
in the calculation was the electrode area - as the transport limitation was the flux of counter
ions to the surface of the thin film. In terms of batteries which contain liquid electrolytes,
electrodes consist of a porous network. Therefore, the diffusion should be calculated from
the flux of counter ions to the active particles’ surface. However, the effective surface area
is difficult to calculate because of the carbon binder domain accurately, and the particles’
embedded into the current collector. The surface area is a shared constant in calculating
the diffusion coefficient from all methods and is related to the particle size. Single-particle
size and spherical particle are assumed for evaluation, rather than a particle size distribution
and differently shaped particles. Consequently, this will also affect the accuracy of the
calculated diffusion parameters.

The analysed techniques have their advantages and disadvantages. On basis of the ratio



6.3. Conclusion and Outlook 117

of data points per testing times, GITT and EPS are the techniques of choice. With a higher
registration rate per testing time systematic errors are easier spotted and the data seems more
reliable. Nonetheless, the EIS measurement itself bring much more information, if analysed
in full. This part of work concentrates on diffusion only, but the acquired data will be used
for further studies, for example to investigate the SEI information in more detail. Further,
it is prominent that the shape of the diffusion coefficients gained via GITT and EPS look
very similar. The choice of technique should be made in terms of the region of interest, as
EPS has its strengths in sloping regions of the potential of the material determined, whereas

GITT is beneficial for investigation of processes within the voltage plateau regions.

6.3 Conclusion and Outlook

HC composite electrodes have been studied in a 3-electrode cell set-up to examine sodium-
ions’ diffusion behaviour using the GITT, EIS, and EPS. All techniques were conducted
using the same electrode and the importance of the correct cell set-up, as well as parameter
settings, and analysis has been discussed, including the relative advantages and limitations.

The collective finding from all techniques conducted indicates a reversible sodia-
tion/desodiation process. Moreover, all generated data shows a dependence of diffusion
capability during on the SoC for sodiation and desodiation. The same general trend of
sodium ion diffusion capability with SoC is derived from each technique showing higher
values within the sloping region and lower values within the low voltage plateau. Between
these stages, the apparent diffusion coefficient varies by orders of magnitude. Differences
in minimum and maximum values are related to parameter settings and quasi-equilibrium
state adherence.

The data gained by GITT befits from a high resolution in the flat potential regions
but shows disadvantages in steep sloping regions, where features might get lost due to a
dependence on capacity rather than voltage. EIS data shows better resolution within the
sloping profile range but likely leads to inaccurate data when too high voltage amplitudes
are used. Especially in regions showing a voltage plateau of the investigated electrode.
Further, the EIS data for low potentials lacks a Warburg feature, possible due to sodium
clusters forming within the HC and enhancing the electronic conductivity.[196, 197, 201,
203] EPS data becomes beneficial in regions of steep voltage profiles and high polarization
but misses data density in voltage plateaus.

Each approach has different implications for practical implementation, and there are
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trade-offs to be considered. For example, EIS has the advantage of being easily imple-
mented into standard test plans and is not as time-consuming as GITT or EPS when used at
a single voltage, but is not effective over the entire SoC range. Hence, these methods are not
contradictory but complementary, and a combination of their use is recommended in order
to gain a better overall picture of diffusion characteristics.

In this work apparent diffusion coefficient were determined using GITT, EPS, and
EIS. All techniques are commonly used in literature, but a thorough analysis and compar-
ison pointing out critical parameters and limitations has not been published to date. Many
of the assumptions made cannot be proven by the work presented without further experi-
mental work which could include adjusting the parameter settings for the techniques (for
example pulse length, width of the frequency spectrum, cut-off parameters). Further, the
electrode composition and microstructure should not be ignored as they will also impact the
observed diffusion.[199] In particular, electrode porosities influence the ability to transport
ions to the active material’s surface for the reaction. This is partly taken into account when
calculating the surface area of the material in the electrode film. However, the pores’ size is
not considered. If the pore size is not large enough, this could limit the transport of ions to
the materials’ surface, particularly at higher current densities.

The implementation of real surface data would benefit a deeper understanding of those
techniques as well as determine the diffusion process on electrode level. This would not just
involve the approx. 15 % volume expansion of the HC material during sodiation, but also
surface layer formation, blocked pathways and the influence of other degradation processes
occurring during cycling. This way, actual surface changes can be monitored and the diffu-
sion coefficients can be calculated with S depending on SoC and SoH. The gained results
can be used to optimise the electrode structure in terms of electronic and ionic mobility to
enhance the rate capability and safety, since a more homogeneous current density avoids lo-
cal overcharge or deep discharge which causes for example electrolyte decomposition and

dendrite formation.



Chapter 7

Optimisation of HC composite electrodes by

adjusting electrode porosity

In the previous chapter, GITT has been proven to be a reliable and easy accessible method to
determine the apparent diffusion coefficients in HC composite electrodes, especially within
the low voltage plateau region (Chapter 6). The correlation of inner resistance and SoC
and SoH is known, but as the prior results indicate also a correlation of the ionic mobility
on SoC and SoH, it is essential to ensure a balanced combination of ionic and electronic
transport for a tailored electrode performance.

In this chapter, electrodes of the same print are calandered to different porosities prior
testing. GITT is conducted to investigate diffusion within electrodes and to investigate
polarisation effects and diffusion characteristics depending on the SoC and SoH. The results
demonstrate the requirement for optimized electrode designs for targeted cell performances
and shows the effect of porosity upon the interplay between electronic and ionic mobility

and the SoH.

7.1 Introduction

Apparent diffusion coefficients detailing the HC material characteristics have been reported
previously. However, electrode design and microstructural properties, such as porosity, and
the effect upon cycling and performance have been mainly neglected. Hence, a comparison
between materials is challenging as testing methods, and set-ups differ between the publica-
tions. The reported experiments vary in electrolytes used and electrode characteristics such
as loadings, particle sizes, and particle shapes.[29, 32, 50, 92, 99, 201]

Here, the ionic mobility of Na* in HC composite electrodes is investigated. The elec-

trodes are manufactured close to commercial standards with loadings around 110 gm™2.
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The porosity of the electrodes as coated are around 45 %. To gain reliable data, the porosity
range for this study was chosen between just coated (all matched to 40 %) and highly densi-
fied (25 %). The electrodes were used to study the influence of the electrode microstructure
and porosity on the resistivity, ionic mobility, and SoH using GITT. As the apparent diffu-
sion coefficient takes the electrode composition, porosity, ionic, and electronic 3-D connec-
tivity into consideration and these characteristics change with the SoC, SoH, and electrode
manufacturing processes, differences in ionic mobility are expected. It is important to note
that the calculated diffusion coefficients should be considered apparent diffusion coeffi-
cients of the electrode, as the phase-transition reaction, charge transfer, and ionic diffusion

are taking place at the same time.[34]

7.2 Electrochemical analysis

Electrodes were manufactured comprising 90 % HC active material (commercial, Dsy:
9 um, 4-8 m? g_l, according to datasheet), 5 % binder (HSV900, Kynar), and 5 % CB (C45,
TimCal) by weight as described in 4.1. After printing and drying the electrodes were densi-
fied to 20, 25, 30, 35 or 40 % porosity by calendering to designated thicknesses. For calen-
dering, an electrode sheet was placed between two metal shims before feeding through the
heated rollers of a calender machine (MTI Corporation, MSK-HRP-01, temperature: 90°C).
For porosity calculation, the average density of the composite electrode materials and the
volume of the dry coating (electrode surface x thickness) were considered.

For electrochemical cell testing cells in a three-electrode ‘Swagelok’” design (PFA-
820-3, Swagelok) were used. 130 uL of a premade 1 M NaPFg ina 1:1 (v) mix of EC and
DEC (Kimisha Chemicals) were added to electrodes and separator stacks during assembling
(detailed information can be found in Chapter 4.2). All testing was conducted on a BaSyTec

CTS potentiostat with reference monitoring.

7.2.1 Investigation of the ionic and electronic mobility in HC electrodes

DCIR measurements were conducted based on ISO 12405-1:2011 by monitoring the volt-

age profile during constant current GITT charge and discharge pulses.[211, 212, 213] For
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calculation the following equations were used:

Uos —Ulo
RdischargeJOs = % (7.1)
discharge
Uos —Ulo
Rcharge710s = % (7.2)
charge

where Uy, is the voltage at the beginning of the charge and discharge pulse, Ujqs is the
voltage after 10 s of charge or discharge, and Icharge and Igischarge are the applied charge and
discharge current, respectively.

GITT has been performed on a HC composite electrode (35 % porosity, 90:5:5 ac-
tive:binder:cb, 12.6 mg active mass, 110 mgcm™2). The testing was conducted after forma-
tion to eliminate surface electrolyte interphase formation and any counter electrode arte-
facts. Calculations for the apparent diffusion coefficient are based on Equation 2.1.2, as
stated in Chapter 2.1.2. To apply those equations the condition U o< £~ must be met, which
can be seen in Figure A.8.

The observed voltage profile and apparent diffusion coefficients as well as the DCIR
are shown in 7.1. The voltage profiles in (a) and (b) show the GITT profile of the HC
WE and the CE versus the sodium metal reference. The HC voltage profile consists of a
sloping region between 1.0 V and 0.2 V versus Na/Na™ and a plateau between 0.2 and 0.05 V
versus Na/Na™, as it has been shown previously. The variation within the CE profile during
sodiation and desodiation has been discussed earlier (Chapter 5). However, the contribution
of the CE to the overall cell performance is removed since a 3-electrode arrangement is
used.[123]

Figure 7.1 (c) and (d) show the corresponding apparent diffusion coefficients and DCIR
values for sodiation and desodiation versus capacity. The profiles can be divided into four
steps for sodiation and five steps for desodiation. Within step I the values are nearly constant
around 1x1077 cm?s~! at the beginning of the sodiation correlating to a voltage window of
around 1.0 to around 0.2V and capacity between 0 and 80mAhg~! (SoC: 0 and 25 %).
Between 0.2 and 0.1V, the values decrease by nearly two orders of magnitude (step II) and
reach a second plateau at around 4x 10~ cm?s~! (step III). The second plateau corresponds
to capacities between 140 and 240 mAh g~! (SoC: 35 to 70 %). Within the second sloping
region, around 50 and 5mV of the sodiation (step IV, capacity > 250mAhg~', SoC of

around 80 to 100 %), the values increase until the approximate starting values are reached.
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Figure 7.1: (a) and (b) GITT voltage profiles versus capacity of the second cycle for sodiation (a)
and desodiation (b) displaying working electrode (WE) potential (black) and sodium
metal counter electrode (CE) potential versus sodium metal reference electrode (red);
(c) and (d) show the apparent diffusion coefficients (filled squares) and corresponding
10 s DCIR values (empty squares) calculated from the GITT data for sodiation (c) and
desodiation (d) versus capacity of a HC WE of 35 % porosity and loading of approx.
110 mg cm™2. For reasons of clarity and comprehensibility, the area of every other step
of the is shaded. Steps are outlined in the text.

The DCIR values start at around 80 € for the sodiation. The values decrease by a tenth

when the potential reaches 0.2V (end of step I). Subsequently, the values are increasing

again until halfway through step II and stabilize around 15 Q for the remaining sodiation

process of the HC. For desodiation, the DCIR profile is reversed. The values are stable

around 15 Q and increasing exponentially up to 80 € after a potential of 0.15 V is reached.

The changes in the apparent diffusion coefficient and DCIR profile during desodiation

are reversed to the sodiation profile, indicating a reversible process. Both values change

during sodiation and desodiation by at least one order of magnitude, which points out a

strong dependence on the SoC of the electrode. The desodiation profile follows the sodiation

profile in reverse, showing an additional step at the end of desodiation (step 0). Within this

step (1.0 and 1.4 V) the apparent diffusion values are decreasing by approximately one order

of magnitude.
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DCIR shows a strong dependence on the SoC. During sodiation, sodium is increas-
ingly intercalated, resulting in a reduction of the resistivity due to the growing electronic
conductivity through the intercalated sodium. Likewise, the high polarization at high volt-
ages during desodiation is caused by the small amount of sodium in the HC and the high
concentration within the electrolyte resulting in low apparent diffusion coefficients. Al-
though the cut-off voltage for all test cycles was set to SmV for sodiation and 1.7 V for
desodiation, the values for the apparent diffusion coefficient and DCIR are challenging to
track within the lower voltage window due to sodium plating on the HC surface and in the
upper voltage window due to high polarization.

The sodiation profiles for the apparent diffusion coefficients are in accordance with
previously published data.[29, 32, 50, 92, 197] The presented step profile of the GITT
curve suggests different stages for ionic diffusion within the sodiation and desodiation pro-
cess. Therefore, the differences in sodium-ion mobility (high versus low apparent diffusion
coefficient) might be linked to different sodiation mechanisms. However, the calculation
of the apparent diffusion coefficients is based on the relaxation processes to reach an equi-
librium. Therefore, the slowest occurring process might dominate the apparent diffusion
coefficient calculation. Based on this hypothesis, there are two regions of a semi-stable
diffusion (step I and III) and three regions of decreasing and increasing diffusion ability
(step IL, IV, and 0), respectively. Processes in step 0 and IV are also accompanied by strong
polarization effects caused by a low or high sodium content within the active material, re-
spectively. The high polarization in step O causes an increase in resistance and facilitates
plating in step IV.

Two step intercalation models were described in the literature before. The most-cited
ones are published by Stevens and Dahn, and Bommier et al.[32, 83] Stevens and Dahn
suggest a “falling card house” model with intercalation occurring within the sloping region,
followed by the occupancy of the nanopores in the low voltage plateau. Bommier et al.
propose the charge storage occurs by binding to the edges/defect sites in the sloping region,
followed by intercalation between graphene sheets within the low voltage plateau and Na-
atom absorption on the sp®> configured pore surface at a very low potential below 0.05 V.
The main differences between the two models are pointed out in Figure A.9 in Appendix
A. The hypothesis of intercaltion during the sloping region and pore occupancy within the

plateau region was also recently endorsed by Weaving et al using Raman spectroscopy.[196,
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197]

Cycling affects the physical characteristics of the electrode, including surface layer
formation and particle cracking, and therefore has an influence of the electrochemical prop-
erties of the electrode.[180] Particle cracking, for example, increases the surface area of the
electrode and induces additional surface layer formation accompanied with an increase in
internal resistance and polarisation resulting in lower capacities and electrolyte decompo-
sition. Further the electrode porosity is reduced and pores acting as electrolyte reservoir
vanish. Hence the ionic mobility decreases, too.

For a better understanding of the limiting factors of the battery performance, the test
cell used to generate the data displayed in Figure 7.1, has been cycled as described in the
Experimental Section with additional GITT measurements conducted in the 15" and 25™
cycle. The results give insight into the changes of the ionic mobility in HC composite
electrodes.

Figure 7.2 shows the profile of the calculated apparent diffusion coefficients of an HC
composite electrode at 35 % porosity for the second cycle (as seen in Figure 7.1) compared
to the 15" and 25" cycle. All graphs feature the step profile mentioned in the precious
subsection. For sodiation, the graphs for the second, 15" and 25" cycle, starting at sim-
ilar values and follow the trends of the second cycle up to approximately a capacity of
100mAh g~!, which coincides with the voltage profile inflection point of the sloping and
plateau region. Afterwards, the profiles of the 15" and 25" cycle drop to lower apparent
diffusion coefficients compared to the second cycle. The effect is pronounced for the 25"
cycle showing a total decrease of one order of magnitude. For desodiation, the ion mobility
in the 15" and 25" cycles is decreased by up to two orders of magnitude for the low plateau
region (0 to 100 and 150 mAh g~!, respectively) compared to the second cycle.

The DCIR values for sodiation and desodiation change with cycling (Figure 7.2 (c)
and (d)). The values for the 15" and 25™ cycle are increased throughout each full cycle.
Again, the effect is pronounced for the 25" cycle at the beginning of sodiation and end
of desodiation. Similar to the profile in Figure 7.1, the values start at 80 2 and decrease
with sodiation until the plateau region of the HC sodiation profile is reached (at around
100mAhg™'). The DCIR resistance quickly increases and remains remains constant at
around 15 Q for the second cycle and around 25 Q for the cycled electrodes. The values for

the apparent diffusion coefficient follows the curve of the DCIR: high apparent diffusion



Sodiation

7.2. Electrochemical analysis

(a)

1000F

=]
8

Diffusion coefficient / x10°® cm%/s

-h"-h-
=

]
14
-y
L]
Diffusion coefficient / x10°® cm?fs

.I=E}; [

Desodiation

w  cycle
+ 15 cycle
v 25" cycle

» 100F B 2" cycle
"‘ o 157 cycle
ok ¥ 257 cycle

1 !
150 200

L
250

300

0 ."lp e 0.1
.' »
v v
0.01f M 001
0.001E L L - 1 L 0.001= L
(C) S0 100 150 200 250 300 (d) S0
100 100
o |
sl - 2"PCVCE wof ° 2¢ore
+ 15" cycle = 15% cycle
s . v 25" cycle 8 o 25" cycle
o T ey G
T S W% v
—_ L] =
O " 9]
O . hid [&]
g o, g
- -

(e) -

200 250 300 ( f] 50

Voltage / V vs Na/Na'
gt the end of OCY step

0z

150 200

10F —=— 2 cycle
——15" cycle
| —v—25% cycle

—— 2" cycle
:oaminw —e—15" cycle

Voltage / V vs Na/Na*
at the end of OCV step

—»—25" cycle

o 0|Z| S0

100

Capacity / mAh g™

150

200 250 300 10 S0

150 200
Desodiation capacity / mAh g™

125

Figure 7.2: Apparent diffusion coefficients (a) and (b) and DCIR values (c) and (d) calculated for
a HC electrode for the second (squares), 15t (circles) and 25t (triangles) cycle versus
capacity for sodiation (a) and (c) and desodiation (b) and (d). Figure (e) and (f) show
the corresponding voltage profiles for sodiation and desodiation. The capacity is plotted
versus the voltage values at the end of each OCV step. Data is extracted from the GITT
profiles recorded in a 3-electrode arrangement; current applied between working and
counter electrode, working electrode potential recorded via reference electrode; sodia-
tion at 0.2 C to 5mV, desodiation at 0.2 C to 1.4 V; C-rate is based on 330 mAh g_1 for

HC.
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coefficient values for low DCIR. For the apparent diffusion coefficient the effect of cycling
is more dominant within the plateau region of the HC voltage profile as the ionic mobility
decreases by an order of magnitude from the second to the 25" cycle. For desodiation, the
profiles of the 15™ and 25" cycle are similar until 100mAhg™" of desodiation capacity.
Whereas the profile of the 15" cycle runs in parallel to the profile of the second cycle,
the values for the 25" cycle increase at 100mAh g~! up to 50 Q and remain unstable. No
distinct differences can be seen between the electrodes for both voltage profiles and the
DCIR desodiation profile of the second cycle. The higher resistivity values at low SoC at
the beginning of sodiation and end of desodiation might be linked to the low sodium content
within the HC composite electrode. Whereas the sodiation shows two stages in the DCIR
profile (0 to 100 mAh g~! and > 100 mAh g~!), the profile of the desodiation is smooth. This
might be caused by the slow ionic transport within the voltage plateau of the HC. Hence, the
intercalation and pooling process might be distinct during sodiation, both processes occur
at the same time during desodiation.

The graphs highlight the impact of cycling on the ionic and electronic mobility and
show that both, the ion and electron mobility, is impaired with cycling. The effect differs
between sodiation and desodiation, and the influence additionally depends on the state of
sodiation and desodiation. Whereas the apparent diffusion values within the sloping regions
of the voltage profile seem to be unchanged, the ionic mobility within the voltage plateau
region decreases depending on the cycling. An increase in cell resistance with cycling is
known; hence, an increase in DCIR measurements was expected. However, the DCIR and
voltage profile for the 25" desodiation (Figure 7.2 (d) and (f)) indicate dendrite formation
on the HC electrode surface at around 100 mAh g~!. This might explain the similar DCIR
resistance to the 15™ cycle during sodiation and at the beginning of the desodiation up to
100mAh g~!. During desodiation the sodium metal on the HC electrode surface might be
stripped of ahead of the removal of the intercalated sodium. Post mortem analysis of the
cycled electrodes showed sodium plating (Figure A.10 in A). Additionally, the presence of
sodium depositions on the electrode surface might block the pores and prolong the diffusion
pathways, but additionally might reduce the overall resistivity of the electrode due to the
higher electronic conductivity of the sodium metal compared to the HC active material.

Further the changes might be influenced by

* The SEI layer is known as being insulating and therefore, its formation and growing
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in thickness results in resistivity growth. If grown unrestrained the resistance might

increase with decreasing SoH, but should be independent of the SoC.

* Atlow SoC the DCIR is elevated and ion mobility is increased due to the low sodium
concentration within the HC composite electrode. The higher the occupation of the
HC with sodium, the lower the ion mobility, but also decreased DCIR due to the

higher amount of metallic like sodium within the electrode.

An increase in resistivity decreases the rate capability or obstructs the electronic transport
between particles and causes inaccessibility of single particles and therefore results in ca-
pacity fade. It is important to note, that although the DCIR values are mainly stable between
the 15" and 25™ sodiation, the overall capacity per sodiation and desodiation is decreased.
Hence, the capacity losses cannot be attributed to polarization and resistivity growth only.
Possible explanations might be a loss of accessible active material (loose particles) through
blocked channels or pores (sodium plating), which also impairs the ionic transport from the

15" to the 25" cycle as observed in the apparent diffusion coefficient analysis.

7.2.2 Influence of porosity on ionic and electronic mobility

Composite electrodes (90 % HC, 5 % binder, 5 % CB) with a range of different electrode
porosities (25, 30, 35, and 40 %) have been manufactured and cycled to determine the in-
fluence of porosity on the ionic and electronic transport. Electrochemical properties have
been tested in the second and 15" cycle to identify and assign limiting factors to porosity
characteristics. Figure 7.3 displays the DCIR versus the capacity of the tested electrodes
and the correlated voltage profiles. Figure 3 (a) and (b) show the results for sodiation and
desodiation of the second cycle, respectively, with the insets displaying the HC WE voltage
at the end of each OCV step. All electrodes show a similar performance to the one described
in Figure 7.1 and 7.2 (35 % porosity). A local maximum at around 100 mAh g~! (inflection
point of voltage profile (inset)) is followed by stable values of around 10 to 15 Q. The com-
posite electrode of 25 % porosity shows the best performance within the sloping region of
the sodiation profile, followed by the electrodes of 35, 30 and 40 % porosity. Within the
plateau region (above 100 mAh g~!) the lowest values can be seen for the electrode of 40 %
porosity, followed by 35, 25 and 30 % porosity. The profile displaying the resistivity of the
cycled electrodes is nosier, particularly for the desodiation branch. The DCIR values within

the 151 cycle (Figure 7.3 (c) and (d)) show the same features for all displayed electrodes but
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Figure 7.3: Comparison of DCIR resistance measured for HC composite electrodes having different

porosities for the second and 15" cycles versus the state-of-charge; Figure (a) and (b)
show DCIR versus capacity for the second cycle sodiation and desodiation, respectively.
Figure (c) and (d) show DCIR versus capacity for the 15t cycle sodiation and desodia-
tion, respectively. Figure (e) and (f) and the insets in (a) and (b) show the voltage profiles
for sodiation and desodiation based on the OCV after each current step, extracted from
the GITT profiles; sodiation at 0.2C to 5mV, desodiation at 0.2C to 1.4 V; C-rate is

based on 300 mAh g~! for HC.
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differ in the shape of the characteristics. Electrodes with a lower porosity show higher over-
all capacities. The capacity losses seem to occur within the low voltage plateau, whereas
the performance of all electrodes within the sloping region is similar. No direct observable
link can be determined between porosities and resistivity values. The resistivity is increased
with higher porosity (25, 30, and 35 % porosity), except for the electrode of 40 % porosity.
Its resistivity values are on a similar level compared to the 25 % porosity electrode. The
local maximum, as seen in the second sodiation, is increased for all electrodes and also
shifted to lower capacities. The change to constant resistance to lower capacities for the
cycled electrodes indicates an earlier inflection point within the HC voltage profile. This
can be seen in Figure 7.3 (e).

The sodiation mechanisms within the sloping and plateau region differ from each other
(sloping region: intercalation between the graphene sheets; plateau region: pore occupancy

[185, 196, 197]). These observations lead to the following suggestions:

* The shift of the inflection point within the voltage profile can be used to allocate

occuring losses towards the sodiation steps.

* Due to higher polarisation and cycling sodium plating occurs and might block path-
ways for intercaltion and deintercalation between the graphene sheets (sloping re-
gion). With ongoing sodiation sodium could be stripped and then intercalated into
the electrode (chemically intercalation) similar to the process seen for lithium in

graphite.[214, 215, 216]

» The internal resistance is lower in less porous electrodes (as expected). As the poros-
ity increases the surface increases — as does the SEI quantity — hence during cycling
the DCIR is increased with porosity. The change in 35 % to 40 % is interesting, as

there might be a trade off between ionic vs electronic conductivity.

Figure 7.4 shows the corresponding calculated apparent diffusion coefficients of HC elec-
trodes at 25, 30, 35, and 40 % porosity for the second and 15" cycle. Again, all electrodes
show the previously described step-like profile for sodiation and desodiation. The results
gained from the second cycle are plotted in Figure 7.4 (a) and (b). No significant differences
can be pointed out between the tested electrodes compared to the previously shown data of
the 30 % porosity electrode (red pointing-down triangle, also Figure 7.1 and 7.2). The high-

est apparent diffusion coefficients at the end of the sodiation (capacity > 200 mAh g~!) are
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seen for a porosity of 40 %. The data sets of the other tested electrodes are overlapping for
the second cycle. The profiles of the apparent diffusion coefficients retain the step-like pro-
file for the 15" cycle for all porosities (Figure 7.4 (c) and (d)). Within the first 80 mAhg~!,
the electrodes show a similar performance. Afterwards, the values diverge towards the sec-
ond plateau region. Here, the width and minimum value of the plateau seem to depend on
the porosity of the electrode. The electrode with 25 % porosity shows the best ionic conduc-
tivity (around 1x107% cm? s™!); the worst performance is seen by electrodes of 35 and 40 %
porosity (approximately one order of magnitude lower at 1x10~ cm®s~!). An increase in
diffusion coefficient values can be determined when the constant-voltage step is reached.

The differences within the desodiation branches are less distinct than within the sodia-
tion branch without clear trends pointing out a dependency on electrode porosity (Figure 7.4
(d)). Within the early desodiation process of the 15% cycle (first 100 mAh g~'), the highest
apparent diffusion coefficients can be seen for a 35 % porosity electrode, but do not increase
as much as for the electrodes of 25, 30, and 40 % porosity at the end of desodiation.

The results show that both, resistivity and ionic mobility, are depending on the state
of sodiation/desodiation and cycling. When the electrode porosity is changed, cycled elec-
trodes show altered characteristics; here the higher apparent diffusion coefficients within
the low voltage plateau can be linked to lower electrode porosities. The data shows that
cycling of the electrodes increases the resistance and reduces the diffusion ability to dif-
ferent extents across the sodiation and desodiation processes. It has been shown that the
amount of SEI formation depends on the BET specific surface area of the HC material.[99,
217, 218] The growing insulating SEI affects the electrochemical properties and physical
characteristics of cycled electrodes. Hence, the overall increase in resistivity, as seen for all
cycled electrodes, is expected. However, at the end of sodiation, the values for the cycled
electrodes seem to converge (Figure 7.2 (d)). Assuming an unrestrained growth of the SEI
during cycling into the available pore space, all void space (pores) will be filled. Thencefor-
ward, hypothesizing that the surface layer grows on the “geometrical” surface only which
is identical for all electrodes, results in a similar resistivity increase independent from the
original porosity.

Further, it has been found that pressing and calendering of electrodes enhances the
contact between the secondary particles, binder and electronic conductive and therefore in-

creases the adhesion and cohesion between particles and the current collector.[3, 219, 220,
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Figure 7.4: Apparent diffusion coefficients versus capacity for HC electrode at different porosities
for the second and 15" cycle. (a) and (b) show sodiation and desodiation for the sec-
ond cycle, respectively; (c) and (d) show sodiation and desodiation for the 15" cycle,
respectively. (e) and (f) are replots of Figure 7.3 (e) and (f).
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221, 222, 223] Therefore, the result of the lowest resistivity shown for the most densified
electrode (25 % porosity) is as expected. Interestingly, the worst performance within the
second cycle is not seen for the highest porosity, but the ones of 30 % porosity. High porosi-
ties are accompanied by a larger surface area, which increases the electrode-electrolyte in-
terphase and shortens the distance for solid-state diffusion to the current collector. Hence,
the higher porosity might compensate for reduced electronic connectivity of the electrode
components in uncycled electrodes . In terms of the apparent diffusion coefficients, a higher
porosity might indicate a better electrolyte wetting accompanied by better ionic conductiv-
ity and shorter diffusion distances for ions within the solid electrode material. Hence, the
slightly higher apparent diffusion coefficient values for the high porosity electrode within
the second sodiation.

A strong influence of porosity on the ionic diffusion is seen during sodiation on cy-
cled electrodes. Whereas the changes of the apparent diffusion coefficient profile within
the first 100 mAh g~! (sloping region of the voltage profile) are marginal, the effect is most
pronounced in the low plateau region during the sodiation process where the values diverge
by one order of magnitude, comparing the 25 and 40 % porosity. The ionic diffusion might
be slowed down by the earlier discussed ongoing SEI formation on the HC electrolyte in-
terface. The electronically insulating characteristics of the SEI are well-known.[70, 224]
However, assuming a reduced ionic conductivity (liquid electrolyte versus solid SEI), in
addition to the electronic insulating characteristics of the SEI, would lead to an overall re-
duction of the apparent diffusion coefficient. Hence, the ion mobility might be reduced by
the ongoing growing SEI, as diffusion within the liquid electrolyte is partly replaced by
solid-state diffusion through an increasingly thicker surface layer for intercalation and dein-
tercalation. Therefore, the same effect applies to the apparent diffusion coefficient as for the
resistivity. Conducted experiments using Focused Ion Beam SEM (FIB) to generate cross-
sections of the electrodes show a surface layer growth into the pore space of the composite
electrodes (Figure 7.5).

In regards to the desodiation, the poorer performance might be caused by partial
sodium plating at low potentials during sodiation (Figure A.10). It is highly likely that
the plated sodium blocks the deintercalation paths and therefore enhance the electron and
ionic migration length within the solid electrode material, increasing the resistivity and in-

terfering with the apparent diffusion coefficient. Cycled electrodes with a lower porosity
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Figure 7.5: Crossection images of FIB cut (15x20 um) of two electrodes of 30 % porosity. Left:
uncycled; right: cycled.

deliver the best durability based on mass transport effects, although other factors, such as

electrical interconnection influence the overall optimal performance.

7.3 Conclusion

Different sodiation mechanisms have been postulated for HC, and discussions are still ongo-
ing. The results show at least a two-step process, separated into the voltage sloping region,
low voltage plateau region, and towards the end of sodiation. The different stages are as-
sociated with different apparent diffusion coefficients, and therefore, it is highly likely that
at least two different sodiation processes are involved. The results shown in this work can-
not be used to investigate processes on the material level but add more information to the
picture.

Here, for the first time, GITT was used to determine the ionic and electronic mobility
in respect of the overall porosity of composite electrodes. The results demonstrate that
GITT can be utilized to determine the resistivity and the apparent diffusion coefficients for
HC composite electrodes. Furthermore, the apparent diffusion coefficients and DCIR show
a strong dependence on SoC and SoH, as well as on the overall porosity of the electrodes.

Regarding the DCIR the main observations are:
* Changes are most dominant within the low plateau region of the HC voltage profile.

* In all sodiation graphs, the DCIR profile starts at high, but decreasing resistivity val-

ues before levelling on low values within the low voltage plateau region.

+ In all desodiation graphs the resistivity values remain low until the last 20-30 mAh g~!
indicating that the desodiation process linked to the sodiation process at the lower

voltage plateau occurs during all desodiation steps.
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» Within the profile of the cycled electrodes, the changes in DCIR values within the

sloping region indicate additional processes to intercalation.

* Based on the observation of sodium deposition on the electrode surface after cycling,

DCIR measurement might be used to observe the plating mechanism.

The results indicate, that the different areas of DCIR values can be linked to the sloping and
low plateau voltage profile of the HC composite electrode. Hence, DCIR measurements
might be able to be used to indicate changes in the sodiation mechanism. Additionally, the
change in DCIR during SOC could indicate plating in real time for sodium ion batteries. If
confirmed, a fast and reliable DCIR measurement can be used to grade batteries and prevent
fatal defects.

The main observations regarding the apparent diffusion coefficient are:

* The diffusion process in uncycled electrodes seems to be reversible for sodiation and

desodiation.

* The ionic mobility decreases with cycling. The effect is distinct in the low plateau

voltage region and pronounced for desodiation.

» Although different electrode porosities show no effect on the ionic mobility in the
second cycle, a trend based on porosity can be seen for the cycled electrodes. The
results show a stronger depletion of ionic movement with increasing porosity for the

sodiation branch.

» For desodiation the effect seems reverse: the apparent diffusion coefficients decrease

with decreasing porosity.

For sodiation, the results show a clear correlation of porosity and ionic mobility. Electrodes
with lower porosity show a better ionic mobility retention upon cycling. The data gained
from FIB experiments on cycled and uncylced electrodes show, that a surface layer growth
within the pores of the electrode causing electrolyte depletion and hence lowering the over-
all ionic conductivity of the electrode. Considering an unrestricted surface layer formation,
electrodes with a higher porosity provide more space for enhanced growth resulting in an
increased thickness and therefore reduced ionic mobility.

The effects on desodiation are different, and might be influenced by sodium plating

upon the previous sodiation cycle. Further, the results show that, as true for all electrodes,
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there is a trade-off between electronic and ionic conductivities. Hence, it is important to
maintain the ionic conductivity within the composite electrode. Subsequently, the approach
of producing a highly electronic conductive electrode and neglecting the improvement of
ionic pathways in composite electrode might not be fully rewarding. The adaptation in,
e.g., fast charging and discharging methods can be made to consider the behaviour of resis-
tivity and ionic conductivity depending on the SoC. This will maximize battery performance
while reducing the ageing and side-effect, which are caused by high polarization. Hence,
based on these results consecutively conducted experiments with electrodes comprising dif-
ferent ratios of electronic and ionic conductive additives were tested for capacity retention,

rate capability, as well as for ionic and electronic conductivity (Chapter 8).



Chapter 8

Optimisation of HC electrodes by
implementation of an ionic conductive

additive

To enable fast charging of sodium ion batteries and eliminate metallic dendrite growth on
the electrodes an improvement in electrode design is required. In this Chapter, the benefit
of a mixed composite electrode containing ionic and electronic conducting additives for a
sodium-ion battery negative electrode is shown. HC electrodes with 5 % additive containing
different proportions of zeolite and carbon black are coated. The performance of the elec-
trodes is elucidated through electrochemical and physical characterization methods; fast
sodiation, EIS, GITT and SEM. The addition of zeolite improves the sodium-ion transport
diffusivity within the composite electrode by an order of magnitude at low voltages and high
states of charge. EIS shows significantly lower series and surface electrolyte interface (SEI)
resistances in the zeolite containing electrode after cycling. The capacity retention at higher
rates is improved and a significant reduction of sodium dendrite growth was observed after
cycling. SEM images confirm that porosity is still present in the zeolite containing elec-
trode samples, enabling a pore network for sodium ion transport. These results emphasize
the importance and limitations of ionic transport within HC electrodes, and the required
optimisation between electronic and ionic conductivity for sodium ion transport in these

electrodes. The findings of this Chapter were published in “Batteries & Supercaps”.[199]

8.1 Introduction

The spheric ionic conductive additive (NanoH-ZSM-5 P91, ACS Materials) is made of SiO,

and Al,Os3 in a molar ratio of 1:91.[225] A cage size of 5 A was chosen to channel sodium
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ions efficiently (van der Waals radius: 227 ppm). Zeolite-like materials have been used in
lithium-ion batteries before as a solid electrolyte [226, 227] or to capture moisture [228,
229]. Some patents state the use of metal composites (metal oxide and metal-carbon al-
loyed), such as Zeolite, within the electrode slurry for lithium-ion batteries.[198] Here,
composite electrodes were manufactured, adding a commercially available solid ionic con-
ducting additive to the electrode slurry to retain ionic pathways and maintain the ionic con-
ductivity of the electrode compound. The authors are not aware of any publications of an
approach using zeolite within the electrode slurry to enhance or maintain the ionic conduc-
tivity within the dried composite electrode structure for sodium-ion batteries to date.

This chapter compares the modified zeolite containing composite electrodes to stan-
dard electrodes to evaluate the influence of the additive within the electrode structure onto
the electrode performance. Hence, GITT and desodiation tests up to 5 C (based on a capac-
ity of 330 mAh g!) are conducted to determine ionic diffusion and rate performance of the
electrodes. Besides the enhanced ionic conductivity, faster ion transport might be beneficial
to reduce dendrite formation at high sodiation rates. The dendritic growth at high sodiation
rates is a safety concern as the metallic dendrites cause internal short circuits accompanied
by exothermal reactions and gas evaluation of the electrolyte.[230, 231, 232, 233, 234, 235,
236]

8.2 Results and discussion

Three composite electrodes have been characterized and compared regarding their sodium-
ion diffusibility in the fresh and cycled state, rate performance, and physical characteristics
such as pore space and surface formation. For electrochemical characterization, GITT and
rate testing have been conducted. Post mortem analysis was determined using SEM and

EDS.

8.2.1 Electrochemical characterization

Three electrodes were made as described in Chapter 4.1 with varying compositions of elec-
tronic and ionic conductivity additive, zeolite. The Standard Electrode contains 90 % HC,
5 % binder, and 4 % CB and is identical to the electrodes determined in the previous chap-
ters. Two sets of electrodes were made, replacing a part of the CB with a solid ionic con-
ductor (Nano-ZSM5 P91, ACS Material®). Electrode A contains 90 % HC, 5 % binder, 4 %
CB, and 1 % ionic conductor. Electrode B contains 90 % HC, 5 % binder, 1 % CB, and 4 %
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ionic conductor. All electrodes were calandered to a porosity of 35 %, whereas the electrode
thickness was measured with a micrometer gauge. Details are given in Table A.4 and A.5 in
Appendix A. The 3-electrode cell were assembled following the routine outlined in Chapter
4.2, the conducted test protocols for formation, GITT, EIS, and rate tests are detailed in
Chapter 4.3.1.

Inks as being used for electrode preparations were made and coated using Mylar foil
as substrate rather than a current collector foil. This enables us to neglect any contribution
of the current collector and determine coating conductivity values only. A four-point probe
(linear array, Jandel cylindrical four point probe with HM21 hand held meter) was used to
measure the in-plane conductivity of the coating. To take the measurements a current was
passed between the outer two probes, and the voltage difference was measured between the
two inner probes. The probe was placed on different areas of the electrode sheet following
a pattern from top to bottom and left to right, and an average value was written down. The

pattern was kept identical for all electrodes.
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Figure 8.1: First and Second cycle of HC electrodes vs Na/Na* for (a) Standard electrode (b) Elec-
trode A with 4 % CB and 1 % Ze, and (c) Electrode B with 1 % CB and 4 % Ze.

The physical and electrochemical characteristics of the electrodes are summarised in
Table 8.1, and the first two cycles at 10mA g~! shown in Figure 8.1. The specific capacity
and FCL was similar for the Standard Electrode and Electrode A (1 % zeolite additive),
whereas the specific capacity and FCL were slightly lower for Electrode B (4 % zeolite
additive). The addition of zeolite leads to an increase in the electrical sheet resistance of
the electrode, (Table A.6 in Appendix A). Further electrochemical testing parameters can

be found in the Experimental section.
8.2.1.1 Apparent diffusion coefficients and resistance

GITT was performed to determine the apparent diffusion coefficients of sodium-ions within

the electrode structure.[21, 28, 30, 40, 51, 153, 237] The resulting apparent diffusion coef-
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Table 8.1: Summary of working electrode properties as used for the electrochemical testing listing
composition (A:Active (A), B: binder, C: carbon black, Ze: Zeolite), porosity, electrode
loading, and active material (AM) loading in gram per square meter (GSM)

A:B:C:Ze Electrode Electrode AM FCL Specific
porosity loading  loading Capacity
(%) (GSM) (GSM) (%)  (mAhg™)
Std Electrode  90:5:5:0 35 129 116 14.8(2) 272(2)
Electrode A 90:5:4:1 35 134 120 14.5(1) 271(4)
Electrode B 90:5:1:4 35 122 110 13.0(2) 254(1)
ficients were calculated using the equation
_ 4 Vi \? ( AEs\? 1?
D:—(mAM VM) ( S) , > = 8.1)
T\ Mup-S AE, D

as introduced by Weppner and Huggins (see Nomenclature for more information).[40] AEg
and AE; were obtained graphically, S was calculated from the electrode thickness, porosity

and particle size (Table A.5).
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Figure 8.2: Apparent diffusion coefficients versus the state of sodiation and desodiation, of one
set of three different electrodes: Standard Electrode (5CB, red circle), Electrode A
(1Ze:4CB, blue triangle), and Electrode B (4Ze:1CB, green triangle). (a) Profile during
the second sodiation; (b) profile during the second desodiation; (c) profile during 15t
sodiation; (d) profile during 15™ desodiation.
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Figure 8.2 shows the results of the diffusion behavior for the second and 15" cycle for
one set of electrodes. The graphs display the effects of cycling upon the apparent diffusion
coefficient. Figure 8.2 (a) and (b) show the values based on the second cycle sodiation
and desodiation, respectively. All electrodes show a similar behaviour following a wavelike
profile; with a peak until around 100 mAh g™ (approximately 20 % SoC) with a maximum

of 1x107'%cm?s™! followed by a trough until approximately 200 mAh g~! (approximately

2 1

70 % SoC) with a minimum of 1x107'>cm?s~!. The profile for desodiation features a
similar trend in reverse, with smaller differences at the end of desodiation in terms of the
length of the maximum plateau (175 mAh g~ onwards). Figure 8.2 (c) and (d) display the
apparent diffusion coefficients versus capacity based on the 15™ cycle. The characteristic
wavelike profile, as observed for the second cycle, is maintained for this 15" cycle data for
all electrodes during both sodiation and desodiation. However, the absolute values of the
apparent diffusion coefficient values of all electrodes are decreased compared to those of

the second cycle. There are several key trends in this data:

The diffusion coefficient between 0-50 % SOC is several orders of magnitude higher

than the 50-100 % SOC.

» Samples which contain zeolite additive show higher apparent diffusion coefficients

between 50-100 % SOC than those without.

* The apparent diffusion coefficients for sodiation and desodiation are very similar for

the 2nd cycle, but not for the 15" cycle.

« The diffusion coefficients for sodiation on the 15" cycle are slightly lower than that
of the desodiation and between 50-100 % SOC are higher with the zeolite additive

than without.

* The desodiation shows significantly higher effective diffusion coefficients for the

Standard Electrode than that containing zeolite additives.

These results indicate that the zeolite additive has a positive effect upon the low plateau
sodiation, which is close to 0 V vs Na/Na™, but has a negative effect upon desodiation at the
low states of charge 50-0 %. Table 2 lists the maximum and minimum apparent diffusion

coefficient values for the 2nd and 15th sodiation and desodiation.
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Table 8.2: Average values for the maximum (max) and minimum (min) of apparent diffusion coeffi-
cients for the 2nd and 15™ sodiation and desodiation x107'° cm? s!. Std Electrode: 5 %
CB, Electrode A: 4 %CB : 1 %Ze, Electrode B: 1 %CB : 4 %Ze.

2nd Cycle Apparent 15" Cycle Apparent
Diffusion Coefficient Diffusion Coefficient
x1071%cm? ¢! x1071% cm? 57!
Sodiation Desodiation Sodiation Desodiation

SoC (%) 15 70 25 70 15 70 25 70
Std. Electrode 1 0028 0.81 0.033 058 0.0012 1 0.005
Electrode A 0.83 0.028 0.65 0.015 0.26 0.0019 0.15 0.0015
Electrode B 0.96 0.052 0.86 0.067 047 0.0145 04 0.0072

Apparent diffusion coefficients of the sodium-ions within HC-based on GITT have
been published in the literature.[29, 32, 51, 84, 89, 92, 99] However, most of the pub-
lished data is generated on uncycled electrodes and does not take cycling and the com-
posite electrode features such as porosity and composition into account.[25, 150, 238]
The pores within the electrode function as a reservoir of the highly ionic conductive elec-
trolyte. Hence, the porosity, and the growth of the SEI layer influences the ionic mobility at
macroscale.

In this study the porosities of the as-made electrodes are kept identical. Consequently,
the change in the electrode performance observed here is due to the additive, and its effect
upon the change in the porosity during cycling. The EIS results are shown in Figure 8.3.
These show the difference in the resistances of the three electrodes in the first and second
cycle, and after cycling. In all cases Electrode B shows a greater resistance initially. The
resistance at 0.005 V vs Na/Na* and 1.0 V vs Na/Na* all increase with cycling, however the
Standard Electrode shows significant more resistance after cycling at 0V vs Na/Na* com-
pared to Electrode A and Electrode B. At 1.0 V vs Na/Na* the resistance of the Standard and
Electrode A was very similar in the first and second discharge, after cycling the resistance
of the Standard electrode was again significantly greater than either Electrode A or Elec-
trode B. The series resistance of the cells also changed with cycling, and these are shown
in the Appendix in Tables A.7 and A.8. The series resistance of the Standard Electrode and
Electrode A both increase more than Electrode B. The results of the GITT measurements
indicate that the addition of an ionic conductivity additive effects the sodiation of the HC at
the low voltage region, between 50-100 % SoC. From the EIS results we can observe that
in the low voltage region, the total charge transfer resistance after cycling of the Standard

Electrode increases more than the electrodes with ionic additive; in the high voltage region
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Figure 8.3: EIS for HC composite electrodes; blue triangle (Standard), red circles (Electrode A),
black squares (Electrode B) and the equivalent circuit fitts (black line) at 0.005V vs
Na/Na* for (a) first discharge, (b) second discharge and (c) after 10 cycles. At 1.0V vs
Na/Na™ for (d) first discharge, (e) second discharge and (f) after cycling.

the same is also true. The EIS at 0.005 V vs Na/Na* for the Standard and Electrode B was
fitted using an equivalent circuit model (Table A.1). As observed from Figure 8.3 f after

cycling the resistance from the SEI decreases with increasing zeolite content.

8.2.1.2 Rate testing
Rate testing at different rates is conducted to understand the polarisation and capacity re-
tention of electrodes containing ionic (zeolite) and electronic (CB) conductive additives. C
rate is based upon rated capacity of 300mAh g~!. Figure 8.4(a) shows the voltage profile
for a standard HC electrode at three different C-rates, ranging from 0.1 30mA g~')t0 5.0C
(1500 mA g~'), measured in a 3-electrode cell. A 3-electrode electrochemical set-up (see
Experimental) was used to ascertain the true polarisation increase on the working electrode
rather than the combined working and counter.[30, 123, 239] The increase in rate causes an
increase in polarisation on the working electrode, and therefore the average voltage upon
desodiation increases. Hence, the cut off voltage is triggered earlier, and the capacity ob-
tained decreases. This issue is addressed with the use of a three-electrode setup as used
here.

The rate tests with increasing desodiation rates were conducted after formation (two
symmetrical cycles at 0.2 C). After each desodiation, the HC WE was fully sodiated by
applying a CCCV sodiation at 0.2 C. The desodiation or charging of the HC (in a half cell)
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Figure 8.4: Performance graphs of rate testing. (a) Profile of sodiation and desodiation profiles at
different C-rates for cell (straight) and the working electrode (dotted) potential at 0.1, 2,
and 5 C versus SoC for a Standard Electrode; (b) Capacity retention for fast desodiation
at different C-rates. Capacities are based on three test cells and measured via CCCV
sodiation (5mV, 0.01C) at 0.2 C after each fast desodiation; (c) desodiation voltage
profiles at 1 C for a selection of three different composite electrodes versus capacity.

at 1 C is shown in Figure 8.4 (c), the higher voltage cut-offs are included here to show the
noisy signal at the higher voltages. This noise is typically observed when sodium dendrites
are formed and touch to form an instantaneous short circuit the heat produced subsequently
destroys or melts the dendrite.[32, 83, 201] This phenomena is termed a ‘soft short’ [208,
240, 241, 242, 243, 244] and is accompanied by large coulombic inefficiencies between the
charge and discharge capacities. The graph shows that with zeolite in the electrode, less
noise is observed. The electrode which contains 1 % nano zeolite, shows less noise than
the 4 % nano zeolite, indicating that there is still a trade-off between electronic and ionic
conductivity requirements in the electrode which require further optimisation. When these
conductivities are optimised correctly this leads to less sodium plating. In order to evaluate
the actual level of desodiation at these increasing rates, a low rate (0.2 C) CCCV discharge
(or sodiation) was performed, with a 5mV and 0.01 C cut-off, the % capacity observed is
shown in Figure 8.4 (b).

The observed initial capacities and FCL are shown in the the Appendix (Figure A.12)
and are similar to the data stated in the literature.[89] To account for ageing effects, which

are observed during cycling, the low C-rate of 0.2 C is repeated at the end of the fast charging
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tests to provide a comparative capacity. Compared to the third cycle at 0.2 C, the highest
losses (around 8 %) can be seen for Electrode B. The losses for the Standard Electrode are
around 6 %. In contrast, Electrode A has a total capacity loss of 4 %.

A comparison of three voltage profiles of the second and eight sodiation is given in
Figure 8.5. The addition of the ionic conductivity additive is accompanied by an increase
in polarization, which can be seen in Figure 8.5 (a). The average voltage within the plateau
region is shifted to lower potentials, triggering the constant-voltage step at lower capacities
(in-set). After the rate test, the voltage profile for all three cells has changed (Figure 8.5 (b)).
Capacity losses are noticeable within the low plateau region, resulting in a ratio change of
sloping versus plateau voltage region. Moreover, the polarization within the voltage plateau
region increases compared to the second sodiation. The effect is most pronounced for the
Standard Electrode and shows a similar profile for Electrode A and Electrode. B. Polar-
ization increases with cycling due to increases in internal resistance. A lower polarization

enhances obtainable capacities, especially at higher rates.
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Figure 8.5: Sodiation profiles of the second (a) and eighth (b) sodiation for the Standard Electrode,
Electrode A, and Electrode B.

The discharging capacities decrease with increasing discharge current for all tested
electrodes. Also, a distinct decrease in capacity can be seen for the Standard Electrode
when the rate is changed from 2 C to 5C.

Table 8.3 lists the average desodiation capacities, as displayed in Figure 8.5 (c). The
observed desodiation capacities at different rates of the Standard Electrode and Electrode A
are similar, whereas the cells of Electrode B show a lower desodiation capacity. This is due
to the increase in electrical sheet resistance (Table A.6). A significant increase in electri-

cal sheet resistance is observed when the ionic conductivity additive content is increased, or
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Cycle Standard (5 %CB) Electrode A Electrode B
C-rate (4 %CB:1 %Ze) (1 %CB:4 %Ze)
Capacity percentage Capacity percentage Capacity percentage
mAhg™! % mAhg™! % mAhg™! %
Ist/0.2 303(3) 111 313(1) 116 301(8) 117
2nd /0.2 273(2) 100 270(2) 100 258(5) 100
3rd/0.2  271(4) 99 266.8(9) 99 255(5) 99
4th /0.5  262(4) 96 261.8(9) 97 250(5) 97
5th/1.0  257(3) 94 258.(3) 96 242(7) 94
6th/2.0  248(5) 91 250(3) 93 233(10) 90
7th /5.0  228(8) 83 237(9) 88 217(7) 84
8th/02  256(6) 94 258(3) 96 237(11) 92

Table 8.3: Average desodiation capacities based on three cells per set. Values are given in gravimet-
ric capacities based on the HC content. Percentage values are based on the second cycle
capacities.

CB content is decreased. Also, DCIR measurements conducted during GITT measurements
show an increase in resistance for Electrode B compared to the Standard Electrode (Figure
A.13). Electrode A shows the best capacity retention for all currents above 1 C as well as
after the rate test, when examined at 0.2 C in both absolute and percentage values. The Stan-
dard Electrode and Electrode B show similar performance (excluding the FCL), including
a higher dependency on the current rate and higher overall losses (from the second to the

eighth cycle).
8.2.2 Physical characterisation

The cycled electrodes were dismantled, and the physical and morphological changes inves-
tigated. Therefore, cycled electrodes are compared with fresh, as-made, electrodes. Pho-
tographs of two cycled electrodes (Standard Electrode and Electrode B) after cell disman-
tling can be found in the Appendix (Figure A.22). Sodium metal depositions are identified
on both electrodes, showing higher amounts of deposition on the Standard Electrode than
on Electrode B. In Figure 8.6 SEM surface images of uncycled and cycled electrodes show
a porous structure of large HC particles (D5 particle size distribution as given by technical
datasheet: 9 um) and electrode additives. The uncycled Standard Electrode (Figure 8.6 (a))
shows large HC particles embedded in a matrix of binder and CB where the edges and in-
terspaces of the HC particles can be seen to have a higher concentration of covering with
CB.

Figure 8.6 (b) shows an uncycled electrode B with 4 % zeolite, the small cubic addi-
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tives are the zeolite which are dispersed throughout the electrode along with the CB (small
spherical particles). Most of the ionic conductivity additive “nests” in combination with
the CB in the interspaces of the HC particles. In these uncycled electrodes the edges of
the HC particles appear sharp, and the additives (binder, CB, ionic conductivity additive)
can be distinguished from the HC particle. In contrast, after cycling a film covers the HC
particles embedding the CB into its matrix (Figure A.23). Features appear less distinct, and
HC particles less sharp.

The cross sectional images of the Standard electrode and Electrode A are shown in
Figure 8.6 (c and d). Where possible, the samples were transferred under inert conditions;
however, contamination of the zeolite electrode samples and exposure to air limited any
further analysis of Electrode B. The porosity of both electrodes are low, and an insulating
layer which charged under the SEM, can be observed upon the surface of the HC. In the
Standard Electrode, there appears to be no small porosity between the HC particles, this
will cause problems for sodium ion transport between the particles, as there is no pore
interconnectivity for the electrolyte transport. In the sample which contains the zeolite
additive, an insulating surface covering is still apparent on the HC, however the growth
of the interface appears less than in the Standard Electrode, and small pores are observed.
Further studies were performed upon the Standard Electrode in order to understand the

reduction in apparent diffusion coefficient and the increase in resistance after cycling.

8.3 Conclusion

In this work, the effect of electrode formulations is investigated by partly substituting the
electronic conductive additive CB with the ionic conductivity additive zeolite. A nega-
tive electrode with weight 115(+5) GSM and 35 % porosity was investigated where the
electronically conductive CB was partly substituted with the ionically conducting zeolite.
The ratio of additive to active material and binder content was kept constant (90:5:5, ac-
tive:binder:additive). Electrochemical techniques; galvanostatic cycling, fast sodiation, EIS
and GITT were used to determine the ionic conductivity, resistance, rate performance, and
capacity retention of the composite electrodes. The physical characteristics such as porosity
changes during cycling were investigated using electron microscope imaging. The electrode
composites which contain zeolite:carbon compositions (4:1) show improved rate perfor-
mance (90 % at 5C) and cycling stability where less sodium plating is observed. The ef-

fective diffusion coefficients extracted from the 15™ cycle shows an order of magnitude in-
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Figure 8.6: SEM images of an uncycled (a) Standard Electrode and (b) Electrode B (4 % Ze), and
cross-sectional analysis of cycled electrodes (c) Standard Electrode (d) Electrode B de-
tailed imaging of the particle network at 20k (lower row).

crease upon the lower voltage plateaux (15 % SOC) from 1.5x107 2 cm? s7! (4:1) compared
to 1.2x10713 cm?s~! (0:5) during sodiation. Upon desodiation at higher states of charge
(70 % SOC) within the sloping voltage region, the ionic conductivity is not the limiting fac-
tor and the effective diffusion appears decreased (0.4x 107%em?s7! (4:1) 1x107 19 cm? 7!
(0:5)). This shows that changes in the ionic and electronic conductivity pathways during cy-
cling is an important consideration when designing electrode micro-structures. The physical
characterization of the electrodes indicate that an interphase layer grows into the pores of
the electrode micro-structure during cycling, this correspondingly results in a reduction in
electronic transport and an increase in Ohmic resistance and polarization. The growth of
this interphase affects the porosity, 3-D electrode electronic and ionic conductivity due to
the incorporation of the conductive carbon into the interphase reducing electronic transport
properties. This also reduces sodium-ion transport pathways through vanishing electrolyte
channels. The addition of a nano-zeolite additive in the electrode reduces the SEI on the HC
and helps keep open the sodium ion transport pathways. The ohmic resistance and the SEI
resistance is reduced in these electrodes after cycling. Moreover, the zeolite additive helps

to reduce sodium plating on the carbon surface at higher rates and upon cycling. This mixed
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ionic and electronic conductive approach for sodium-ion HC electrodes enhances rate and

improves aging characteristics, which may enable faster charging of sodium-ion batteries.



Chapter 9

Conclusions and Outlook

The aim of this PhD project is to link physical electrode properties to electrochemical per-
formance. Initial testing set the focus on the investigation of the ionic mobility contribution
towards the overall cell performance. Thorough studying of test cell set-up and analysing
the parameter dependence of the electrochemical methods prior to changing electrode char-
acteristics provided the basis for a comprehensive study on HC composite electrodes for
sodium ion batteries. Within this project characteristics of standard HC electrodes, contain-
ing 90 % active material, 5 % binder and 5 % carbon black, were gradually changed and
investigated. The data sets indicate an issue in depletion of ionic pathways within the elec-
trode structure, hence the Standard Electrodes were modified by adding an ionic conductor
to act as an electrolyte reservoir. A full characterisation and comparison of the Standard
Electrode and two modificated composite electrodes was conducted. The results show an
improvement in cycle stability, rate performance and potential gain in safety when a mix of

1onic and electronic conductive additives is used.

Conclusions

Sodium-ion batteries are one of the most promising alternatives to lithium-ion batteries.
Besides, their potential benefit in cost-reduction, most materials needed for sodium-ion
batteries more abundant and less-restrictive in access . Moreover, sodium-ion batteries can
be handled as a drop-in technology using the established infrastructure. However, HC, the
material of choice on the anode side, lacks in performance compared to graphite in lithium-
ion batteries. To compete with the established technology, sodium-ion batteries need to be
suitable for high-power and high-energy applications, which is paralleled by a good capacity
retention and good rate capability. To conquer the requirements of good rate capability, in

this work, HC electrodes were investigated regarding their ionic conductivity.
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As a start, different testing set-ups were tested for reliable and reproducible data gen-
eration. In Chapter 5 the effects of the housing used, electrolytes utilized and wiring con-
nections set-up were evaluated. The results show that the contribution of the sodium metal
counter electrode in half-cell testing is massive. Hence, a 3-electrode set-up is crucial to
gain reliable results.

In Chapter 6 three electrochemical testing have been compared to evaluate the apparent
diffusion coefficient: GITT, EIS, and EPS. Therefore, a set of identical electrodes was used
to conduct each measurement. For the first time, the strengths and weaknesses of those
methods regarding the apparent diffusion coefficient are shown. The chapter includes a
thorough list of parameters and settings influencing the gained results. It has been pointed
out that those techniques have to be used in with caution and the comparability with values
stated in literature are not always comparable. Considering all information, GITT was
chosen to be the best method to conduct the following experiments.

Unmodified HC electrodes were investigated in Chapter 7. The utilisation of GITT for
analysis of the apparent diffusion coefficient gave also insight into the electronic conductive
behaviour upon cycling and electrode porosity. The results clearly show a trade-off between
ionic and electronic conductivity. Additionally, the gained results indicate a slightly differ-
ent desodiation mechanism than for sodiation; but further work is required to examine these
findings in detail. Besides, the conducted DCIR analysis of the GITT data might enable the
user to detect sodium plating on the HC surface. Hereby, defective batteries can be spotted
and removed prior fatal malfunction.

The collective information of the previous chapters led to the hypothesis of electrolyte
depletion within cycled electrodes. To prove this theory, HC composite electrodes were
modified and tested in Chapter 8. The results show that changes in the ionic and elec-
tronic conductivity pathways during cycling is an important consideration when designing
electrode microstructures. The physical characterization of the electrodes indicate that an
interphase layer grows into the pores of the electrode microstructure during cycling, this
correspondingly results in a reduction in electronic transport and an increase in Ohmic re-
sistance and polarization. The addition of a nano-zeolite additive in the electrode reduces
the SEI on the HC and helps keep open the sodium ion transport pathways. Moreover,
the zeolite additive helps to reduce sodium plating on the carbon surface at higher rates

and upon cycling. This mixed ionic and electronic conductive approach for sodium-ion
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HC electrodes enhances rate and improves ageing characteristics, which may enable faster
charging of sodium-ion batteries.

Several mechanisms for sodium ion incorporation have been proposed and the pro-
cess is still under discussion.[20, 32, 50, 83, 89, 196, 201, 203] Four different models are
suggested: “Intercalation-filling” model, “Absorption-intercalation” model, “Absorption-
filling” model, and “Three-stage” model. A good overview describing the different models
in detail is given by Xie et al. [90] and Chen et al. [245]. Two models are pointed out here.
Stevens and Dahn introduced the “Intercalation-filling” model of sodium ions into HC in
2000.[83, 246] The model describes a two-stage process with sodium-ion insertion between
parallel or nearly parallel layers within the sloping potential profile and an eventual interac-
tion of sodium with turbostratic nanodomains (TN). This process is followed by filling the
pore space within the low potential “plateau region”. Other researchers verified the model
in the following years.[176, 196, 247] Bommier et al. describe an alternative view stating
three different processes (“three-stage” model). The charge storage occurs in the sloping
region by binding to the edges/defect sites (e.g., carbenes, vacancies, and dangling bonds
on the edges of TN) of the HC. Secondly, within the plateau region, charge occurs due to
intercalation of Na* between graphene sheets, followed by Na-atom absorption on the sp2
configured pore surface at very low potential below 0.05 V.[32] They validate their findings
with electrochemical characterization, Raman and XRD data based on HC synthesized at
different temperatures. By varying the synthesis parameters, domain dimensions of the TN
along the axial axis and ab planes are controlled, thus modifying the physical characteristics
of the material. This proposed mechanism of Na clustering within carbon materials has also
been endorsed experimentally and agrees with DFT calculations.[203, 248, 249]

All GITT data presented in this work for sodiation show a three main areas of dif-
fusion. High diffusion values within the HC high potential region, diffusion values of at
least two orders of magnitude reduced within the plateau region, and a slightly increase
towards the end of the sodiation. The experiments conducted on cycled electrodes with
different porosities showed the most significant differences within the plateau region and
barely any changes within the sloping profile. These effects were pronounced in electrodes
manufactured with higher porosities. The SEM-FIB images of cycled electrodes elucidate
the SEI growth into the pores, indicating blocked and reduced pore space. The ionic mo-

bility of Na™ in HC composite electrodes was investigated using electrochemical methods
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only. Hence claims regarding the occuring sodiation processes are speculative. But based
on the observations of Chapter 6, 7, and 8, the findings might endorse the “intercalation-
filling” model. The effect seen towards the end of the sodiation could be caused by plating
of sodium metal on the electrode surface. Physical characterisation techniques, especially
in-situ, such as CT, TEM, and Operando 23Na NMR conducted on the manufactured and

cycled HC composite electrode will help to investigate those effects further.

Outlook

Within this work, many interesting findings and effects were discovered. Unfortunately,
most of those could not be investigated further as it would be to time intense or would have
been distractive.

However, regarding the understanding of the sodium metal influence as a counter elec-
trode in 2-electrode experiments, more work is required. Future research might focus on
the investigation of sodium ‘moss’, i.e. dendritic growth vs. bare sodium metal. Also the
relation towards the geometry or amount of sodium moss that is generated based on on the
surface of the metallic sodium CE or current density used will be beneficial for half-cell
testing. For example, if the inflection point between sodium moss and sodium metal strip-
ping can be determined and linked to an increase in impedance, EIS in-situ techniques can
be used to investigate ageing effects on sodium and lithium metal electrodes. These results
will help to understand the inner processes of lithium and sodium-ion batteries in more
detail and furthermore, assist within the development of lithium air batteries.

Regarding the comparison of electrochemical testing methods the influence of real
surface data would be of peculiar interest. Real surface data would benefit a deeper un-
derstanding of those techniques as well as determine the diffusion process on electrode
level. This would not just involve the approx. 15 % volume expansion of the HC material
during sodiation, but also surface layer formation, blocked pathways and the influence of
other degradation processes occurring during cycling. This way, actual surface changes can
be monitored and the diffusion coefficients can be calculated with S depending on SoC and
SoH. The gained results can be used to optimise the electrode structure in terms of electronic
and ionic mobility to enhance the rate capability and safety, since a more homogeneous cur-
rent density avoids local overcharge or deep discharge which causes for example electrolyte

decomposition and dendrite formation.
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Figure A.2: Left: Example for the linear fitting of low-frequency EIS data using a data generated at
a potential of 0.457 V. Right: Example fit for calculating the diffusion coefficients from
EPS data.
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Figure A.3: Graphs of EIS data for warburg fitting.

Table A.1: Analysis data of the slope fitting for ¢ evaluation

sodiation desodiation

Voltage slope error Adj. R-Square slope error Adj. R-Square
1.7 | 82.72 3.49 098 | 89.39 351 0.99
1.587 | 93.07 4.07 098 | 9232 4.03 0.99
1.474 | 104.54 5091 0.97 | 111.43  5.59 0.99
1.361 | 144.53 7.27 0.98 | 14932 7.31 0.99
1.248 | 72.13 249 0.99 | 102.06 1.55 1.00
1.135 | 1423 1.25 095 | 2199 1381 0.97
1.022 525 0.25 0.98 6.01 034 0.98
0.909 329 0.11 0.99 2.86 0.11 0.99
0.796 234 0.04 1.00 1.83 0.02 1.00
0.683 1.87 0.05 0.99 1.49  0.02 1.00
0.57 1.99 0.10 0.98 1.34  0.04 0.99
0.457 248 0.12 0.97 1.27 0.05 0.99
0.344 397 0.08 1.00 1.49 0.02 1.00
0.231 254 0.08 0.99 141 0.05 0.99
0.118 0.84 0.06 0.95 1.31 0.04 0.99
0.005 1.00  0.05 0.97 1.28 0.11 0.94

= Qz +—+ ‘g} \:\;J = Qz Q3
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Figure A.4: Equivalent circuits for EIS data fit, with (left) and without (right) Warburg feature. R
= Ry (serial resistance), Q2 = CPE, Ry, = Rgg;, Q3=CPE,, R3 = R¢7, Wy4= Warburg.



Table A.2: Fitting parameters for equivalent circuit of the second cycle during sodiation.
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V vs Na/Na* R, Rser CPE; Rer CPE, warburg
1.700 V | 2.33 1.98 -2.17E-04 12.79 5.24E-05 0.86
1.587V | 1.80 3.46 -1.10E-05 8.57 1.52E-04 0.94
1474V | 1.73 3.28 -1.30E-05 8.64 2.12E-04 1.20
1.361 V | 1.64 3.22 -1.48E-05 9.29 3.00E-04 1.30
1248V | 1.88 272 -2.42E-05 9.09 5.02E-04 1.33
1.135V | 1.74 2.64 -2.95E-05 10.08 8.03E-04 1.46
1.022V | 1.69 8.47 -1.66E-04 17.57 5.86E-04 1.67
0909V | 2.00 141.98 -6.64E-05 153.08 7.33E-05 1.95
0.796 V | 1.68 537.78 -4.95E-05 553.79 5.11E-05 2.81
0.683V | 1.81 221696 -3.61E-05 2244.25 3.65E-05 4.73
0570V | 1.72 326.01 -6.23E-04 395.96 7.00E-04 11.47
0457V | 1.64 49941 -1.19E-03 888.91 1.38E-03 39.55
0344V | 1.32 5772.40 -4.92E-04 10355.78 5.21E-04 43.04
0231V | 1.80 16038.12 -3.16E-04 66731.79 3.02E-04 43.23
0.118V | 3.82 30678.16 -3.14E-04 113213.44 3.74E-04 41.55
0.005V | 3.97 119729.60 -1.47E-04 6620053.27 1.39E-04 42.34

Table A.3: Fitting parameters for equivalent circuit of the second cycle during desodiation.

V vs Na/Na* R, Rsg; CPE; Rer CPE; warburg
0.005V | 3.53 29.29 0.012 229.20 0.003 -
0.118V | 4.18 11155 0.004 18.36  0.007 -
0231V | 341 22.67 0.012 177.00 0.004 -
0344V | 3.36  480.20 0.005 14.69 0.009 -
0457V | 3.52 189.90 0.008 9.40 0.005 -
0.570V | 3.42 12.39 0.008 25.86 0.001 7.759
0.683V | 3.86 548 0.002 2098 0.010 3.322
0.796 V | 3.69 35.19 0.011 0.00 0.421 -2.057
0909V | 4.63 0.07 0.003 18.00 0.004 2.123
1.022V | 471 18.48 0.003 21.33 0.328 1.394
1.135V | 448 18490 0.056 20.68 0.002 12.300
1.248V | 4.53 5.37 0.002 9.52 0.003 2.807
1.361 V | 5.69 4964.00 0.006 14.01 0.002 -
1474V | 5.08 2206.00 0.005 21.90 0.005 -
1.587V | 4.66 2261.00 0.004 19.75 0.006 -
1.700 V | 2.67 16.78 0.003 n.a. 0.004 -
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Figure A.6: Current profile during the voltage steps between EIS measurements at desodiation.
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Figure A.7: Current profile during the voltage steps between EIS measurements at desodiation.
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Figure A.8: Voltage profile of GITT measurement versus square-root of time. Left: whole sodiation
and desodiation; Right: zoom in on two desodiation and relaxation steps.
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Figure A.9: Comparison of two proposed intercalation models. Figure (a) illustrates the ‘falling
card house’ model, as suggested by Stevens and Dahn [83]. Figure (b) the model as
proposed by Bommier et al. [32] They show an illustration of the sodium storage
mechanism on and within the HC structure (inset), and the sodiation/desodiation poten-
tial versus SoC of the electrode profile with different colours representing the different

sodium locations.

Figure A.10: Left: Photographs of cycled electrodes after disassembling showing sodium plating
on the electrode surface. Electrode diameter 12 mm. Right: SEM image of the cycled

electrode surface.

Table A.4: Summary of porosity and volume fraction calculations 1.

HC Binder CB Ze Sheet resistance
content [%] content [%] content [%] content [%] [Q/o]
Electrode Composition mass % Vol Vol %  Density gcm™
HC (Dsp - 9 um) 90 60.81 91.58 1.48
PVdF 5 2.81 4.23 1.78
Ze 4 2.24 3.37 1.785
CB C65 1 0.54 0.81 1.86
Average Composition 100 66.4 100 1.506
Electrode Density 0.983




Table A.5: Summary of porosity and volume fraction calculations 2.

Electrode Property Measurement units
Coat weight (electrode) 130 gm?
Thickness 133 um
Active Electrode Area 1.131 cm?
Electrode Porosity 35.1 %

Active Volume Fraction 59.44 Y%

Molar Volume 48.65 cm’ mol~!
Assumed Formula Weight 72 gem™3
Active Surface Area 52.73 cm?

HY curr

30.00 kV 0.30nA | 2000x ETD  SE

n.'lag O det | mode HFW WD

104 pm 19.0 mm
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Figure A.11: Image of the electrode block prepared for FIB slicing of a cycled Standard Electrode.
Size approx. 27x30x15 pum with platinum deposition on top to obtain a smooth sur-

face.
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Table A.6: The sheet resistance of electrode coatings coated on mylar foil. Electrode coatings with
a solid content of 35.5 % + 0.4 % and a blade gap of 100 um. Sheet resistance was mea-
sured via four-point probe measurements. The table shows the minimum and maximum
values across the coating.

HC Binder CB Ze Sheet resistance
content [%] content [%] content [%] content [%] [Q/O]
87.5 5 7.5 0.0 39 to 65
90.0 5 5.0 0.0 50
93.0 5 2.0 0.0 60 to 75
85.0 5 5.0 5.0 40 to 60
85.0 5 2.5 7.5 60 to 130
85.0 5 0.0 10.0 120 to 180
90.0 5 0.0 5.0 60 to 120
90.0 5 2.5 2.5 38 to 43
340 :
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Figure A.12: Average gravimetric capacities based on active material content for a set of three elec-
trodes each: Standard Electrode (circle), Electrode A (square), and Electrode B (trian-
gle). Capacities are shown versus the previously conducted desodiation at accelerated
C-rates. The shadowed area indicates the first cycle losses.
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Figure A.13: Results of the DCIR measurements conducted during GITT measurements for the
Standard Electrode (red circles), electrode A (blue triangle), and electrode B (green
pointing down triangle) for the second (a and b) and 15" sodiation/desodiation (c and
d), respectively.
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Figure A.14: Cross-section micrographs of FIB cuts (15 x 25 um) and EDS data of a Standard
Electrode of 30 % porosity. (a) uncycled, (b) after 47 cycles.
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Figure A.15: Detailed EDS images by the element of the uncycled standard HC electrode, showing
carbon(red), oxygen (yellow) and fluorine (green).

Table A.7: Series resistance of the electrode coatings at 0.005V and 1.0 V vs Na/Na™*

V vs Na/Na* | Cycle No. | standard A B
1st cycle 4.459 | 5.399 | 5.637
0.005 2nd cycle 8.262 | 7.488 | 11.28

Cycling 29.84 | 41.83 | 18.62
Ist cycle 4.733 | 4.524 | 2.804
1 2nd cycle 4.144 | 6.318 | 6.879
Cycling 2947 | 334 | 21.1

Table A.8: Series resistance of the electrode coatings at 0.005V and 1.0 V vs Na/Na™*

Standard | Electrode B

R, 29 (3) 18 (2)
Rser | 351 (26) 136 (18)
Rer | 138 (20) 192 (20)

Table A.9: Results of the map sum spectrum for a Standard Electrode in the uncycled and cycled
state. Data in wt%.

Carbon Sodium Oxygen Fluorine Phosphorous Chlorine Other
Uncycled  95.2 n. a. n. a. n. a. n. a. 1.1 3.7
Cycled 67.1 16.2 10.8 37 1.7 0.5 0.0
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Figure A.16: Equivalent Circuit as used to fit EIS data.
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Figure A.17: Detailed EDS images by the element of the cycled standard HC electrode showing
carbon(red), oxygen (yellow), fluorine (green), sodium (blue), and phosphorous (or-
ange).
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Figure A.18: SEM micrograph (left) and generated binary picture using GIMP (right) of a crosssec-
tion of an uncycled electrode.

Figure A.19: SEM micrograph (left) and generated binary picture using GIMP (right) of a crosssec-
tion of a cycled electrode.
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Figure A.20: Results of the Matlab App SEM Image Processing for an SEM micrograph (left) and
previously generated binary picture (right) of a crosssection of an uncycled electrode.
The calculated porosities are 14.7 and 19.2 %, respectively.
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Figure A.21: Results of the Matlab App SEM Image Processing for an SEM micrograph (left) and
previously generated binary picture (right) of a crosssection of a cycled electrode. The
calculated porosities are 4.1 and 13.8 %, respectively.

Fresh electrode  Standard electrode Electrode B

Figure A.22: Photographs of an uncycled and two cycled electrodes (126 cycles, 2 V cell voltage at
dismantling) of the test cells showing silver-coloured sodium plating on the electrode
surface. Electrode diameter 12 mm; Standard Electrode: 26 % porosity; Electrode B:
30 % porosity.
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Figure A.23: SEM micrograph of a cycled electrode.
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Conference Contributions and Publications

The conference contributions and publications since start of the Ph. D. are listed in chrono-

logical order.

Talk: The Influence of Sodium Metal in Sodium Ion Half-Cell Testing Shown in HC An-
odes
D. Ledwoch, P. Adamson, P. Shearing, D. J. L. Brett, and E. Kendrick, Early Career
Researcher Conference, Abingdon, 5° h_ 6 of April, 2016.

Talk (invited): New directions in electrode design for electrochemical energy storage
D. Ledwoch, Alumni Science Evening of the Royal Commission of the Exhibition of

1851, London, 6" of February, 2018.

Talk (invited): Influence of Ionic Mobility in HC Composite Electrodes in Sodium-Ion
Batteries
D. Ledwoch, K. Smith, P. Shearing, D. J. L. Brett, and E. Kendrick, MRS Spring
Meeting, Phoenix, 18 of April, 2018.

Talk (invited): New directions in electrode design for electrochemical energy storage (Best
talk award)

D. Ledwoch, Johnson Matthey Academic Conference, Coventry, 30" of May, 2019.

Patent: High energy density metal ion cathode
PCT/JP2016/004711, E. Kendrick, D. Ledwoch, Sharp Cooperation Ltd.,
Priority: 30/10/2017, Filing: 26/10/2016, Publication: 04/05/2017.

Patent: Composite electrode including microporous ionically conducting material, com-

posite slurry, and methods of manufacturing same.
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US Application US20180287134, D. Ledwoch, E. Kendrick, P. Adamson, Sharp Co-
operation Ltd.,

Priority: 31/03/2017, Filing: 31/03/2018, Publication: 04/10/2018.

First author paper: HC Composite Electrodes for Sodium-Ion Batteries with Nano-
Zeolite and Carbon Black Additives
D. Ledwoch, J. Robinson, D. Gastol, K. Smith, P. R. Shearing, D. J. L. Brett, E.
Kendrick, Batteries & Supercaps 4 (1), 163-172, 2020.

Other: Elucidating the sodiation mechanism in HC by operando raman spectroscopy
J. Weaving, A. Lim, J. Millichamp, T. Neville, D. Ledwoch, E. Kendrick, P. McMil-
lan, P. Shearing, C. Howard, D. J. L. Brett, ACS Appl. Energy Mater 3, 7474-7484,
2020.

Other: Sodium-ion Batteries: Aging, Degradation, Failure Mechanism and Safety
J. Weaving, J. Robinson, D. Ledwoch, G. He, E. Kendrick, P. Shearing, D.J.L. Brett,
in Sodium-Ion Batteries: Materials, Characterization, and Technology. WILEY-VCH
Verlag GmbH & Co. KGaA, 2021.

Conference Paper: The Performance of HC in a Sodium Ion Battery and Influence of the
Sodium Metal in Observed Properties

D. Ledwoch, D. J. L. Brett, E. Kendrick, ECS Transactions 72 (33), 17-22, 2016.

Conference Paper: Investigation of the sodiation and desodiation of HC by electrochemi-
cal testing and X-ray computed tomography
D. Ledwoch, D. J. L. Brett, P. R. Shearing, E. Kendrick, ECS Transactions, 75 (52),
81 - 90, 2017.

Conference Paper: Novel High Energy Density Sodium Layered Oxide Cathode Materi-
als: From Material to Cells
K. Smith, J. Treacher, D. Ledwoch, P. Adamson, E. Kendrick, ECS Transactions, 75
(22), 13 - 24, 2017.

Poster: Development of a Nickelate Layered Oxide and HC Sodium Ion Battery
D. Ledwoch, R. Gruar, P. Adamson, K. Smith, J. Treatcher, and E. Kendrick, UK-
Korea Symposium on Lithium and Sodium Batteries, London, 18/ — 19" of January,

2016.
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Poster: The Performance of HC in a Sodium Ion Battery and Influence of the Sodium
Metal in Observed Properties
D. Ledwoch, D. J. L. Brett, E. Kendrick, 229" Meeting of the Electrochemical Soci-
ety, San Diego (US), 29" of May — 3" of June, 2016.

Poster: Investigation of the sodiation and desodiation of HC by electrochemical testing and
X-ray computed tomography
D. Ledwoch, D. J. L. Brett, P. R. Shearing, E. Kendrick, 230" Meeting of the Elec-
trochemical Society, Honolulu (US), 2md _7rd of October 2016.

Poster and flash presentation: Investigation of the sodiation and desodiation of HC by
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