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Investigating electrolyte and charge rate e [edts on the sodiation of hard carbon
A combined SAXS and electrochemical study on sodium-ion batteries

ISAK DREVANDER

Department of Physics

Chalmers University of Technology

Abstract

The interest in sodium-ion batteries has exponentially increased in the past 15 years.
One of the challenges in developing this technology has been in finding suitable an-
ode materials. As of today the most promising candidate is hard carbon. The
material is often defined as a non-graphitizable form of carbon that lacks long-range
order, and is made up of twisted and disarranged sheets of graphene. Due to the
complex amorphous structure, which can vary depending on the synthesis process,
there is currently no consensus regarding the sodium storage mechanism in the ma-
terial. By achieving a better understanding of this process, the nanoscale structure
of hard carbon anodes could be engineered to enhance its storage capabilities.

In this study, the sodiation process in hard carbon anodes was studied using small-
and wide-angle X-ray scattering along with electrochemical characterization tech-
niques. Two charge rates (C/5 and C/10) and two electrolytes (one ester-based and
one ether-based) have been compared to investigate possible variations in sodium
storage mechanisms. In all configurations, the scattering results show signatures
of pore filling occurring during the whole sodiation process while signatures from
intercalation appears first at higher degrees of sodiation. This suggests that pore
filling takes place during the sloping region of the voltage profile, while the two
mechanisms occur simultaneously in the plateau region. The pore filling mechanism
was less dominant when using a higher charge rate, and a higher capacity was re-
tained in batteries using an ether-based electrolyte compared with an ester-based
electrolyte, despite similar pore filling contributions.

Keywords: Sodium-ion batteries, hard carbon, SAXS, sodiation, charge rate, elec-
trolyte, diglyme, EC:PC
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Introduction

The development and subsequent commercialization of rechargeable alkali metal-
ion batteries, in particular the lithium-ion battery (LIB), can be regarded as one
of the greatest achievements in recent human history [1]. As batteries get smaller
and lighter, consumer electronics become more portable, and today almost everyone
owns a device that uses a LIB for energy storage. At the same time, the technology
has played a major role in the blossoming of the electric vehicle industry [2], and
continues to nd new applications in areas such as aviation, power tools and grid
based electric energy storage [1]. However, the growing number of applications to-
gether with the rising interest for electric vehicles [3] has lead to a high demand for
the raw materials used in LIBs [4], [5]. As a consequence, metals like cobalt (Co)
and lithium (Li) are becoming increasingly expensive [6] and the scarcity of materi-
als can become a bottleneck in the production of new batteries. This has prompted
researchers to develop batteries that use cheaper and more abundant raw materials,
such as sodium (Na), aluminium (Al), potassium (K) and magnesium (Mg).

An alkali metal-ion battery that bene ts from operating under the same working
principles as the LIB is the sodium-ion battery (SIB) [6]. The possibility of using
Na-ions as charge carriers in batteries was demonstrated already in 1980 [7], but
research on SIBs only truly took o around 2010 [8], and the technology is just now
starting to become commercialized. Li has a signi cantly higher gravimetric and
volumetric energy density than Na [8], and thus the obvious technology to invest in
back then was the LIB. There are nevertheless advantages of using Na over Li in
batteries. Li make up only0:002 %of the Earth's crust and is produced mainly in
South America, Australia and China, while Na make up approximatel:3 %, mak-

ing it a 1000 times more abundant resource [8]. A reduced risk of supply chain issues
therefore positions the SIB as a potentially low cost and environmentally friendly
alternative to the LIB [9].

Despite its similarities, realizing a SIB is not as simple as replacing the Li with Na.
Most LIBs today use graphite as anode material, but Na can not intercalate e ec-
tively in graphite [10] [13]. This has lead researchers to look into other materials to
use as the anode for SIBs. One alternative is hard carbon (HC), a non-graphitizable
form of carbon synthesized from carbon-rich precursors such as lignin and sucrose
[14]. As such, the material can be produced both sustainably and at a low cost by
using e.g. industrial bio-waste [15] [18]. Moreover, HC shows excellent performance
in its cycling stability and storage capacity, making it the anode material of choice

in SIBs today [6].



1. Introduction

Nevertheless, uncertainties remain regarding precisely how Na-ions are stored in
HC during battery operation, mainly due to the complex amorphous structure of
the material. The precise nanostructure is highly correlated to the HC fabrication
process (pyrolysis temperature and precursor material), leading to inconsistencies
when researchers compare results obtained from vastly dissimilar systems. For this
reason a more common approach today is to view HC as a class of materials rather
than a single material.

To understand the storage mechanism a technique that can characterize the bulk
nanostructure of HC electrodes is needed. A method that is well suited for ana-
lyzing materials lacking long-range order is small- and wide-angle X-ray scattering
(S/WAXS) [19]. It is a non-destructive technique [20] that can be used to study
structures from A up to micrometer length scales [19], and has previously been em-
ployed to study the sodiation process in HC [21], [22].

While previous works have compared the storage mechanisms in HCs synthesized
from a variety of precursors or heat treatment temperatures, there is a gap in the
literature regarding how other parameters such as the type of electrolyte or charge
rate might a ect the Na-ion storage. It is possible that electrolytes forming di er-
ent solid electrolyte interphases (SEIs) or di erent solvation shells of the Na-ions
would in uence the Na-ion storage kinetics. As for the e ects of di erent charge
rates, a slower charge rate could lead to Na-ions being able to di use further into
the HC structure, leading to less Na plating and better usage of the bulk HC volume.

As we look towards the future, a better understanding of the sodiation process
in HC along with strategies to enhance the sodiation will allow for easier and more
sophisticated design of high performance SIBs. This masters thesis aims at con-
tributing to this endeavor. More speci cally, the work (i) investigates the sodiation
process in HC electrodes by correlating the results from S/WAXS experiments and
electrochemical methods and, (ii) identi es the storage behavior when using di er-
ent electrolytes and charge rates and, (iii) discusses the origins of possible di erences
arising when the electrolyte and charge rate is varied.
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Batteries

Batteries can store electrical energy in the form of chemical energy, and are therefore
a type of electrochemical storage system. Rechargeable batteries have become a
staple among the di erent energy storage systems in the world today. By their
nature, these batteries are complex systems with many interacting parts working
together. In this chapter the basic working principles and main cell components that
make up a rechargeable battery will be presented using the SIB as the foundation.

2.1 The electrochemical cell

The rst electric battery was constructed in 1800 by Alessandro Volta [23]. This so
called voltaic pile consisted of alternating disks of zinc and silver, separated by a
cloth drenched in a sodium chloride solution. Soon it was realized that this electro-
chemical device could function as an energy storage system, and since then countless
electrochemical systems (such as the zinc-manganese oxide cell and the rechargeable
lead-acid battery to name a few) have been developed [23]. Fast forward to today,
the battery technology that has conquered the market is the rechargeable lithium-
ion battery.

An electrochemical cell is by de nition a device that generates electrical energy
from spontaneous electrochemical reactions (known as a Galvanic cell), or utilizes
electrical energy to drive chemical reactions (electrolytic cell). The main compo-
nents of an electrochemical cell are the two electrodes (anode and cathode) and the
electrolyte (see g. 2.1). A separator is often submerged in the electrolyte to pre-
vent contact between the electrodes, which would otherwise lead to short circuiting
of the cell. The electrodes are placed on current collectors that aid in conducting
electrons to an external circuit.

In an oxidation reaction, an atom or molecule loses an electron, while an electron
Is gained by a chemical species in a reduction reaction. These are known as redox
(reduction oxidation) reactions and play a crucial role in batteries. When a voltage

is applied over the two electrodes in a cell, oxidation takes place at the positive
electrode while reduction occurs at the negative electrode. In this scenario, the elec-
trochemical cell is said to be charging. When the cell is instead being discharged,
reduction takes place at the positive electrode and oxidation occurs at the negative
electrode. In battery research, the negative electrode at discharge is referred to as
the anode by convention, while the positive electrode is known as the cathode. Note

3



2. Batteries

that this is contrary to the convention used in electrochemistry, where the anode is
de ned as the electrode at which oxidation occurs and the cathode is the electrode
hosting reduction reactions.

Figure 2.1: A schematic of a SIB, including the main components of the electro-
chemical cell. The blue and orange arrows indicate in which direction the electrons
and ions move during charge and discharge.

The SIB is sometimes called a rocking-chair battery. The name comes from the
idea that Na-ions are being transported back and forth between the electrodes when
the battery is being charged or discharged. This phenomenon is integral to the SIB,
since it enables the redox reactions at the electrodes. During discharge, Na-ions and
electrons move from the anode to the cathode via the electrolyte and an external
circuit respectively. Naturally, the ions and electrons move in the opposite direction
when the cell is instead being charged.

The cell voltage of an electrochemical cell is de ned as the di erence between the
electrode potentials, i.e.
Ecat = Ec  Ea (2-1)

whereE g is the cell potential, E¢ is the cathode potential, andE 5 is the anode po-
tential. However, the individual potentials of each electrode can not be measured,
only the di erence between the two. Therefore an arbitrary zero potential needs
to be chosen, which is why the standard electrode potentiak?, of the hydrogen
electrode redox coupl@Hy,, + 2e Hoe) is de ned asE® = 0. In this way, the
potential di erence between two electrodes is always measured in relation to this
reference level.

Nevertheless, in many cases when investigating a particular electrode material, only
one of the two electrode potentials is of interest. In this scenario the ideal con g-
uration is the so called three-electrode cell (see g. 2.2) in which the potential
di erence between a working electrode (the electrode of interest, WE) and a refer-
ence electrode (RE) is measured. When no current is owing through the RE, the

4
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potential of only the WE can be monitored. When instead a two-electrode setup is
used, the counter electrode (CE) simultaneously acts as a RE. In this setup the WE
potential can not always be monitored if the potential of the CE is a ected by the
current running through the circuit. The half-cell setup is a type of two-electrode
con guration in which the WE is coupled to a metallic electrode functioning as
both CE and RE simultaneously. This setup is commonly employed in research
today because of its simpler con guration compared to the three-electrode setup.
When relatively low currents are used, polarization of the CE can be avoided and
the WE potential can be estimated.

Figure 2.2: Schematic circuit diagram of a) a two-electrode cell and b) a three-
electrode cell. Figure inspired by [24].

An important metric when discussing batteries is capacity. Often measured in units
of mAh or W h, the capacity yields a measure of how much charge can be stored in
a given cell or electrode. When the capacity of the anode and cathode are di erent
from one another, the electrode with the lowest capacity will limit the cell capac-
ity. In research, the capacity per weight can sometimes be more relevant since this
may yield a more fair measure of how well suited a material is for certain applica-
tions. This metric is known as speci ¢ capacity and is usually presented in units of
mAhg 1. Another term that often appears in the battery community, and is highly
relevant for this thesis is charge rate. When a battery is charged to its maximum
capacity in 1h (from being fully discharged), it is said to have been cycled using
a charge rate of 1C. Conversely, if a battery is entirely charged in ten hours, the
charge rate is C/10.
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2.2 Electrochemical characterization techniques

Galvanostatic cycling with potential limitation (GCPL) is a commonly employed
method to test the performance of batteries. By connecting a cell to a potentiostat,
either the voltage or current can be controlled in order to charge or discharge the
cell. In addition, the electrical response of the cell can be monitored with the
potentiostat (see g. 2.3), and importantly the voltage of the WE can be measured
with respect to a RE. Therefore, a typical cell cycling protocol involves letting a
constant current run through the circuit until a voltage limit is reached, at which
point the charging or discharging is terminated. In a software included with most
potentiostats, scripts can be put together so that multiple charges and discharges of
a cell can be implemented, thereby simulating scenarious in real-world applications.

Figure 2.3: Example of a) a voltage pro le from GCPL, with the potential mea-
sured as a function of time, and b) a cyclic voltammogram where the current is
measured as a function of potential.

Cyclic voltammetry (CV) is a technique used for studying redox reactions taking
place at the electrodes of batteries. During measurements, a voltage is applied
over the cell while the current response of the cell is recorded. Unlike galvanostatic
cycling where a constant current is applied, the potential is swept linearly back and
forth between an initial and nal value.

2.3 Anode materials in SIBs

In the context of batteries, the active material of an electrode is the material that
facilitates the redox reactions, and usually makes up arourD %- 95 %of the total
mass of the electrode. Because of its functionality in the cell, the most important
properties of the active material is its electric and ionic conductivity, its stabil-
ity against the electrolyte and its capability of storing ions. Other materials are
also present in the electrode to enhance the electric conductivity and bind the con-
stituents together, but are only present in smaller amounts. Thus, when discussing
electrode materials for LIBs or SIBs, what is often implied is the active material
in the electrode.
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Graphite has long been the predominant anode material in LIBs thanks to its avail-
ability, high gravimetric and volumetric capacity and low cost [8], [25] [27]. However,
Na can not intercalate e ectively in graphite [10] [13]. This is not simply because
Na has a larger atomic radius than Li, since larger alkali metals such as potassium
can form stable graphite intercalation compounds (GICs) [13], [28]. It is rather the
thermodynamics of the system that determines which GICs become energetically
favorable, as shown by density functional theory calculations on di erent alkali
metal-GICs [29]. By separating the GIC formation energy contributions into the
binding energy and the energy required for structural deformation of the graphite
as a result of intercalation, it was found that the structural deformation energy in-
creases linearly with the radius of the alkali metal-ion, while the binding energy is
largest for Na. For this reason, intercalation of Na atoms into graphite is always
thermodynamically unfavorable compared to its other alkali metal counterparts [29].

As a consequence of graphite not being a viable choice of material to facilitate
Na-ion storage, alternative anodes for SIBs have been heavily researched in recent
years [30]. These include metals, alloys, carbonaceous materials, oxides and polyan-
lonic compounds [8]. This thesis is focused on studying hard carbon which is part
of the carbonaceous class of materials, and is described in detail in section 3.

2.4 Electrolytes in SIBs

The electrolyte serves as a pathway for Na-ions to be transported between the elec-
trodes in a SIB. A well performing electrolyte is crucial for any successful battery,
and some important properties are the thermal and electrochemical stability window,
the ionic conductivity, cost, toxicity and environmental friendliness [31]. Electrolytes

in SIBs are commonly composed of sodium salts dissolved in a solvent, sometimes
together with additional additives [31].

Many di erent electrolytes have been developed over the years, and can be divided
into ve categories: organic electrolytes, ionic liquids, aqueous electrolytes, inor-
ganic solid electrolytes and solid polymer electrolytes [31]. Organic electrolytes are
most common in SIBs today thanks to their adequate ionic conductivity combined
with their compatibility with many electrode materials and separators [31]. Two
organic electrolytes are under investigation in this project, both using NaRFas the
salt, but with either ethylene carbonate:propylene carbonate (EC:PC) or diethylene
glycol dimethyl ether (diglyme) as solvent. The former is known as an ester-based
type of electrolyte, while the latter is an ether-based electrolyte.

EC:PC-based electrolytes have shown commendable properties in previous stud-
ies [32], with EC being a popular solvent due to its high dielectric constant leading
to favorable salt dissolvation [31]. It is also believed to aid the formation of stable
interphases on the electrode because of the strong interaction with anions in the
electrolyte [31]. Although PC has a lower dielectric constant and can contribute to
cell degradation, it is often used together with EC to improve the liquid temperature
range of the electrolyte [31].
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Electrolytes with diglyme-based solvents have been used to successfully cointercalate
Na in graphite by forming a ternary GIC with the solvation shell and the carbon
[33] [36]. It is currently unclear how compatible this type of electrolyte is with HC,
but a possibility is that more intercalation into graphite-like domains of the HC
electrode could be enabled when using diglyme as the electrolyte solvent.

When it comes to the salt used in electrolytes for SIBs, NaRFs a favorable option.

Not only is it considered the most promising alternative for practical applications,
but it is also less reactive than NaClQ@ and more compatible with aluminium than

e.g. NaTFSI or NaFSI [31].
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Hard carbon

Currently, HC is the most popular anode material in SIBs on account of its high
storage capacity and cycling stability. In addition the material can be produced
cost e ciently from renewable, carbon-rich biomass precursors, which is advisable
for large-scale production and successful commercialization of SIBs. The microstruc-
ture is characterized by disorder and complexity and is heavily dependent on the
precursor. In this chapter, the structure of the material is elaborated, along with
an account of the di erent Na storage mechanisms that may be present when using
HC electrodes in SIBs.

3.1 Structure and synthesis

The fundamental building blocks of the HC structure are graphene layers, i.e. sheets
of carbon atoms arranged in a hexagonal lattice. When layers of graphene stack
and are held together by van der Waals forces, they form graphite. This stacking of
graphene layers is a result of a complex process involving carbonization, where one
of the steps in the process is to heat-treat carbon-rich materials (commonly referred
to as precursor materials) such as hydrocarbons or other organic compounds to
above 2000 C. HC however, is characterized by the property that it does not form
graphite even when being heated to these temperatures [6]. Instead the twisted
and tangled graphene layers are retained in the HC structure when undergoing heat
treatment, leading to the presence of pores in the material (see g.3.1 and 3.2).
Despite the generally disordered structure, some of the graphene layers may still
end up stacking with each other, meaning that there are instances of graphite-like
domains in the material. Furthermore, the graphene lattice can feature defects such
as vacancies and heteroatoms, and the homogeneity can be disrupted by heptagons
and pentagons [37].
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Figure 3.1: The hierarchical structure of HC. By zooming in on the HC patrticles,
the porous structure is revealed, with pores highlighted in blue. Looking even closer
at the structure, single layers of graphene can be seen.

In literature, the terms closed pore and open pore are sometimes used to dis-
tinguish between voids inside the bulk of the material and pores connected to the
surface of HC particles. Furthermore, the structure of HC is often visualized in
2D, since the porosity is more easily highlighted in this picture. Nevertheless, this
depiction can not mediate the full complexity of the material, and albeit convoluted,

a 3D overview of the structure can be seen in gure 3.2.

Figure 3.2: Di erent ways of visualizing the porosity of HC in a) 2D, and b) 3D.

The lack of long range order and crystallinity makes HC di cult to classify, as
the microstructure can vary from sample to sample. This is because the structure
is heavily dependent on the manufacturing process. HC is frequently fabricated
from precursors with a predominantly cross-linked structure, and it is believed that
the crosslinking plays a role in preventing graphite formation [6]. In addition, the
morphology of the precursor is preserved to a high degree, making it a crucial factor
to consider when designing the material. Other than the choice of precursor, the heat
treatment temperature also a ect the structure, where an increasing temperature
generally decreases the volume of open pores, while the volume fraction of pores
in the bulk increases [6], [38]. Similarly, the mean radius of closed pores increases
with heat treatment temperature [22]. All of these factors will inevitably a ect the
storage of Na-ions in the material.

10



3. Hard carbon

3.2 Sodium storage mechanisms in hard carbon

The process of inserting Na-ions into HC is called the sodiation process. Over the
years, several models have been proposed to explain the sodiation in HC [37]. Despite
the e orts, there is still no consensus on the topic, leading researchers to interpret
similar results in vastly di erent ways. The three most common storage mechanisms
that appear in popular models describing the sodiation process are (1) Na-ion lling

in pores (2) intercalation between graphene layers and, (3) adsorption of Na-ions
on defect sites and surfaces. A schematic representation of the mechanisms can be
seen in gure 3.3. Di erent features of the structure are responsible for the di erent
mechanisms, as can be seen in gure 3.4a) as well. For example, increasing the
number of closed pores should a ect the pore lling mechanism, while introducing
more defects in the material is expected to lead to more defect adsorption [37]. In
order to rationally design HC for usage in SIBs it is thus important to understand
what underlying processes contribute to the experimental observations.

Figure 3.3: 3D schematic of the HC structure with di erent storage sites repre-
sented by di erent colors. The green ions illustrate the pore lling mechanism while
the blue ions have intercalated into a graphite-like domain of the structure, and the
pink ions are adsorbed to surfaces and defects.

Figure 3.4: a) 2D illustration of the HC structure with di erent storage sites,
inspired by [37]. b) A typical charge curve for a SIB with HC as anode material,
featuring a sloping region and a plateau region.

A typical SIB voltage pro le is shown in g.3.4b). The curve is divided in to a
high-potential sloping region and low-potential plateau region. A persisting matter
of controversy in research is when scientists attribute di erent storage mechanisms to
these two regions of the curve. A summary of the most popular models are presented
in gure 3.5, and it is clear from the gure that they contradict one another.

11



3. Hard carbon

Figure 3.5: Four proposed models of Na storage in HC. The colors indicate how
the storage mechanism varies along the voltage pro le. Figure inspired by [37].

In 2000, Stevens and Dahn [39] studied the insertion of Na-ions into HC anodes
synthesized from glucose. They concluded that the sloping region of the poten-
tial could be attributed to Na-ions intercalating between parallel graphene layers,
and reasoned that as the insertion increased, the potential for further intercalation
decreased. Furthermore they attributed the plateau region with Na-ions lling in
pores. They claimed that for these sites the chemical potential was close to that of
Na-metal, which would be the reason for the low voltage in the plateau region. In
a follow-up paper the authors further con rmed their results by conducting in situ
WAXS and SAXS experiments [12]. From this they could observe an increase in
interlayer spacing in the sloping region, which would be explained by intercalation
of Na in the graphite-like domains. At the same time the results from the SAXS ex-
periments showed that the electron density in the pores remained unchanged during
the sloping region, but changed in the plateau region, implying that Na-ions lled
the pores in the HC only along the plateau region [12].

In contrast, Zhang et al. [40] studied the storage behavior in carbon nano bers
synthesized from polyacrylonitrile polymers. By preparing samples at various heat
treatment temperatures, they found that the sloping region of the voltage pro le
disappeared when the graphene layers became parallel with small interlayer spac-
ing, implying that the sloping region was a result of Na-ions adsorbing on isolated
graphene layers rather than from intercalation. In addition they did not observe
any increase in interlayer spacing from WAXS measurements compared to Stevens
and Dahn. Moreover, they found that the capacity of the plateau region became
prominent for samples containing larger amounts of pores, suggesting that Na lIling
was the responsible mechanism in this region.
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S/WAXS analysis

S/WAXS is a powerful tool for studying structures that lack long-range order. An-
other advantage is that the signal produced from a S/WAXS measurement contains
information about the structure on A up to micrometer length scale. Considering
that HC is a material with both a hierarchical and amorphous structure, the SAXS
instrument is therefore well suited for investigating the sodiation process in HC.

4.1 Basic principles of S/IWAXS

S/WAXS are non-destructive X-ray scattering techniques that can provide informa-
tion about the structure of a material. In S/IWAXS, the momentum transfer vector
g is de ned as the di erence between the incoming and the scattered wave vector,
g= Ko K (see g. 4.1), and the momentum transfelq= jg can be calculated as

_ 4 sin

(4.1)

where is the wavelength of the X-ray source an@ is the angle of the scattered
X-rays. Together with the Bragg conditionn = 2dsin it is possible to rewrite
equation 4.1 as

d= —: 4.2)

where d is a characteristic distance in a periodically repeating structure, such as
the distance between atomic planes in a crystal. The same relation can be used to
approximate the size of features lacking long range order in a S/IWAXS experiment.

Figure 4.1: A typical setup for a S/IWAXS experiment in transmission.

13



4. S/WAXS analysis

From equation 4.2 we see that larger g-values correspond to smaller features, and
vice versa. To extract information on the structural features, the SAXS data can
be tted with di erent model. When the angle of the scattered X-rays become suf-
ciently large, the technique is instead referred to as WAXS. In this mode, smaller
features such as distances between crystal planes can be inferred.

During an experiment, a detector measures the intensity of the scattered light, and
the resulting 2D-interference pattern, characteristic of the internal structure of the
material, is recorded [20]. The resulting scattering data is often presented as radi-
ally integrated intensity as a function ofq (see gure 4.2). In SAXS the scattering
depends on variations in the electron density distribution rather than from single
atoms as in X-ray diraction. This means that both particles in solution as well as
voids/pores in a matrix can be characterized using SAXS as long as there is a mea-
surable contrast in electron density between the particles/pores and the surrounding
matrix. The scattering intensity that arrives at the detector can be described by
the equation

1@=(p m)NpVyP(a)S() (4.3)

where , n, is the contrast in scattering length density between particle (or pore)
and matrix, Np is the number of particles,V, is the volume of particles,P (q)
is the formfactor that relates to the intra-particle interference (shape and size
of particles) and S(qg) is the structure factor that relates to the inter-particle
interference (spacing and interactions between particles).

Figure 4.2: Typical scattering pro le from S/WAXS measurements on HC. The
curve can be divided into three di erent regimes which all yield information about
the HC structure at di erent length scales.
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4. S/WAXS analysis

4.2 Studying hard carbon sodiation with S/WAXS

The scattering pro le from HC can be divided into three di erent regimes which
yield information about the structure at di erent length scales (see g. 4.2). In the
low-q regime, a decreasing slope from the surface of the micron-sized particles are
found. In the intermediate region, a shoulder appears due to the electron density

di erence between the pores and the carbon matrix. In the high-q regime a broad
di raction peak emerges as a result of the stacked graphene layers.

When Na-ions are inserted into HC, the structure of the electrode changes, and
consequently the S/IWAXS curve is a ected. The changes that arise in the di erent
regimes of the curve can therefore be related to the sodiation process. If Na-ions start
lling the micropores there will be a decreased electron density contrast between the
previously empty pores and the carbon matrix, which leads to a decreasing inten-
sity in the microporous regime. The peaks visible in the atomic structure regime
originates from the graphite-like domains. The rst di raction peak (002-peak) can
be related to the interlayer distance between graphene layers. If Na-ions interca-
late between the layers, the (002)-peak is expected to shift to lowgrbecause of
an increasing interlayer spacing. A broad peak arount1A have previously been
identi ed after extensive pore lling from densely packed Na within micropores [21].
In the particle regime, the slope can be aected by changes in surface roughness
and the intensity is related to the specic surface area of particles. SEI formation
could therefore a ect the curve in this regime, while the sodiation process itself is
not expected to heavily in uence the scattering intensity in this g-range.
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5

Methods

The experimental methods of the project are presented in this chapter. This in-
cludes details about the SIB assembly, the electrochemical methods and the X-ray
scattering experiments.

5.1 SIB assembly

HC electrodes were prepared by mixing a slurry consisting of 85 wt% HC (CAR-
BOTRON P, Kureha Battery Materials Japan), 5wt% carbon additive (Carbon
black Super B, ThermoFisher) and 10 wt% polyvinylidene uoride binder (PVDF,
Sigma Aldrich). N-methylpyrrolidone (Sigma Aldrich) was used as solvent, and af-
ter 3h of magnetic mixing the slurry was coated onto a current collector made of
aluminium (see g. 5.1). The coated electrode was put under vacuum for aboii? h
at 120 C to evaporate the toxic solvent. A10 mm puncher was used to stamp out
the nal HC electrodes, which were then vacuum dried a second time 420 C for
12 h. Finally, the electrodes were transferred to an argon- lled glove box for storage.

Figure 5.1: HC electrode slurry coated on aluminium, with an electrode stamped
out from the coating.

An electrolyte consisting ofl M NaPFs (Sigma Aldrich) in diglyme (Sigma Aldrich)
was prepared by drying molecular sieves3fA, Thermo Scienti c) in vacuum at
220 C for 24h. To remove any trace of HO from the diglyme, it was put in a
beaker together with the dried sieves for three days. Meanwhile, the salt was dried
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at 80 C for 24h. Using a lIter to avoid contamination from the sieves, the solvent
was mixed with the salt to the desired fraction oftl M NaPFg in the electrolyte.

All coin cells used for studying the sodiation process in HC were half cells consisting
of HC (10mm ?) as the WE, metallic sodium L1 mm?, dry stick, Thermo scien-

ti c chemicals) as CE and a glass micro ber Iter as separator {6 mm? , Whatman
GF/C). Two di erent electrolytes were used, namelyl M NaPFg in EC:PC (1:1 by
wt., E-Lyte Innovations) and 1 M NaPFg in diglyme (prepared on-site). The coin
cells were assembled in an argon- lled glove box to minimize contamination and
unwanted reactions such as oxidation. The constituents of a coin cell are shown in
gure 5.2. The cells were assembled by stacking the parts on top of each other, and
then sealed by clamping the cap to the gasket. Furthermore, the cell pressure was
controlled by the spring and spacer.

Figure 5.2: Schematic illustration of a HC/Na half cell.

Three coin cell con gurations were used to investigate changes in storage mechanisms
for di erent charge rates and electrolytes. The baseline con guration (EC10, see
table 5.1) consisted of HC/Na half cells cycled at C/10, with EC:PC (1:1 by wt.) as
the electrolyte solvent. The second con guration (EC5) uses the same electrolyte
and was cycled at C/5, while the third con guration (D10) uses diglyme instead of
EC:PC as electrolyte solvent, while being cycled at C/10.

Table 5.1: Overview of the charge rates and electrolyte solvents used in the dif-
ferent cell cycling con gurations. Apart from these di erences, the cell chemistry is
identical for the di erent con gurations.

Con guration name Charge rate | Electrolyte solvent
EC10 C/10 EC:PC (1.1 wt%)
EC5 C/5 EC:PC (1.1 wt%)
D10 C/10 Diglyme
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5.2 Electrochemical characterization

All GCPL experiments in this project were performed using a multichannel poten-
tiostat (580 Battery Test System, Scribner). The HC/Na half cells were assembled
such that the resting potential of the HC electrode was higher than that of the Na-
metal CE. This meant that to sodiate the HC electrode, the cell was rst discharged.
Likewise when the cell was charged, the HC electrode was desodiated.

The cells were rst cycled with a SEI formation protocol consisting of one full dis-
charge/charge cycle at a constant current corresponding to a charge rate of C/10.
The potential limits were 0:02V and 2V for the discharge and charge respectively.
These parameters were used in the rst charge/discharge of all cells cycled in the
three con gurations described in table 5.1. After the formation cycle, the HC/Na
half cells were sodiated a second time (see g. 5.3). By varying the cut-o voltage,
the cells were stopped at di erent degrees of sodiation. In each con guration, three
cells were terminated in the sloping region, and three in the plateau region.

Figure 5.3: Formation cycle and the second discharge of a HC/Na half cell cycled
in con guration EC10. A large capacity fade is observed, likely due to SEI formation
during the rst discharge. Corresponding voltage pro les for cells cycled in EC5 and
D10 can be found in Appendix A.

Galvanostatic cycling experiments were performed on Na/Na symmetric cells using
1M NaPFg in EC:PC (1:1 by wt.) as electrolyte. Two measurements were per-
formed, one in which a current corresponding to a charge rate of 1C was used, and
one where a charge rate of C/10 was used in the rst few cycles followed by charge
rate of C/5 in subsequent cycles. Rather than having a potential limitation, each
charge/discharge was terminated aftefl h. The results from these experiments can
be viewed in Appendix B.

CV experiments were performed using a multichannel potentiostat (VMP3, Bio-
Logic), and a linear sweep o0:1 mVs ! was used betwee®V to 2V. Two voltam-
mograms of HC/Na half cells were recorded, one for each of the two electrolytes
used in this study.
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5.3 Hard carbon characterization using S/WAXS

Cycled HC electrodes were extracted from the HC/Na coin cells inside an argon lled
glove box. The electrodes were subsequently washed and dried before being placed
in a sample holder (see gure 5.4) for SIWAXS measurements. The electrodes were
clamped between two Kapton tape Ims, separated by an O-ring, and the sample
holders were held together by six screws.

Figure 5.4: The sandwich cell used for ex situ scattering experiments on HC
electrodes in S/IWAXS. For transmission measurements the X-rays can pass through
the windows in the center of the cell.

For the washing procedure, solvents were rst dried using molecular sieve3A
Thermo Scienti ¢, dried in vacuum at 220 C for 24 h) to remove potential traces of
H,O. For the cells in con guration EC5 and EC10, dimethyl carbonate (DMC) was
used, while diglyme was used for the cells in con guration D10. The electrodes were
submerged for60 sin a beaker lled with solvent. This method was chosen based on
results from a previous study where di erent washing procedures were investigated
[41]. In addition, no electrodes were submerged in the same beaker, and all beakers
were dried in vacuum for8h in 120 C to reduce the risk of HO contamination.
After washing, the electrodes were left to dry for a few minutes.

S/WAXS measurements on HC electrodes were performed using a MAT:Nordic X-
ray scattering instrument (SAXSLAB). The instrument was equipped with a high
brilliance Rigaku 003 X-ray micro-focus, a Cu-K radiation source with a wave-
length of = 1:5406A and a Pilatus 300 K detector system. Ex situ cells were
mounted on a sample holder and placed inside a vacuum chamber (see g. 5.5).
Two measurements were performed on each sample, one in a SAXS con guration
where the sample-to-detector distance wak080 mmand an exposure time o000 s
was used, and one in a WAXS con guration using a sample-to-detector distance of
134 mmand a 600 sexposure time. In the SAXS con guration, intensities could be
obtained for grvalues ranging from0:005A *to 0:3A *, while in WAXS the g-range
was0:07A * < gq< 21A *. The instrument was calibrated using lanthanum hexa-
boride. The 2D scattering patterns collected by the detector were radially integrated
before being further analyzed and post-processed.
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Figure 5.5: a) The inside of the vacuum chamber of the SAXS instrument. The
radiation enters from the hole to the right and passes through a sample holder that
IS mounted to a moving stage in the middle of the gure. Transmitted X-rays are

then collected by a detector located to the left of the gure. b) The sandwich cell

holder with two sandwich cells mounted in it.
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The radially integrated curves were transmission corrected and background subtrac-
tion was performed according to

| subtracted (@) = lThc(q) | background (9): (5.1)

wherel yc () is the intensity of HC electrode samples anthackground (0) is the inten-
sity from samples containing only aluminium. Furthermore, the data from SAXS
and WAXS measurements were merged into a single S/WAXS pro le, which was
possible because of overlap in g-range. The scattering intensity from HC electrodes
is believed to be una ected by the sodiation process in the vicinity af = 0:15A g
Therefore, the S/WAXS pro les were normalized at this g-value.

The intensity in the microporous regime of the (normalized) scattering curve was
integrated betweenq = 0:19A ' and q=0:5A ' to minimize the e ects of a po-
tential air-exposure a ecting the intensity at lower g (see g. 5.6). More details on
the e ects of air-exposure can be found in section 6.2.1.

Figure 5.6: Ex situ SWAXS pro les of a sodiated HC where e ects from air-
exposure can be seen arourgi= 0:06A ' The vertical lines represent the upper
and lower bounds of integration.

For analysis of the (002)-peak in the high-q regime the Lorentz-correctidr(q) =

| (9o was applied to the scattering curve [42]. In this g-regime, the scattering
curve has a contribution from both a tailing g ? slope from the form factor of
lamellar-shaped graphene layers as well as the structure peak related to the average
spacing between layers. The Lorentz-corrected scattering curve therefore emphasizes
the structure peak from the stacked graphene layers and is commonly applied to
extract the interlayer spacing in lamellar systems such as polymer lamellas in semi-
crystalline polymers [43].
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Results and discussion

In the following chapter the results from the project are presented and discussed.
The rst section elaborates on the electrochemical characterization of the HC/Na
half cells used in this work. In the second section the results from S/WAXS mea-
surements on ex situ HC electrodes are put forth and further analyzed to deduce
information about the underlying storage mechanisms that are present during the
second sodiation of the HC structure. In the third and nal section the results from
di erent cycling conditions are compared to one another and possible changes in the
sodiation process are discussed.

6.1 Electrochemical performance of half cells

While results from SAXS measurements can yield invaluable information about the
structure of HC, electrochemical techniques provides a di erent perspective. A
better understanding of the redox reactions occurring at the HC electrodes can be
gained from CV and the analysis of the voltage pro le in GCPL can be related to the
storage mechanism. Thus a more complete picture can be obtained by combining
these methods.

6.1.1 Galvanostatic cycling of coin cells

Figure 6.1a) shows the voltage pro le of three fully sodiated HC electrodes in cell
con gurations EC5, EC10 and D10. All three cells show the characteristic electro-
chemical behavior of an initial slope regime at high voltage followed by a low voltage
plateau regime. For each of the three cell con gurations, six HC/Na half cells were
assembled and cycled to various degrees of sodiation, and the voltage pro les corre-
sponding to the second sodiation of the HC electrodes (following the SEI formation
cycle) can be seen in gure 6.1b) - d).

In general, the coin cells exhibited adequate reproducibility, with almost identi-
cal discharge pro les within each con guration. A noteworthy exception however, is
that of the three cells stopped in the plateau region in con guration EC5. Initially
all three curves appear to plateau aroun@:1V, but a sudden larger drop in voltage
leads to a plateau at just aboved V. This plateau drop occurs at slightly di erent
states of discharge in each cell.
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Another visible deviation is that of the cell with cut-o voltage 0:033V in cell
con guration D10. In the sloping region, the curve is slightly o set in voltage,
leading to its plateau starting at a lower speci ¢ capacity compared the other cells.
As a consequence, the capacity fraction stemming from the plateau region in this
case becomes very similar to that of the fully discharged cell, despite the higher
cut-o voltage of the anomalous cell.

Figure 6.1: a) Voltage pro le of a fully discharged cell in each of the three con gu-
ration. Voltage pro les of HC/Na half cells cycled in con guration b) EC10, c) D10
and d) EC5. The dots in b) - d) represent the stopping point of each curve where
ex-situ SIWAXS measurements were performed.

Comparing the voltage pro les of the fully discharged cells, it is clear that the sloping
regions are very similar in all con gurations, while some di erences can be observed
in the plateau region. Initially EC5 and EC10 seem to follow the same plateau,
but the aforementioned plateau drop leads to a lower plateau for EC5. A lower
cut-o voltage nevertheless leads to a higher speci ¢ capacity for this con guration
compared to EC10. For D10 the plateau is instead higher than that of EC10, leading
to a speci ¢ capacity of almost300 mAg ! despite having the same cut-o voltage
as EC10.
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6.1.2 Slope and plateau capacity contributions

In current research on SIBs, few authors discuss the voltage pro les of HC electrodes
without using the concept of a high voltage slope region and a low voltage plateau
region. The de nition of these regions is nevertheless rather arbitrary, and the con-
sensus today is that the plateau starts where the voltage drops bel@x V (hereon
referred to as de nition I, see g. 6.2). As can be seen in gure 6.1a) the voltage
pro les can di er even when changing just a single parameter. A poorly de ned
boundary between the slope and plateau region can thus lead to misrepresentation
of results when the de nition does not re ect the behavior of each individual voltage
pro le. Itis therefore worthwhile to consider di erent ways of de ning this boundary.

Using de nition |, the capacity from the slope and plateau regions in the forma-
tion cycle and second sodiation are shown in gure 6.3. In the rst sodiation the
fractions are very similar between EC10 and D10, with slightly more capacity com-
ing from the plateau than the slope in both con gurations. In the rst desodiation
the slope capacity increases drastically for EC10 while staying relatively unchanged
for D10. In the second sodiation the majority of the total capacity comes from the
plateau in all three con gurations, with EC5 having the greatest contribution from
the plateau.

Figure 6.2: De nition | of the slope-plateau boundary, established aE, = 0:1 V.
The purple background represent the sloping region while the green side represent
the plateau region.

When comparing the voltage pro les in gure 6.1a) the plateau capacity contribution
appears to be larger for D10, since its plateau reaches further than the others. The
reason that EC5 still ends up with more plateau capacity in gure 6.3c) is because
of how the boundary between the slope and plateau is de ned. Since the plateau
appears at a higher voltage in D10, a signi cant part of the plateau ends up in the
sloping region when using de nition |, leading to less plateau capacity contribution
in this case.
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Figure 6.3: The fraction of total capacity stemming from the slope versus plateau
region in a) the rst sodiation, b) the rst desodiation and c) the second sodiation
of HC, using de nition | of the slope/plateau boundary. In the rst sodiation/des-
odiation EC5 was cycled at C/10 and is therefore identical to EC10.

In an attempt to work around these discrepancies, an alternative way of de ning
the slope-plateau boundary is proposed in gure 6.4. By drawing two tangent lines
that follow the slope and plateau respectively, the boundary can be de ned at the
intersection of the two lines. Instead of using a xed value for all voltage pro les as
in de nition I, de nition Il implies that the boundary is uniquely de ned for each
individual curve.

Figure 6.4: De nition Il of the slope-plateau boundary, determined by the inter-
section of two tangent lines that follow the slope (blue tangent) and plateau (red
tangent) respectively. The orange background represent the sloping region while the
blue side represent the plateau region.

By using de nition II, the capacity fractions from the slope and plateau regions
in the formation cycle and second sodiation end up as in gure 6.5. In this case
the plateau contribution is larger for D10 in all three steps of cycling. For EC10
the slope capacity fraction decreases from the rst to the second sodiation, but is
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still larger than that of EC5 since the plateau of EC10 is cut o earlier. In the
rst sodiation, SEI formation occurs mainly in the sloping region, leading to the
irreversible capacity fade for all con gurations (the voltage pro les of the rst cycle

in every con guration, where SEI formation is visible, can be found in Appendix A).
Notably, the plateau capacity appears to be more reversible than the slope capacity,
leading to an increasing capacity fraction from the plateau when comparing the rst
and second sodiation.

Figure 6.5: The fraction of total capacity stemming from the slope versus plateau
region in a) the rst sodiation, b) the rst desodiation and c) the second sodiation
of HC, using de nition |l of the slope/plateau boundary. In the rst sodiation/des-
odiation EC5 was cycled at C/10 and is therefore identical to EC10.

6.1.3 Cyclic voltammetry and redox reactions

To gain a better understanding of the processes occurring at the HC electrodes, two
CVs were measured (one for each of the two electrolytes used in this project) using
HC/Na half cells. For both measurements the scanning rate was set @l mv's ?
between0QV to 2V, and the resulting voltammograms can be seen in gure 6.6.

In both voltammograms, broad redox peaks appear in the high voltage region be-
tween 1.5V - 0:3V, corresponding to the sloping region in galvanostatic cycling.
In the low voltage region corresponding to the plateau in the voltage pro le, two
distinct redox peaks emerge aroun@®:02V/ 0:2V for the cell with EC:PC as elec-
trolyte solvent, and around 0:02V/0:1V in the cell with diglyme. Moreover, the
low voltage peaks are almost ve times larger in magnitude in the latter. During
the rst discharge, two additional peaks appear around:5V and 0:75V in gure
6.6a) and one at about:75V in gure 6.6b). These peaks disappear in subsequent
cycles and can be ascribed to the formation of an SEI layer as a consequence of
electrolyte decomposition in the cells [44] [48]. The lack of the peaks in cycle 2 and
3 suggests the stabilization and reproducibility of the sodiation process after the
initial formation cycle.
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Figure 6.6: Cyclic voltammograms of HC/Na half cells produced with a scanning
rate of 0:1mVs 1. In a) the electrolyte was1M NaPFg in EC:PC and in b) the
electrolyte was1 M NaPF; in diglyme. In the inset of b), the values on the y-axis
are the same as in a).

Previous literature ascribe intercalation as the underlying mechanism behind the
sharp redox peaks belowd:2V, and adsorption/desorption of Na-ions at surfaces
and edges of graphitic-like domains as the source of the broader peaks in the high
voltage region [45] [48]. Additionally, the gap in voltage between the anodic and
cathodic peaks in the low voltage region is smaller for the cell using diglyme as
solvent than the one with EC:PC, which suggests faster kinetics in the former [49].
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6.2 Hard carbon structural characterization

In this section, results from scattering experiments are presented. First a measure-
ment protocol is developed to ensure reproducibility of ex-situ results. Thereafter,
scattering data from measurements on the HC electrodes after galvanostatic cycling
to di erent degree of sodiation (see gure 6.1) are displayed, where changes in the
HC electrode structure during the second sodiation can be correlated to di erent
Na storage mechanisms. In the nal section, the results from the di erent cycling
con gurations are compared to each other to deduce changes in the Na storage.

6.2.1 Measurement strategies for reproducibility

In this project, the method of choice to study the sodiation process in HC involves
collecting scattering data from a large number of HC electrodes. It is therefore
crucial that the e ects of outside factors are kept to a minimum to be able to com-
pare the results from measurements on di erent ex situ samples. Three possible
sources of error were therefore investigated: sample-to-sample variations, the e ects
of washing the electrodes and the consequences of an electrode being exposed to air.

In gure 6.7, the scattering from a pristine HC electrode is compared to that of
the HC powder that was used when preparing the electrode slurry. Characteristics
of the hard carbon structure is seen in both powder and electrode with a slope
region from the surface of the hard carbon particles at low g, the shoulder from
the microporosity and the (002)-peak from stacked graphene layers. A peak around
q = 1:5A ' can be observed in the pristine sample but not in the HC powder,
which suggests that the scattering that yields this peak originate from some other
constituent of the electrode. This peak has previously been attributed to the PVDF
binder in the electrode [50].

Figure 6.7: Ex situ S/IWAXS pro les of a pristine electrode and the HC powder

used to synthesize the HC electrode slurry. The peak aroumg:= 1:5A ! (visible in
the inset) is attributed to the polymer binder used in the slurry mix [50].
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Figure 6.8 shows the S/WAXS proles of two dierent pristine HC electrodes,
demonstrating sample-to-sample variations. In a), the scattering intensity di ers
between the two electrodes. This is nevertheless expected since the electrodes dis-
played measurable variations in weight, stemming from the coated slurry not be-
ing perfectly uniform. A thicker sample yields more scattering and subsequently a
higher scattering intensity is expected. To mitigate the di erences between sample-
to sample variations, the scattering curves are normalized, yielding the results in
gure 6.8b). After normalization the two scattering signals are virtually identical,
showing that the structure is unchanged between di erent pristine samples.

Figure 6.8: Ex situ S/IWAXS pro les of two pristine HC electrodes a) before
normalization and b) after normalization atq= 0:15A '

Figure 6.9 shows the scattering from a washed and an unwashed electrode after
being assembled in a coin cell. To minimize e ects of sample-to-sample variations,
measurements were done on the same electrode by cutting a semi-sodiated HC elec-
trode in half, washing only one of the halves. In the unwashed electrode the residues
of dried electrolyte and SEI compounds give strong contributions to the scattering
curve as shown by e.g. the increased intensity at high g, corresponding to more
material in the electrode. The washing of the HC structure is therefore necessary
to extract the scattering contribution from the sodiated HC electrode.

Figure 6.10 shows the results from measurements on a fully sodiated HC electrode
exposed to air. The electrode was washed and then cut in half, and one of the
halves were left in air for1 h. From the exposed sample, a slight increase in scat-
tering intensity can be observed at the end of the particle regime in the vicinity of
q=0:07A 1, and a sharp peak emerges arourgl= 2:1A ' This peak is believed

to be the result of NaOH forming in the electrode when Na reacts with # from

the air. Similar peaks have been observed in previous studies on sodiated HC elec-
trodes exposed to air [21]. Hindering exposure from air is therefore crucial to make
an accurate analysis of the structural changes following sodiation and the lack of
the identi ed signatures at g = 0:07A ' can be used to validate the measurement
of an intact electrode.
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Figure 6.9: Ex situ S/IWAXS pro les of a cycled HC electrode where one half of
the electrode was washed and the other was not.

Figure 6.10: Ex situ S/IWAXS pro les of a sodiated HC electrode where one half
of the electrode was exposed to air fdrh. The inset shows an enlarged view of the

high-q region where a peak emerging aroungl= 2:1A ' can be observed in the
exposed sample.
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