
Exploring high-temperature
carbonization effects on
petroleum coke for use in
sodium-ion battery anodes

TROND ERIK AAGESTAD

SUPERVISORS
Johannes Martin Landesfeind
Børre Tore Børresen

University of Agder, 2024
Faculty of Engineering and Science
Department of Engineering and Sciences



Individual / Group Mandatory Declaration

The individual student or group of students is responsible for the use of legal tools, guidelines for using
these and rules on source usage. The statement will make the students aware of their responsibilities and
the consequences of cheating. A missing statement does not release students from their responsibility.

1. I hereby declare that my/our report is my/our own work and that I have
not used any other sources or have received any other help than mentioned
in the thesis.

Yes

2. I further declare that this thesis:

• Has not been used for another exam at another department/univer-
sity/university college in Norway or abroad.

• Does not refer to the work of others without it being stated.

• Does not refer to own previous work without it being stated.

• Have all the references given in the literature list.

• Is not a copy, duplicate or copy of another’s work or manuscript.

Yes

3. I am aware that violation of the above is regarded as cheating and may
result in cancellation of exams and exclusion from universities and colleges
in Norway, see Universitets- og høgskoleloven §§4-7 og 4-8 og Forskrift om
eksamen §§ 31

Yes

4. I am aware that all submitted theses may be checked for plagiarism. Yes
5. I am aware that the University of Agder will deal with all cases where there

is suspicion of cheating according to the university’s guidelines for dealing
with cases of cheating.

Yes

6. I have incorporated the rules and guidelines in the use of sources and refer-
ences on the library’s web pages.

Yes

Publishing Agreement

Author(s) have copyrights of the thesis. This means, among other things, the exclusive right to make the
work available to the general public (Åndsverkloven. §2).
All theses that fulfil the criteria will be registered and published in Brage Aura and on UiA’s web pages with
author’s approval. Theses that are not public or are confidential will not be published.

I hereby give the University of Agder a free right to make the thesis available for
electronic publishing:

Yes

Is the thesis confidential? (confidentiality agreement must be completed and signed
by the head of the department?

No

Is the task except for public disclosure? (contains confidential information. see Offl.
§13/Fvl. §13)

No



Abstract

With the rapid growth of battery usage in both grid-storage and electric vehicle applications,
the incentives for exploring alternative batteries outside the traditional lithium-ion batteries
have increased exponentially. Sodium, being inherently more abundant with a lower cost,
has gained increased interest among researchers in the last decades for its storage capacity
and longevity. As the increased atomic radius of sodium present difficulties in using tra-
ditional anode materials like graphite, hard carbons have presented desirable properties in
recent years following the development of new technology and improved electrode designs.
Petroleum coke, a byproduct derived from oil refinery units presents encouraging properties
for its use in sodium-battery anodes due to its high-carbon content and porous structure.
This thesis aims to present a comprehensive study on the use of petroleum coke as an anode
material for SIBs, by first providing a theoretical framework of the working principles that
are involved in using heat treated petroleum coke for SIBs, before employing several material
and electrochemical analysis techniques to evaluate its performance. Experimental proce-
dures involved treating milled petroleum coke powder at high carbonization temperatures
of 950 ◦C, 1100 ◦C, 1300 ◦C, and 1500 ◦C. These materials was then characterized by em-
ploying BET, SEM, XRD, and TGA analyses, before constructing them into half cells and
symmetrical cells for battery testing through cycling, CV analysis and EIS. Results indicate
that higher carbonization temperatures initially decrease the surface area but reverts to an
increase at 1500 ◦C. The crystallinity was found to increase with temperature, suggesting re-
gional graphitization at 1500 ◦C. This was further suggested in the visual insights is provided
through SEM, where particle size was observed to increase slightly with respect to treatment
temperature. The sodium storage capacity measured at 103, 114, 90 and 103 mAh/g for
materials treated at 950 ◦C, 1100 ◦C, 1300 ◦C and 1500 ◦C respectively indicate adequate
storage capability for all materials. This was further outlined with an average Coulombic
efficiency of 97 % through 50 cycles for the constructed cells. The capacitive nature of the
cells was found to be reduced slightly with increasing temperature treatment because of in-
creased reactive sites at the surface. These combined results indicate that while all materials
are suitable for use in SIBs, they present differences in material structure that affects the
electrochemical performance in different ways. Further analysis is therefore needed to es-
tablish the direct implications of these differences when used in energy storage applications.
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Chapter 1

Introduction

1.0.1 Motivation for the thesis

The burgeoning demand for energy storage solutions, along with the rapid growth of the
battery sector has sparked significant interest in exploring alternative battery technologies
to meet evolving needs. Among these alternatives, sodium-ion batteries (SIBs) have emerged
as promising candidates due to their storage capabilities and the abundance of sodium in the
Earth’s crust, which is approximately a thousand times greater than that of lithium [1], [2].
While initial developments faced challenges related to low energy density compared to their
lithium counterparts, recent advancements in materials science and electrode design have
reignited the interest in SIBs [3], [4]. The push for sustainable energy solutions, coupled
with a growing need for grid-scale energy storage and electric vehicle operation has further
fueled the advancements of SIBs, as they may be a very good solution for the challenges in
the energy storage industry.

Due to the large ionic-radius of sodium ions (0.102 nm) compared to lithium ions (0.76 nm),
graphite and other common carbonaceous anodes that are used for lithium-ion batteries
(LIBs) are of limited use in SIBs. This is because of the interlayer-spacing between the
graphite layers, which are too small for the sodium to effectively intercalate into the lattice
[5], [6]. However, hard carbons have shown great promise due to its porous structure with in-
creased spacing between the carbon layers, providing longevity and great capacity retention
through cycling [7], [8]. It has already been established that the achievable capacity from
sodium intercalation into hard carbon lies at approximately 300 mAh/g [9]. While higher
capacity values have been achieved through doping of heteroatoms, it requires a whole new
set of material synthesis procedures that will not be discussed in this thesis [10], [11]. Soft
carbon precursors have shown reversible capacities of 100-130 mAh/g with values reaching
up to 250 mAh/g with phosphorous doping [12], [13].

With soft carbons in mind, petroleum coke, a byproduct derived from oil refinery units,
presents encouraging properties for use in sodium-battery anodes due to its high-carbon
content, porous structure and low cost [14]. The material that is extracted contains a high
amount of hydrocarbon molecules and sulfuric contents with a rough surface topography, ini-
tially rendering the raw material inadequate for anode use [15]. Therefore, thermal treatment
is necessary to remove volatiles and optimize the material structure for battery applications.
While there have been investigations of the structural changes that occur with increasing
temperature in different cokes, the specific impact that higher temperature ranges have on
the electrochemical behavior of petroleum coke in SIBs remains underexplored [12], [16].
Investigating this aspect becomes particularly significant as increasing temperatures influ-
ence the morphological transformations that occur within the material, directly affecting the
electrochemical properties related to sodium intercalation.
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1.0.2 Outline of this thesis

To delve into the nuanced relationship that thermal treatment has on petroleum coke for use
in SIBs during higher temperatures, this thesis first aims to provide a theoretical framework
of the working principles that are involved in using heat treated petroleum coke for SIBs.
Through an experimental approach that utilizes various calcination temperatures within the
high carbonization range (1000 °C - 1500 °C), and analytical techniques such as thermo-
gravimetric analysis coupled with mass spectrometry (TGA-MS), Brunauer–Emmett–Teller
(BET) theory, X-ray diffraction (XRD) analysis, and scanning electron microscopy (SEM),
the report then aims to generate a comprehensive material analysis which can be reviewed
to assess the effects of high-temperature treatment on petroleum coke. The treated material
is then tested in half-cell configurations through charge/discharge cycling. A theoretical
approach is used to assess the density and porosity changes of the materials post-treatment.
Cyclic voltammetery (CV) analysis will be employed on symmetrical cells constructed with
the respective materials. Impedance measurements will also be performed on these cells
using electrochemical impedance spectroscopy (EIS). This is done in attempts to evaluate
a link between electrochemical performance and the material synthesis that was performed.
This work could hopefully yield insights capable of enhancing present-day battery designs
and contributing to the development of more efficient SIBs in the future.
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Chapter 2

Theory

2.1 The electrochemistry of SIBs and known challenges.

To understand the importance of heat treating carbon materials for SIB application, it
is essential to first understand the framework that drives the battery. A commercial SIB
contains materials and coordination compounds like sodium cobalt oxide (NaCoO2), sodium
nickel oxide (NaNiO2) and prussian blue (Fe4[Fe(CN)6]3) as cathode materials [17], [18].
Figure 2.1 illustrates the fundamental working principles of a sodium-ion (Na+) battery cell
with a hard carbon anode, NaCoO2 cathode and sodium hexafluorophosphate (NaPF6) salt
as electrolyte.

Figure 2.1: A sodium-ion battery illustrating the concept of sodium ions (green dots) moving
from the NaCoO2 cathode to the hard carbon anode through solvent molecules (blue dots) in the
NaPF6 electrolyte. The current collectors that are isolated due to the separator makes it possible
for electrons (red dots) to migrate through the external circuit. The ions and electrons migrate
towards the anode during charge and towards the cathode during discharge (Figure created with
Inkscape).

To achieve a working electrochemical system capable of reversing sodium insertion, an elec-
trolyte solution containing enough solvents must be present. The electrolyte acts as a
medium for ion transport by dissolving the salts and dissociates the ions into cations (posi-
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tively charged atoms) and anions (negatively charged atoms). This forms a solution in which
the ions can move freely between the two electrodes. The electrodes themselves should be
composed of materials capable of facilitating the reversible insertion and extraction of ions
between them. In this thesis, the electrodes consist of carbon as the negative electrode and
sodium metal as the cathode. The host material typically possess an open structure that
allows sodium to intercalate or adsorb within its lattice during charging and discharging
cycles. Additionally, a porous separator ensures the function and stability of the battery
by prohibiting electron flow, preventing short circuits, while enabling ions to pass through.
Lastly, conductive current collectors are necessary to efficiently transfer electrons through
the external circuit to the electrodes. For SIBs that use carbonaceous anodes, this ionic
transport involves the insertion and extraction of sodium into and from the carbon struc-
ture. Half-cell battery configurations are common for explicitly analyzing anode/cathode
materials, as only one electrode is acting as the working electrode, allowing for the isolated
study of the electrode-electrolyte interface and its intercalative properties. For analyzing
the anode properties, a metallic foil composed of the desired working material is used as a
counter electrode. This introduces an abundance of ions, refilling whatever ions that may
be lost to irreversible side reactions during operation. This leaves the anode material as the
only contributor to the changes that are observed during measurements. During charge (so-
diation of the anode), the anode undergoes reduction, accepting electrons from the external
circuit to intercalate sodium in the carbon structure through a reduction half-cell reaction
given by equation 2.1.

C + xNa+ + xe− ⇐⇒ NaCx, (2.1)

where Na+ represents the sodium ion that intercalates, e− is the donated electron, and C is
the carbon atom in the lattice.

During this process, the cathode undergoes oxidation and donates the electrons. This pro-
cess is reversed during discharge (desodiation of the anode), releasing the stored energy that
was used to form the intercalative bonds. The potential between the anode and cathode is
therefore influenced by their respective redox reactions which determines the cell voltage. In
a half-cell configuration, referring to the terms charge and discharge can be misleading when
in reality, they are attributed to the sodiated and desodiated state of the anode. Therefore,
the charge and discharge processes will be referred to as sodiation and desodiation of the
anode respectively for the remainder of the thesis.

As an introduction to the theoretical framework provided in this thesis, it is essential to
acknowledge the electrochemical challenges encountered in SIBs with carbonaceous anodes.
The primary issues arises from the insertion of large sodium atoms into the carbon lattice
of graphitic materials, posing difficulties in achieving a capacity range that is comparable
to other commercial battery types [19]. This insertion occurs through a wide range of
intercalation mechanisms, including adsorption at defect sites, diffusion along and between
the interlayer spacing of graphene layers, and adsorption at functional groups on the surface
[20]. The interlayer spacing of carbon materials (0.3-0.42 nm) emerges as a key parameter
affecting the intercalation process, as the larger ionic radius of sodium requires more space
to effectively integrate into the carbon lattice compared to lithium ions [21]. Additionally,
the standard reduction potential for Na+ + e− ⇐⇒ Na(s) is -2.71 V versus the standard
hydrogen electode (SHE), compared to -3.04 V for the same reaction involving lithium,
which influences the rate of ionic transfer through both the electrolyte and electrode [22].
Material properties like porosity and surface topography further dictate the rate of sodium-
ion diffusion and the associated reactions [23]. These factors are discussed throughout the
report, aimed to provide the reader with the necessary tools to follow the discussion about
the effects of high-temperature carbonization on petroleum coke for SIB application.
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2.1.1 Sodium intercalation in porous carbon

While graphite is composed of structured graphene layers capable of intercalating lithium
between the layers to a high degree, making researchers able to refer to the lithiated state of
graphite as LiCx, this direct analogy cannot be assumed so easily for sodium in porous car-
bon [24]–[27]. Porous carbon generally possess a disorganized, amorphous structure where
the availability of active pores and intercalation sites is influenced by this disordered nature.
Therefore, the sodiation mechanism in these types of carbon is more complex, and it is less
common to refer to specific states of sodiation as NaCx. Instead, the increased capacity
is attributed to a combination of sodium storage within the disordered structure and ad-
sorption at the surface and within micropores and nanopores. Therefore, the capacity is
often described in terms of the specific intercalation mechanisms rather than a specific NaCx

state. Figure 2.2 illustrates a typical sodiation curve and the corresponding intercalation
phenomena that occurs within a porous carbon material during decreasing voltage, which
better represents the stoichiometry of sodium intercalation in porous carbon.

Figure 2.2: The cell voltage profile with respect to capacity explaining the 1) Pore-filling process
where available activation sites is occupied by sodium atoms at high voltage ranges. 2) Adsorption
of sodium onto nanopore sites and within the pore structure at intermediate voltage ranges. 3)
Sodium intercalation stage allocated to insertion between the carbon layers at lower voltage ranges
(Figure is adapted with permission from Mercer et al [28]).

During initial sodiation, the majority of Na+ are adsorbed onto accessible sites within the
microstructure, filling the most reactive regions which causes the voltage to drop rapidly. As
sodiation progresses, the saturation of the surface sites is reached, causing the intercalation
to be favored towards adsorption in nanopores within the material. At the point of reaching
low voltage levels, often referred to as plateau voltage (below 0.1V), Na+ begins to interca-
late between the layers of the carbon material alongside any remaining micro or nanoporous
sites, contributing to most of the overall capacity of the anode [29], [30]. While a majority
of the measured capacity in carbons is assumed to come from the plateau voltage region,
distinctions have been observed for materials that have a significant amount of micropores
in its structure [29], [31], [32]. It is then reasonable to expect that heat treatment may
impact the formation and closing of micropores, which can impact the shape and length of
the sodiation curve. This provides to a visual way of comparing the sodiation behavior of
different temperature treatments to one another.
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As the sodiation process is reversed during desodiation, the curve in figure 2.2 is flipped 180
◦ horizontally, increasing the voltage as the ions deintercalate and move back towards the
cathode. The total capacity measured from both processes makes it possible to calculate
the Coulombic efficiency (CE), often used to describe the reversibility of the intercalation
process. The CE can be calculated by using the relation in equation 2.2.

CE =
Desodiation capacity
Sodiation capacity

. (2.2)

Since the sodiation process directly attributes to the intercalation properties of the anode
material, this equation makes it possible to track the overall efficiency of the reversible
processes over prolonged cycling. This measure serves as an indication of the longevity of the
battery, and help researchers understand if there is any change in the ongoing electrochemical
processes that are occurring over time.

2.2 Structural properties of porous carbon

It is first in the last decades that hard carbons has emerged as an attractive choice for anode
materials in SIBs, provided it has undergone some form of heat treatment to make it more
suitable for electrochemical applications [33]–[35]. The necessity for such treatment lies in
the porous structure that is formed in hard carbons when subjected to high temperatures,
enhancing its performance as the interlayer spacing and its internal porosity is optimized,
allowing for more effective sodium insertion. Given its mechanical hardness and thermal
tolerance, its imperative to understand that the resistance to morphological transformations
within the hard carbon material is governed by the chemical bonds that form as carbon
atoms become abundant. The well-established octet rule plays a vital role in shaping carbon
structures, as the four electrons in the outer shell induce the formation of robust covalent
bonds through sp1, sp2 and sp3 hybridization [36]–[39]. This configures the structure in a
disorganized manner often described by the "house of cards" model provided by Stevens, et
al, resisting further thermal breakdown [9]. It is due to these properties that hard carbons
are so inherently resistant to morphological change, and presents the amorphous and porous
material structure that is so advantageous for use in SIBs.

2.2.1 Carbonization of petroleum coke

Another aspect that promotes the incentive to thermally treat hard carbon materials is
the presence of impurities. Hard carbons often contain hydrogen, heteroatoms and sulfuric
components that tend to undergo decomposition or exfoliation from the carbon structure at
specific temperatures [40]. When subjected to high enough temperatures, the exfoliation of
these remnants leave a porous carbon structure with room for sodium storage. As briefly
mentioned before, there are studies indicating the importance of "activated-carbon sites"
through doping, outlining that naturally occurring impurities could activate intercalation
sites within the structure based on increased interlayer spacing, similar to doping processes
[41]–[43]. This becomes significant when talking about carbon materials derived from in-
dustries that is rich in heteroatoms, like petroleum coke. Petroleum coke is a soft carbon
material that has been modified due to the thermal and cracking treatment during oil re-
finery processes. Apart from being a low cost material with a high carbon weight %, its
internal structure shows promise for use in SIBs as it consists of compact C-C, C-H and
C-O-C bonds which grants it the unique property of resisting morphological change at inter-
mediate temperatures. This can cause a porous structure when heated, while also containing
a good chunk of heteroatoms for site activation [44]. During the process of carbonization,
which occurs at temperature ranges from 1000 - 1500 ◦C, volatile carbon compounds are
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expelled from the coke, causing cracking and rearrangement of the chemical bonds which
initially forms a porous structure with an open material surface [45]. Given the reasonable
suspicion of increased porosity at elevated temperatures, the density of the materials is ex-
pected to change as well. For its use as an anode in SIBs, the electrode porosity ρelectrode
can be measured by dividing the electrode weight (g) with the volume of the electrode (cm3)
using equation (2.3).

ρelectrode =
w

Vt

, (2.3)

where w is the weight of the electrode (g) and Vt is the total volume of the electrode (cm3).

The relationship between electrode density and porosity Pelectrode is given by equation (2.4).
It provides a way to estimate the porosity of electrodes based on the density of a reference
electrode made with untreated petroleum coke.

Pelectrode = 1− ρelectrode

ρref
, (2.4)

where ρref is the measured density of the reference electrode with untreated petroleum coke.

2.2.2 The electrode-electrolyte interface

At the surface of all electrodes, an electrode-electrolyte interface (EEI) is formed. The EEI
is a region where various electrochemical processes results in redox reactions and transfer
of ions and electrons between the electrode and electrolyte. This interface manifests at the
electrode surface, where it interacts with the electrolyte components like ions and solvents
[46]. When these ions and solvent molecules come into contact with the electrode surface,
they exchange electrons through electrochemical reactions. This phenomenon results in a
strong adsorption of ions at the electrode surface, creating a distinct layer known as the
double layer [47].

The Stern layer is part of the double layer formed at the electrode surface [48], [49]. It con-
sists of cations and anions from the electrolyte that are attracted to the electrode surface,
forming a charge separation layer through electrostatic forces. This layer affects how the
ions move near the electrode as a result of the imposed electric field. Together with the
diffuse layer, it creates what is known as double layer capacitance, acting like a capacitor at
the electrode-electrolyte interface, allowing charge storage within the double layer region.

2.2.3 Solid electrolyte interface formation on carbon anodes

In most electrodes involved in LIBs and SIBs, the EEI extends beyond the double layer to
include the formation of a solid electrolyte interphase (SEI) layer [50]. The formation of this
passivation layer occurs over the initial charge and discharge cycles, as the electrons at the
negative electrode react with the electrolyte components in a redox reaction. This layer is
typically composed of various organic and inorganic solvents and salt additives. The layer
is of utmost importance, as it acts as a membrane that inhibits electrons from passing but
allows for sodium ions to transfer through the film. This prevents further decomposition of
the electrolyte and provides protection against electrode degradation. There are extensive
literature reviews and quantitative analyses that discuss the impact of electrolyte additives
and ionic salts on SEI formation in SIBs [51], [52]. The main parts of discussion outline
the importance of choosing the correct electrolyte composition based on the material com-
position of the battery, as salts and electrolyte solvents react differently across materials.
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However, NaPF6 is a commonly used electrolyte salt that serves as a benchmark for most
SIBs. It provides good solubility through solvent molecules like ethylene carbonate (EC),
ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), and propylene carbonate (PC),
while being compatible with carbon materials [53], [54].

When carbons are treated at intermediate temperatures, carbon-compound filaments tend
to remain as the volatile components are expelled, introducing an inhomogeneous surface for
SEI formation, as can be seen in Figure 2.3.

Figure 2.3: The depiction of how an uneven surface topography (top) in hard carbon anodes can in-
fluence SEI formation compared to a homogeneous surface (bottom) (Figure created with Inkscape).

Studies done on SEI formation in lithium-ion cells points to structural defects which results
in a heterogeneous surface area as a large contributor to a less stable SEI layer [55], [56]. This
effect was also found in corresponding studies involving sodium [57], [58]. A comprehensive
study done by Hu, et al affirmed through collodial probe microscopy that an inhomogeneous
layer forming on the surface could negatively impact the long term cyclic efficiency and sta-
bility of SIBs [59].

Moreover, a recent review done by Zhao et al reveal the strong impact of functional groups
and heteroatoms at the surface [60]. These groups provide additional nucleation sites for
SEI formation to occur, building bridges between the carbon surface and the SEI layer.
This promotes stability and reduced impedance at the interface, which are easily overlooked
by the incentives to achieve homogeneous SEI formation. Additionally, these functional
groups then act as a highway for redox processes to occur as they are easily accessible. This
facilitates active sites for sodium adsorption and additional SEI formation over time that
could result in increased longevity. Heat treating the carbon materials at higher temperatures
will to an extent remove these groups, resulting in a flattened surface with less defects
that promotes homogeneous SEI formation [61]. Although a homogeneous area attributes
to a more stable SEI formation, it is important to note that the corresponding change in
available pore structure on the surface interface are a vital aspect that needs to be considered
when optimizing electrochemical performance, as these too might impact SEI formation by
presenting additional reactive sites on the carbon surface [62]–[64].
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2.2.4 Graphitization degree and interlayer spacing of carbons

Carbonaceous materials are often referred to as graphitizable or non-graphitizable, which re-
lates to what degree of structural ordering can be achieved through temperature treatment.
As briefly mentioned, hard carbon have a disorganized structure composed of cross-linked
C-C planes and heteroatomic bonds through hybridization. This renders the material re-
sistant to thermal breakdown. Soft carbons do not generally fit the same description, but
have a rather organized structure which is prone for further graphitization. While it is com-
mon to refer to hard carbons as non-graphitizable, it is important to note that much like
soft carbons, hard carbon materials contains composites that can be partially graphitized
as the constant realignment of C-C, C-H and C-O-C bonds takes place over the prolonged
duration of heat treatment processes [65], [66]. Therefore, the distinct difference between
soft and hard carbon materials is the increased resistance to morphological changes, both
through mechanical stress and thermal breakdown as a result of their porous structure and
cross-linked planes. Due to this, the internal porosity and disorganized cross-planes will
remain even at temperatures well over 3000◦, resulting in hard carbons being referred to as
non-graphitizable [67].

Carbons like petroleum coke will experience a regional breakdown of C-C bonds even during
carbonization, causing sites within the structure to be exposed to formation of graphitic
domains. This change can to some extent enhance the insertion of sodium ions. The d-
spacing may initially increased due to stress graphitization as well as introducing an open
pore structure, facilitating ion-insertion between the parallel graphitic domains and available
active sites [68]–[70].

A frequent way to determine the interlayer spacing (d-spacing) is through X-ray diffraction.
The technique involves beaming a crystalline sample with a given X-ray wavelength (λ) which
yields a diffraction angle (θ) based on the crystalline properties of the material, creating a
diffraction pattern that can be analyzed to determine the distance between the atomic planes
[71]. The relationship between the diffracted beam and the d-spacing is given by Bragg’s
Law (2.5).

nλ = 2d sin θ, (2.5)

where n is the order of interference (normally n = 1) and d is the d-spacing given in Angstrom
(0.1 nm).

Interlayer spacings are characterized by Miller indicies (dhkl), which describes the orientation
of the atomic planes relative to the crystal lattice. For carbon materials, the d002-spacing
refers to the distance between the graphitic layers in the hexagonal lattice. Planes indexed as
(d100) and (d101) correspond to in-plane atomic arrangements and cross-linked C-C planes,
respectively, providing insights into the structure and degree of crystallinity of the material
[72]. By analyzing the positions and intensities of the peaks in the XRD pattern, one can get
an idea of the structural properties of the material, such as degree of graphitization. This
makes XRD a powerful tool for characterizing carbon-based materials and understanding
their crystalline properties.

Petroleum coke as a soft carbon can be graphitized to an extent where pores start to col-
lapse, as the constant stress from increasing temperature will break the cross-linked carbon
bonds, causing them to realign into more structured configurations. As the d-spacing in the
carbon lattice decrease and the active sites are closed off as a result of this change, it be-
comes increasingly difficult to insert and extract sodium within the structure during battery
operation, leading to a point where additional graphitization is unfavorable [73], [74].
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A measure for investigating the structural changes within the material is the approximation
of the closed pore volume V (cm3/g), given by equation 2.6.

V =
Q · 3.6A

ρF
, (2.6)

where Q is the specific capacity (mAh/g), A is the molar mass of sodium (23g/mol), ρ is the
density of sodium metal (0.97g/cm3) and F is Faraday’s constant (96500 C/mol).

This method of calculation is derived from a similar line of work conducted by Biwei Xiao et
al, and the incentive emerged in attempts to verify porosity change with increasing temper-
ature [75]. The equation is estimated from the pore-filling model, initially used to provide
a rough estimation of capacity based on adsorption and clustering of sodium ions based on
Faraday’s laws of electrolysis [76], [77]. It is then introduced in the space-filling model from
the previous figure 2.2 in section 2.1.1, assuming that Na+ attach onto the surface of present
pores which can be used to estimate the closed pore volume based on capacity [78]. While
this equation does prove valuable for estimating the closed pore volume, it contains some
uncertainties. Assumptions of ideal behavior and homogeneous pore size may not accurately
reflect the real conditions that is occurring. Additionally, the validity of the pore-filling
model and potential measurement errors could further contribute to uncertainties in the
results.

2.3 Instrumental methods of analysis

2.3.1 Brunauer–Emmett–Teller theory

As previosuly discussed, the surface topography of the anode material used for SIB appli-
cation is of high importance, as sodium intercalation on active surface sites attribute to a
good portion of the total achievable capacity. Therefore, assessing measurements regarding
surface properties becomes particularly important for determining the changes that occur
during carbonization. A frequent way of measuring the total surface area of a material is
through Brunauer–Emmett–Teller theory. The method was constructed by Brunauer, Em-
mett and Teller in 1938, which utilized gas adsorbent properties at different pressure values
to get an overview of the adsorption characteristics of multimolecular layers in the material.
This was done by incorporating what is now known as the BET-equation (2.7) [79].

p

v(p0)− p)
=

1

vmc
+

c− 1

vmc
(
p

p0
), (2.7)

where v and vm is the quantity of adsorbed gas and the monolayer adsorbed gas respectively,
p0 is the saturation pressure of the adsorbate, p is the equilibrium pressure of the adsorbate,
c is the BET-constant = exp(E1−EL

RT
), E1 is the heat of adsorption for the first layer and EL

is the heat of vaporization.

The equation is derived from the assumption that gas molecules form a monolayer on the
surface of the solid material. It relates the quantity of gas adsorbed at a given pressure to
the properties of the surface, forming the relation in equation (2.8)

St =
vmNs

V
, (2.8)

where St is the total surface area of the sample material (m2), N is Avogadro’s constant
(6.022 · 1023/mol), s is the cross sectional area of adsorbed molecules and V is the molar
volume of adsorbed gas.

10



By further dividing the total surface area by the mass of the sample, one obtains the specific
surface area of the material also known as the BET surface area (BET-SA). It is recognized
that the model face limitations when applied to microporous materials due to assumptions
regarding monolayer adsorption. Uncertainties surrounding monolayer capacity, surface uni-
formity, and the influence of micropore filling, could potentially lead to overestimated surface
areas, particularly in materials with complex structures like hard carbons [80]–[82]. How-
ever, the model remains as one of the most common methodologies to effectively estimate
material surface area to date.

2.3.2 Cyclic voltammetry

To further investigate the materials capability of hosting sodium, one can employ a technique
known as a cyclic voltammetry (CV) to determine the reduction-oxidation (redox) reactions
that occur at a given potential. Figure 2.4 illustrates the concept of CV. By applying a scan
rate (mV/s) from an initial voltage (E1), one can map the current response in a redox-plot
from E1 to the switching voltage (E2) and the reverse sweep back to E1.

Figure 2.4: a) Shows the voltage sweep curve, where the scan starts at the initial potential E1

at point (A) before reaching the switching voltage E2 at point (D) and reversing back to E1 (G),
completing the cyclic voltammetry scan. b) Displays a common redox-reaction plot as a result of
the voltage sweep (Figure used with permission from Elgrishi et al [83]).

The method is governed by the ion transport through the electrolyte and diffusion into
the electrode. Nernst equation (2.9), which relates the equilibrium potential of an electro-
chemical cell to the concentration of ions participating in the cell reaction, can be used to
observe the system response in cyclic voltammetry by describing how the redox-reactions of
electroactive species changes with applied potential.

E = E0 − RT

nF
ln

(Ox)

(Red)
, (2.9)

where E and E0 is the cell potential and the standard cell potential respectively, R is the gas
constant (8.314 J/mol·K), T is the temperature in Kelvin (K), n is the electrons transferred
in the cell reaction and Ox and Red is the oxidized and reduced analyte components at
equilibrium.

The equation is extended from Fick’s laws of diffusion and describes how the system response
in a CV analysis depends on factors such as the concentration of the electroactive species,
the scan rate, and the diffusion coefficient [84], [85]. As the scan rate increases, the diffusion
layer becomes thinner as the imposed electric field leads to more rapid transport of the
electroactive species, which consequently increases the current response [86], [87]. However,
as mentioned in a comprehensive guide for CV analysis provided by Elgrishi, et al, the
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electrode-adsorbed species may cause deviations in the observed current response, resulting
in an additional term that can be used to describe the observed CV results, given by the
modified equation (2.10) [83].

ip =
n2F2

4RT
vAΓ, (2.10)

where ip is the redox peak current, v is the scan rate (mV/s), A is the electrode area (cm2)
and Γ is coverage of the adsorbed reactants on the surface (mol/cm2).

This equation relates the variation in observed current response to the surface-adsorbed
species, suggesting that quasi-reversibility or large deviations could be attributed to electron
transfer via surface adsorption. Elgrishi et al further mention that if there is no peak-peak
separation, which is expected to be present, it could be an indication of adsorbed species at
the surface [83]. This is an important notice, as the varying surface topographies encountered
in the material synthesis of carbon could directly affect the results observed in this analysis.

2.3.3 Electrochemical impedance spectroscopy

One powerful technique for characterizing the processes occuring at the EEI is electrochemi-
cal impedance spectroscopy (EIS). EIS is a non-destructive technique that involves applying
a small alternating voltage or current amplitude signal through the cell and measuring the
resulting impedance (Z) response across a range of frequencies. The impedance of an elec-
trochemical cell can be given by equation (2.11) [88], [89].

Z(ω) =
Ṽ (ω)

Ĩ(ω)
= | Ṽ (ω)

Ĩ(ω)
|(cosθ(ω) + jsinθ(ω)) = Zr + jZj, (2.11)

where ω = 2πf is the angular frequency, θ is the phase angle between the voltage and the
current and Zr and jZj is the real and imaginary part of the resistance respectively where
j =

√
−1.

The imaginary part of the impedance is inversely proportional to the capacitance (C) at a
given frequency through the relation

ZIm = − 1

2πfC
. (2.12)

Given that the capacitance of the cell does not change significantly during the scan, different
parts of the battery can be selectively analyzed by varying the frequency range. At high
frequencies (MHz-kHz), EIS primarily targets the series resistances, which involve electrode
contact resistances with the current collector and the electrolyte [89]. In the mid-frequency
range (kHz-Hz), EIS provides information about the properties of the SEI layer. This is
because the intermediate frequencies are slow enough to allow for the polarization effects
associated with the SEI layer to become apparent but fast enough that the diffusion process
does not overshadow this effect [88]. At low frequencies, typically below 1 Hz, EIS investi-
gates the behavior of the EDL at the EEI. These processes involve the slower diffusion of
ions through the electrolyte, which is limited by solvent reaction rates, thus requiring low
frequencies for accurate analysis[90].

This detailed insight is essential for understanding the electrochemical performance of elec-
trodes. It also serves as a tool to compare the suitability of different electrode materials,
as their impedance may vary depending on material composition and structural properties.
By analyzing the impedance spectra across these frequency ranges, researchers can optimize
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electrode materials for better performance in various applications.

A common way of presenting EIS data is through Nyquist plots, which plots the imaginary
part of the impedance (-Im) against the real part of the impedance (Re). The Nyquist
plot provide different features such as semicircles and straight lines as shown in figure 2.5,
which can be characterized through the frequency ranges discussed previously to achieve an
understanding of the introduced impedance from each component in the battery.

Figure 2.5: The imaginary (-Zim) and real (Zre) part of the impedance represented in a Nyquist plot.
The semi-circle part of the black curve is attributed to the internal resistances given by the electrode
resistance and the electrolyte resistance. The steep 45 ◦ slope at decreasing frequencies attribute
to the diffuse layer resistance and ion diffusion properties, indicating the capacitive behavior of the
cell. At very low frequencies, the impedance response is mostly influenced by diffusion, resulting in
the vertical line that can be seen at the end of the plot (Figure used with permission from Mei et
al [91]).
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Chapter 3

Experimental

3.1 Material synthesis

Petroleum coke milling and BET-analysis

The untreated petroleum coke provided by Equinor (Mongstad, Norway) was milled down
to a powder by Vianode (Kristiansand, Norway). Vianode also conducted the BET-analysis
on the calcined materials to assess the surface area and adsorption characteristics of the
materials. Specifics regarding the particle size distribution (PSD) for the materials will be
discussed with the BET results in section 4.1.

Material heat treatment

The heat treatment of the material was performed using a PFT-16 Lenton Thermal tube
furnace manufactured by Lenton Thermal Designs (now under Carbolite Gero Ltd, Sheffield,
UK), with a maximum operating temperature of 1600 ◦C. In contrast to the industrial
approach of rapid heating, a controlled heating and cooling rate of 2 ◦C/min was employed
in an argon atmosphere to thoroughly remove impurities and provide a rigorous treatment
process. To gain insight into the carbonization process at various stages, calcination was
carried out at temperatures of 950, 1100, 1300, and 1500 ◦C. The heating process was done
by first heating up to a set temperature at 2 ◦C/min and then a hold time for 1 hour. The
cooling process was done by convection at air temperature, where the oven would occasionally
produce heat to assure the cooling process did not go below 2 ◦C/min to avoid thermal shock
on the alumina RCA pipe (Carbolite, Sheffield, UK) where the samples were inserted. The
treated sample was then extracted before the next sample was inserted and treated at a
different temperature in the same way. The selection of these temperatures allowed for
comprehensive observation of the pre-carbonization, carbonization, and end-carbonization
phases. To avoid confusion, the material samples will be referred to as CC-950, CC-1100,
CC-1300 and CC-1500 based on their calcination temperature respectively hereafter.

Thermogravimetric analysis/mass spectrometry setup

The thermogravimetric analysis/mass spectrometry (TGA-MS) was performed by using a
TGA/DSC 3+ apparatus from Mettler Toledo (United States, Colombus, Ohio) connected
to a HPR-20 R&D mass spectrometry system from Hiden Analytical (Warrington, UK).
The different powders was loaded into small alumina crucibles with a similar weight of
approximately ± 30 mg. The software STARe and MASoft10 was used to extract the results
from TGA and MS respectively. Initially, the plan was to execute the TGA-MS experiments
at 1600 ◦C under an argon atmosphere to prevent any additional reactions in the material.
However, due to glass formation on the sensor from previous experiments, the temperature
range was limited to 900 ◦C to avoid further damaging the instrument. Because of this, an
alternative method was employed by heating the material up to 900 ◦C with a heating rate
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of 15 K/min in an oxygen rich atmosphere at 50 ml/min, aiming to create a comparative
analysis of its various components through combustion of the material.

Material characterization through SEM and XRD

SEM analysis of the different samples was conducted by Equinor at their research center in
Rotvoll (Trondheim, Norway). Imaging of both a powder sample and an electrode sample
of the different materials was done at 500x, 1000x and 3000x magnification with an electron
high tension (EHT) value of 20 kV and a working distance (WD) of 5.3 - 5.6 mm.

The XRD was performed with a XRDynamic 500 from Anton Paar (Graz, Austria) equipped
with a fixed sample stage using petroleum coke powder. A Cu Kα wavelength of 0.154 nm
with a scan length of approximately 15 minutes for each material was utilized. The data
was collected and made presentable with the XRDview software. It was later discovered
that the analysis was conducted by using a divergent beam method, which involves adding a
reference standard material like silicon powder to observe the degree of graphitization. This
was not done, and the sample was prepared with petroleum coke powder only, introducing no
reference standard for peak shifts to be observed. The XRD results will therefore not be able
to conclude anything about the change in interlayer spacing and degree of graphitization,
but will still be able to shed light on the change in crystalline structure.

3.2 Electrochemical testing

Electrode slurry composition and coating

The slurry was made with a 90:5:5 wt % ratio, composed of 90 % petroleum coke powder, 5
% carbon black (C65 from Gelon Lib, China) and 2.5 % carboxymethyl cellulose (CMC from
Gelon Lib, China) in combination with 2.5% styrene butadiene rubber (SBR from Gelon Lib,
China) respectively. The mixing procedure for the slurry was initiated using a ARM-310CE
Thinky Mixer by firstly thoroughly mixing the dry powders at 500 RPM for 2 minutes before
adding the solvents. Deionized water was used as a solvent to prevent the introduction of
impurities and was continuously added in small doses between mixing of 2000 RPM for 1
minute until achieving sufficient balance in terms of liquidity and viscosity. The SBR was
added at the end and mixed at 500 RPM to avoid thermal decomposition.

The slurry was coated on a copper foil with a TMAX-MS-ZN320B coating machine, applying
a 100 µm wet thickness by using an Erichsen D-58675 Model 360 coating bar (Germany)
capable of a coating thickness up to 200 µm. The coated foil was dry heated at approximately
80 ◦C overnight to remove the water contents. The electrodes were punched at a diameter of
16 mm, resulting in an electrode area of approximately 2.01 cm2. The active material loading
of treated petroleum coke for the cells varied between 2.5 mg/cm2, 2.54 mg/cm2, 2.3 mg/cm2

and 1.6 mg/cm2 for the materials at 950 ◦C, 1100 ◦C, 1300 ◦C and 1500 ◦C respectively. The
electrode thickness was measured at approximately 60 µm for all cells with an error margin
of ± 2 µm (5%) by using a micrometer (293-230-30 series) from Mitutoyo (Japan).

Half-cell construction and testing

Prior to testing, the respective capacity of the cells were calculated by using the theoretical
specific capacity of sodium in hard carbon (≈ 300 mAh/g). The capacity was then calculated
by multiplying the theoretical capacity with the active material weight measured for each
respective cell. Cell construction was conducted and tested at the Institute for Energy Tech-
nology (IFE) (Lillestrøm, Norway). The electrodes were heated at 120 ◦C in an antechamber
at vacuum for 8 hours before being transported into a glove box. The construction of the
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half cells was done in an argon atmosphere, where the petroleum coke anode, a 25 µm mi-
croporous Celgard 2400 membrane (17 mm) with 55 % porosity, 60 µl of 1 M NaPF6 EC:PC
(50:50) electrolyte and a piece of sodium foil of 140 µm thickness was attached to a 1.5
mm spacer and compressed with approximately 5 MPa of crimping pressure, with a stack
pressure of 1.3 bar. The cells were put on formation cycling within 24 hours at C/20 for
three initial cycles between 0.005-1.5 V using a BioLogic BCS-810 tester (BioLogic, France).
The cells were then left to cycle at C/10 for a total of 50 cycles. Results were interpreted
and made presentable through the coding software Python.

CV analysis and impedance measurements

To perform the CV-analysis, two symmetrical cells of each material were constructed to
limit the source of error, using two approximately identical electrodes. In contrast to the
half cells, the symmetrical cells were constructed by exchanging the sodium metal foil with
a petroleum coke anode, using the anode material as both the working electrode and the
counter electrode. Additionally, 50 µl of LiPF6 electrolyte from Gotion (China) with a 3:7
ratio of EC:EMC respectively was added as there was no inventory containing NaPF6. The
CV scan was performed in a BioLogic-VMP-3e tester (BioLogic, France) with a scan rate
of 10 mV/s, 50 mV/s and 100 mV/s in a cyclic scan from -2 V to 2 V. The impedance
measurements was done by applying a sinusoidal amplitude of 10 mV from 200 kHz to 0.1
Hz at -0.2 V - 0.2 V. The results were analyzed and presented through the EC-Lab software
from BioLogic.

3.3 Normalized data and uncertainties

Material loading of half cells

A normalization approach was used to better compare the cycling data, as the decline in
the mass loading for CC-1300 and CC-1500 was believed to be a result of the elevated
temperature treatment that increased material porosity. Consequently, applying a similar
solvent content to more porous materials yields a more fluid solution, creating a greater
dispersion of particles within the solvent, contributing to reduced mass loading. To better
compare the cells based on the same amount of active material, a normalization approach was
applied, where the capacity measurements were normalized to the mass of active material in
each electrode. This allowed for a more direct comparison of the electrochemical performance
of the materials while accounting for the differences in mass loading. The approach makes
the assumption that there is a linear relationship between the loading and the observed
capacity. This is clearly not the case, as the capacity is affected by several factors like
porosity, reactive surface area and impurity content as discussed previously. To support the
hypotheses of reduced mass loading due to increased porosity, the average thickness of 10
electrodes was measured from each material, which turned out to be approximately 60 µm
for all the electrodes. Further calculations lead to the same results of lower mass loading
with respect to elevated temperature, affirming the initial suspicion regarding the porosity.
It is therefore important to treat the normalized data with caution, as the capacity is not
linearly affected by the amount of active material.

Porosity calculations and assumptions

In attempts to provide additional information regarding the porosity, a theoretical approach
was made to estimate the total and open pore volume of the electrode. Given the inverse
relationship between density (g/cm3) and closed pore volume (cm3/g), the conversion from
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density (g/cm3) to total pore volume (cm3/g) was done with equation 3.1.

Total pore volume of electrode =
1

ρelectrode
=

1

g/cm3
=

cm3

g
(3.1)

This provided a way of estimating the open pore volume by subtracting the closed pore
volume from equation 2.6 from the total pore volume. While this introduces additional un-
certainties due to the fact that the closed pore volume is derived from several assumptions,
it resulted in an additional metric to compare structural changes. It is advised that these
calculations are analyzed with this in mind, as the methods may over/underestimate the
actual porosity of the electrodes.

Additionally, several electrodes of the untreated petroleum coke was made to obtain the
density of the reference electrode needed for equation 2.4. This was done using the same
slurry and coating procedure as the other electrodes. The active material weight of the
electrodes and their thickness was then measured at average to obtain the density of the
reference electrode. This was further used for the porosity calculations presented in the
result section. It is important to note that this measures the porosity based on the density
of the untreated petroleum coke sample from Equinor as a reference electrode. This density
may vary significantly across different types of cokes due to variations in their manufacturing
processes.

Internal resistance measurements

A current pulse step corresponding to the C/10 rate was applied to the half-cell batteries
for 1 millisecond in between each sodiation and desodiation stage, measuring the system
response in attempts to get internal resistance measurements between cycling. The method
was employed at IFE and resulted in limited insights to the methodology of the measurement.
It is also acknowledged that this method of determining internal resistance within a half cell is
very uncertain due to the large resistive interaction of the sodium metal, limiting the insight
of the anode resistance within the cell. Further, a small current pulse of 1 ms may be largely
attributed to the separator only, introducing additional uncertainties to the measurements.
Because of this, the results was excluded from the main discussion, but presented in appendix
A to act as supporting information, which could help explain some key observations.

Redox-behavior and impedance measurements

The use of LiPF6 in the symmetrical cells affect the way solvents and ions react with the
electrode during redox-processes compared to NaPF6. The sodium ions posses different
reaction rates and energy levels due to their increased mass and radius, which affect the
observed results for both CV and EIS measurements. These results will therefore not depict
an exact observation of what will be happening during sodiation and desodiation, but will
still prove as a useful tool to compare the redox properties between the cells.
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Chapter 4

Results and discussion

4.1 Structural changes after carbonization

4.1.1 Changes in surface area and particle size using BET

Treating the petroleum coke at increasing temperatures adheres to initially reduced surface
area, as shown by the BET-SA presented in table 4.1. A high C-constant is linked to the
adsorption process being dominated by multilayer adsorption that is typically a result of in-
creased interaction strength between the adsorbate and adsorbent [92]. Conversely, smaller
C-constant values that are observed at lower carbonization temperatures tends toward mono-
layer adsorption, corresponding to a weaker interaction.

Table 4.1: BET results with the BET-SA (m2/g), C-constant and particle size distribution (PSD)
(µm) for the petroleum coke samples at their calcination temperature respectively. The PSD of
the untreated coke is provided to see the temperature effects on particle size relative to no heat
treatment.

Sample BET-SA C-constant PSD-D10 PSD-D50 PSD-D90 PSD-D95 PSD-D99
CC-untreated - - 5.2 12.7 23.1 30.8 34.8
CC-950 1.1744 214.929 5.4 12.3 22.1 26.6 39
CC-1100 1.0836 300.41 4.9 11.9 21.9 26.9 42.7
CC-1300 1.0803 724.78 4.8 11.8 21.7 26.7 42.4
CC-1500 1.1108 708.55 4.81 11.8 21.82 26.89 42.92

The results show that CC-950 presents a high surface area relative to the other samples,
which could potentially be due to carbon-compounds in the form of strands and filaments
at the surface that have not yet been scorched and expelled at this temperature. This
attributes to a larger surface area and therefore explains why the adsorption relation is
favored towards monolayer adsorption. The reduction of BET-SA for CC-1100 aligns with
this notion, as the C-constant is increased slightly in response to this change. For CC-1300,
the gas adsorption interaction is highly dominated by multilayer adsorption, believed to be
a result of both a refined surface, which is indicated by the reduced BET-SA, and a slightly
increased internal porosity as a result of higher temperature treatment. CC-1500 presents a
small increase in surface area with slightly reduced multilayer adsorption relative to CC-1300.
The exact reason for this is not known, but could be attributed to formation of open pores
at the surface with introduced graphitic domains as a result of particle fusing. The presence
of these domains could be aligned with the slight increase in PSD data, perhaps induced
once the temperature reaches an adequate range for regional graphitization to occur. The
BET C-constant is a measure of adsorbate onto the adsorbant, which includes micropores
and mesopores. Therefore, it can be proposed that the shift in CC-1500 can be a result
of increased microstructure, which correlates well with the trend at 1300 ◦C and previous
research on carbonaceous materials [93], [94].
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4.1.2 Crystalline properties indicated by XRD-analysis

To analyze the change in d-spacing over the course of elevated temperatures, an XRD analysis
was done on four powder samples from the different petroleum coke materials. The results
is presented in figure 4.1 and outlines the intensity (counts) of the diffracted radiation with
respect to the diffraction angle (2θ). The three distinct peaks that are shown can be assigned
to the interlayer-spacing (d002), the in-plane atomic arrangement (d100) and the higher order
reflections of the d002 plane (d004) respectively [95].

Figure 4.1: The intensity (cts) measured for the different materials at certain diffraction angles (2θ)
during the XRD scan. The peaks for CC-950 (green), CC-1100 (blue), CC-1300 (red) and CC-1500
(black) are marked with their respective d-plane orientation given by Miller indices. The utilization
of the divergent beam method results in no measured peak shift in the diffraction angle. The only
significant change through the different samples is the increased intensity of the three materials
treated above 1000 ◦C and the reduced width of the d002 peak for CC-1500.

The peaks corresponding to the specific planes remain at the same 2θ position regardless of
the treatment temperature because of the method used. Although it is not present here, a
slight peak shift can be seen for some materials treated over large temperature ranges, indi-
cating increased/decreased d-spacing. Using Bragg’s equation (2.5), the interlayer spacing
corresponding to a 2θ angle of 26.5◦ was calculated to be approximately 0.34 nm, closely
corresponding to the interlayer-spacing observed for carbon black, which is to be expected
[96], [97]. The width and intensity of the peaks can be used to understand how the crys-
talline structure is changing over elevated temperatures. Broad peaks generally indicate
smaller crystallite sizes, as small crystals results in the diffraction peaks to become broader
due to the increased range of diffraction angles [98], [99]. CC-950, CC-1100 and CC-1300
shows broader peaks compared to the high temperature-treated sample at CC-1500. The
increased intensity and narrowing of the peak for CC-1500 suggest a higher crystalline struc-
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ture. This aligns with the typical behavior of carbon materials discussed previously, where
higher temperatures facilitate graphitization, leading to more well-defined crystal structures.
The degree of graphitization can be investigated further by utilizing the correct method in
order to gain insights to how the d002 spacing is affected for this material.

4.1.3 Mass reduction dynamics from TGA-MS

The TGA-MS results showed no variation between the impurity contents expelled from the
materials. The relative change in mass during the combustion process presented in figure
4.2 were vastly different between CC-950, CC-1100, CC-1300 and CC-1500 respectively.

Figure 4.2: The TGA results showing a) The change in weight percentage over increasing tempera-
ture for the different materials. There is a clear indication of reduced combustion rates for materials
treated at higher temperatures. b) The derivative of the curves, highlighting the respective change
in mass over the same period.

The results make it clear that the petroleum coke that was treated at higher temperatures
are less reactive in the combustion process during TGA. Although the reaction initiates at
approximately 400◦C for all samples, the entire process decreased the CC-950 weight by
approximately 50%, while CC-1500 only decreased by 25%. Consequentially, all samples
follow the same trend, indicating that the difference in their rate of combustion lies in the
composition of the material. It is likely that this is due to the removal of carbonaceous
components during elevated temperatures. At higher temperatures, the removal of func-
tional groups lead to a porous structure with less reactive components, limiting the rate
of combustion through the material. Additionally, the increased porosity might contribute
to enhanced heat dispersion, lowering the active temperature in the internal regions of the
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material. Lastly, the strong graphitic domains that are formed and connected through C-C
and C-O-C bonds at higher calcination temperatures act as robust modifiers, increasing the
energy needed to break the disorganized bonds into more refined layers. This could also
attribute to reduced reactivity during combustion.

4.1.4 Visual differences indicated by SEM

Following the BET and TGA results, SEM imaging of the four materials was done at a
range of magnifications in attempts to verify the discussed hypotheses. Figure 4.3 display
the imaging of the powder samples at 1000x magnification.

Figure 4.3: SEM imaging of the powder samples corresponding to CC-950 (top left), CC-1100
(top right), CC-1300 (bottom left) and CC-1500 (bottom right) at 1000x magnification scale. The
overview image allows for the visual comparison of the particle structure following elevated treatment
temperature.

The direct observation of these images presents a few noteworthy differences between the
four samples. As a guide for the naked eye, a small indication of increased particle size can
be made when comparing CC-950 with CC-1500. Additionally, the angular features of the
particles following treatment temperatures above 1000 ◦C more prominently outlines the par-
ticle edges compared to CC-950, which could be connected to the increased crystallinity that
was indicated by the XRD results. However, this visual interpretation could be attributed to
this restricted part of the sample only, and provides limited observable differences in the par-
ticle structure between the four materials. An automated approach using analytical software
tools to determine the observed particle size difference is recommended for further research
to mitigate the uncertainties introduced by simply observing these results, as human error
and cognitive bias may contribute to a subjective interpretation.
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4.2 Electrochemical performance evaluation

The first sodiation of the half cells is analyzed in detail through a V (Na/Na+) vs specific
capacity (mAh/g) plot and a dQ/dV plot shown in figure 4.4. The plots presented in figure
4.5 provide insight to the sodiation/desodiation-behavior for the three initial cycles.

Figure 4.4: a) The comparison of the first sodiation process for CC-950 (blue), CC-1100 (orange),
CC-1300 (green) and CC-1500 (red), where the reduction of sodiation potential is observed to be
proportional to materials treated at higher temperatures. b) The dQ/dV plot of the same process
to better visualize the intensity of the capacity change at certain votages.

Figure 4.5: The initial sodiation (blue line), 1st cycle (orange line), 2nd cycle (green line) and
3rd cycle (red line) for the cells constructed with petroleum coke, showing the change in Specific
Capacity (mAh/g) over Voltage (V vs Na/Na+) for the materials treated at a) 950 ◦C b) 1100 ◦C
c) 1300 ◦C and d) 1500 ◦C.

22



All cells show stable sodiation and desodiation behavior with an acceptable sodiation capac-
ity of 103 mAh/g, 114 mAh/g, 90 mAh/g and 103 mAh/g at the end of the third cycle for
CC-950, CC-1100, CC-1300 and CC-1500 respectively. Although CC-1300 presents slightly
reduced sodiation capacity compared to the other cells, it contains the least amount of
hysteresis during sodiation and desodiation, indicating reduced irreversible processes. The
observed sodiation voltages (0.55 V, 0.45 V, 0.25 V, and 0.18 V) at the initial sodiation cycle
indicate that the sodiation process starts at lower potentials for the petroleum coke treated
at higher temperatures. This suggests that the coke treated at higher temperatures exhibits
improved sodiation kinetics, as surface refinement and pore accessibility could facilitate eas-
ier transport of sodium into the carbon structure at lower potentials. This is highlighted by
the dQ/dV plot, where a significant portion of the change in capacity is assigned to the lower
voltage levels for CC-1300 and CC-1500 compared to CC-950 and CC-1100. Notably, the
sodiation process in the following cycles is occurring at higher voltages due to the formation
of SEI at the surface, which introduce additional resistance for sodium to intercalate. This
is also the reason for the reduced specific capacity measured at the 2nd and 3rd sodiation
cycle, as initial SEI formation occupy physical space on the surface, reducing the reactive
surface area composed of active sites available for sodium storage in the subsequent cycles.

The transition from an S-shaped curve at higher potentials for CC-950 to a flat L-shaped
curve at lower potentials for CC-1500 in the initial sodiation step suggested improved inter-
calation kinetics with rising calcination temperatures. To validate these results, the sloping
capacity (above 0.1V) and plateau capacity (below 0.1 V) for the third cycle was analyzed.
At this stage, the majority of the initial SEI formation should be complete, allowing the
capacity to be assigned to the intercalation mechanisms. Table 4.2 refers to the change in
the contribution of sloping and plateau capacity that was measured during the third cycle.

Table 4.2: The sloping capacity (capacity measured above 0.1 V (Scap)) and plateau capacity
(capacity measured below 0.1 V (Pcap)) recorded from the third cycle for each cell. The Pcap

contribution refers to the percentage of capacity that is attributed to the plateau voltage region
with respect to the total sodiation capacity.

Sample Scap(mAh/g) Pcap(mAh/g) Pcap contribution
CC-950 83 20 19%
CC-1100 88 26 23%
CC-1300 65 25 28%
CC-1500 65 38 37%

It was found that the plateau capacity contribution gradually increase in proportion to higher
calcination temperature. The initial plateau capacity contributed 19 % of the total measured
sodiation capacity for CC-950 and 37% for CC-1500.

In similar work, Shen Qiu, et al provides experimental evidence to conclude that this change
in plateau capacity contribution comes from sodium insertion within the graphene layers,
which was also found several other studies [22], [29], [30], [100]–[102]. Although measure-
ments at higher calcination temperatures are lacking, the notion of increased crystallinity,
porosity and sloping capacity at 1500 ◦C strongly suggests that regional graphitization effects
are occurring. Further investigation of this relationship at higher calcination temperatures
is therefore recommended to get a better overview of this effect.
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4.2.1 Density and porosity changes following heat treatment

The density, porosity and closed pore volume of the electrodes from equations (2.3), (2.4)
and (2.6) was calculated using the capacity from the cycling results. Figure 4.6 presents
the comparison of the calculated density to porosity and the pore volume contribution for
the electrodes with a ± 5% error margin to account for uncertainty regarding thickness
measurements.

Figure 4.6: a) The respective density and porosity comparison of the electrodes constructed with the
different materials as a result of temperature treatment with 5% error margin. b) The comparison
of open and closed pore volume in the electrodes with 5% error margin.

From these results, it is clear that the density and porosity are inversely related, which is to
be expected. This inverse relationship helps explain observed the variation in mass loading
during half-cell construction. Naturally, the estimation of open pore volume is higher for
materials with greater porosity. This increase in porosity is accompanied by more voids,
as a result from the reduction in active material density due to the heat treatment of the
material, which exfoliate impurities.

The closed pore volume was calculated to be 0.328, 0.363, 0.287, and 0.328 cm3/g for CC-950,
CC-1100, CC-1300, and CC-1500, respectively. This suggests that the closed pore volume
remains relatively constant through most of the heat treatment process. The decrease in
closed pore volume observed at 1300 °C could indicate some form of structural collapse. A
study by Li et al. found that a decrease in closed pore volume was associated with decreased
reversible capacity in porous hard carbon materials [23]. The discussed intercalation mech-
anism related to pore filling and adsorption in the carbon layers around closed pores could
help explain this behavior. However, the slight reduction in this single sample is not enough
evidence for this to be a conclusive explanation. Further complementary work is therefore
needed to verify this relation.

4.2.2 SEI formation and Coulombic efficiency

Another aspect that is worth discussing is the SEI formation during the initial cycles and
the CE over prolonged cycling. Like the plateau capacity, the capacity percentage assigned
to the formation of SEI for the three initial cycles was found to be increasing with elevated
temperature. By using equation (2.2), the SEI formation during the three initial formation
cycles resulted in 12.5%, 14%, 18.3% and 22.5% uptake of the total capacity for CC-950, CC-
1100, CC-1300 and CC-1500 respectively. The increased SEI formation could be attributed
to a more homogeneous surface as a result of elevated temperatures, as mentioned in section
2.2.3, creating a uniform layer across the surface with equal thickness [103]. Additionally,
the increase of open pore volume as discussed previously, might introduce additional reactive
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sites for the formation of SEI to occur at the carbon surface.

While the majority of SEI formation occurs during the initial cycles, additional SEI may
form over prolonged cycling in unprotected regions as a result of inhomogeneous formation.
Figure 4.7 presents the measured Coulombic efficiency over the course of 50 cycles.

Figure 4.7: The Coulombic efficiency (%) presented for each cell over the course of 50 cycles. The
low CE at the first cycle is assigned to the formation of SEI, which can be seen to decrease in
proportion to higher treatment temperatures.

The initial CE was calculated to be approximately 71 %, 68 %, 60 % and 54 % for CC-
950, CC-1100, CC-1300 and CC-1500 respectively. This decrease in proportion to increased
treatment temperature alligns with the theory, where a homogeneous surface with additional
reactive carbon sites is found to contribute to additional SEI formation. The following three
cycles are observed to be close to 100 % for all cells. This is assumed to be due to the disso-
lution of stored sodium from the previous cycle, as incomplete SEI formation can sometimes
trap sodium atoms during formation, only for them to be released during a later cycle [104],
[105]. This is measured as additional capacity, and can be seen in the CE fluctuations for
CC-1100 during cycling. Because of this notion, the measured CE at an average of 97 % for
all cells for 50 ongoing cycles should be taken with caution, as the continuous dissolution
and formation of the SEI layer might affect these results. The overlap between the cells still
indicate similar CE characteristics for all cells, rendering all materials with their respective
carbonization temperature adequate for sodium use.

Based on the internal resistance measurements of CC-1500 from table A.1 in appendix A, it
could be suggested that a majority of the SEI formation which is initially thought to occur at
the surface and within pores, leave some regions exposed without adequate protection. Over
time, this could result in electrolyte diffusion through exposed areas. This is by no means
confirmed by the results, but could invite the incentive to further investigate the materials
during prolonged cycling in full-cell configurations to clarify if the SEI formation is sufficient.
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4.2.3 Redox-behavior through CV analysis

To get an indication of the redox reactions at the surface, a CV analysis was conducted on
the symmetrical cells. Figure 4.8 presents the measured current response (mA) at the given
cell voltage (Ewe/V Vs. SCE).

Figure 4.8: The CV of the symmetrical cells constructed with the different materials and the
corresponding scan rates at 10 mV/s, 50 mV/s and 100 mV/s. The shift in start and end positions
between the scan rates is present because the scans were done in succession to another. The cell
voltage experiencing delayed reactions during the scans corresponded to a shift in the observed CV
plots.

CC-950 presents no apparent redox pairs like the remaining cells, but rather a purely resistive
behavior corresponding to a linearly-reversible curve that peaks at high currents between 20
and 90 mA. This could be due to a short circuit, either from puncturing the separator during
compression, or significant movement of the internal parts of the cell during construction,
causing direct contact between the electrodes. Although a short circuit is the most plausible
explanation for this behavior, the lowest scan rate of 10 mV/s shows the highest current
peaks with introduced hysteresis. According to theory, this should not be the case, as the
current would scale linearly and proportionally with increased voltage in a short circuit sce-
nario. This odd behavior was found in both symmetrical cells when performing the CV
analysis. Regardless, the significant increase in current and deviation in its curve behavior,
makes CC-950 incomparable to the other cells for this analysis.

Materials treated at higher temperatures present more expected current amplitudes. In
principle, symmetrical cells should not exhibit any faradaic reactions, where instead a purely
capacitive behavior with rectangular CV curves would be observed. The faradaic reactions
observed is likely due to the LiPF6 salt and solvents reacting with the electrode surface, giving
rise to redox reactions. The peak currents and the capacitive nature of the curves become
more pronounced at higher scan rates, which is expected due to relationship between scan
rate and peak currents. The presence of these reactions therefore suggests that the electrode
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made from petroleum coke is not purely capacitive, but posses charge transfer properties at
the surface of the electrode. Interesting research on faradaic reactions connect some of the
observed reactions in the CV plots to pseudocapacitance, which arises from ion adsorption
onto the electrode surface through reversible redox reactions [106]. For carbon materials,
these reactions are directly linked to the rich functional groups present on the surface, which
could help explain the observed curve behavior [107]. By further testing these materials in
symmetrical-cell configurations, the notion of pseudocapacitive reactions in petroleum coke
anodes can be determined, presenting new insights on the electrochemical properties of this
material.

4.2.4 Impedance measurements through EIS

These results are further related to the impedance at the electrode surface, shown by figure
4.9. The EIS measurements was performed on the same symmetrical cells used in the CV
analysis.

Figure 4.9: EIS measurements in a Nyquist representation with 200 kHz, 1 Hz and 0.1 Hz marked
as a guide for the eye. The CC-950 symmetrical cell (left) is shown to only posses a semi-circle in
its curve. CC-1100, CC-1300 and CC-1500 (right) show a large capacitive branch in the form of a
distorted 45 ◦ line for all cells.

The Nyquist plot containing CC-950 affirms the abnormal behavior observed in the CV re-
sults. The initial suspicion towards a short circuit could be affirmed further here, as the
semi-circle resembling the charge transfer resistance is very low. Moreover, there is limited
impedance at lower frequencies, resulting in no capacitive branch extension which would be
expected for these symmetrical cells. However, both of the symmetrical cells showed this
abnormal charge transfer resistance, as shown in figure A.1 in appendix A. While there could
be a short circuit for both cells, this is relatively unlikely given that all other cells were giving
adequate results. Without becoming too speculative, the anomaly remains unsolved, and
nulls the comparative approach that was supposed to be made towards the other cells.

There is however a significant increase in imaginary impedance at low frequencies for cells
treated at higher temperatures, suggesting high capacitive storage properties. The expected
curve behavior for a symmetrical cell with electrolyte containing ions should be a sharp
transmission line model shape with a 45 ◦ line, followed by increasing imaginary impedance
values once the frequency is lowered. However, this prominently described figure is not
present here, where instead the capacitive branch acts distorted. This could be linked to the
faradaic reactions that were observed in the CV analysis, causing the expected behavior to
deviate as a result of occurring redox reactions. While all the remaining cells indicate good
capacitive behavior, the comparative difference shows that elevated temperature treatment
results in slightly reduced capacitive behavior, while also slightly reducing the charge transfer
resistance for CC-1500.
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Chapter 5

Conclusive remarks

During this thesis, a theoretical framework of the working principles in using petroleum coke
as an anode for SIBs has been presented. The main intercalation mechanisms of sodium in
porous carbon has been discussed, followed by an explanation of the structural properties
involved in porous carbon. Moreover, the thesis delves into the nuanced relationship between
the electrode-electrolyte interface, solid-electrolyte interface and the effects of carbonization
temperatures, followed by an overview of the graphtization degree that occurs in carbona-
ceous materials. Instrumental methods of analysis is covered through a descriptive part on
BET theory, CV analysis and the EIS technique, providing the reader with foundational
knowledge required to follow the discussion of the results.

A material synthesis was performed, where the petroleum coke powder was treated at tem-
peratures of 950 ◦C, 1100 ◦C, 1300 ◦C and 1500 ◦C to cover the entire range of high car-
bonization temperatures. Several material analysis methods was then used to characterize
the materials through properties like surface area determination, crystallinity degree and
porosity calculations. The materials was then electrochemically tested to evaluate a link
between the carbonization temperatures and electrochemical performance in SIBs.

The surface area of the materials was found to initially decrease with increasing temper-
ature treatment of up to 1300 ◦C. At 1500 ◦C, the surface area increased slightly relative
to the material treated at 1300 ◦C with a small increase in particle size, indicated by the
BET results. This could further be seen in a visual representation of the four materials
through SEM imaging at 1000x magnification, where the materials calcined above 1000 ◦C
had more prominently outlined angular features opposed to the material treated at 950 ◦.
The visual comparison between the materials treated at 950 ◦C and 1500 ◦C did to an ex-
tent help verify the increase in large particle size at higher temperatures. This was however
done without an analytical software, introducing uncertainties regarding human error and
cognitive bias. The notion of angular features gathered from the SEM results was further
affirmed through the XRD analysis, where an increase in crystalline structure could be ob-
served at elevated temperature treatment through increased peak intensities. Additionally,
the material treated at 1500 ◦C had less peak broadening than all the other materials, further
implying that regional graphitization effects could be occurring at this temperature. TGA
was performed on the samples in a oxygen rich atmosphere, facilitating mass reduction dy-
namics based on combustion at 900 ◦C. Here it was found that the mass-reduction rate was
reduced for materials with increasing temperature treatment, as a result of reduced impu-
rity contents and reactive components that have been expelled during elevated temperatures.

The electrochemical capacity at the end of the third cycle was found to be 103 mAh/g,
114 mAh/g, 90 mAh/g and 103 mAh/g for CC-950, CC-1100, CC-1300 and CC 1500 re-
spectively, indicating adequate sodium storage within all the materials after SEI formation.
The initial sodiation voltage was reduced with respect to the materials treated at higher
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temperatures, suggesting improved sodiation kinetics through surface refinement and pore
accessibility. This was further confirmed by the measured voltage plateau capacities, which
corresponded to 19 %, 23 %, 28 % and 37 % of the total sodiation for CC-950, CC-1100,
CC-1300 and CC-1500 respectively. Based on similar studies, this could be attributed to
the increased crystallinity and porosity that was found in the materials treated at higher
temperatures, increasing the availability of active sites within pores and graphitic domains.
However, further work within an extended temperature range (500 ◦C - 2000 ◦C) could help
validate these results. The SEI formation resulted in consuming 12.5 %, 14 %, 18.3 % and
22.5 % of the total capacity during the three initial formation cycles for CC-950, CC-1100,
CC-1300 and CC-1500 respectively. This increase can be assigned to the increased porosity
and notion of a refined material surface with elevated temperature treatment, introducing
additional reactive sites for the formation of SEI to occur. The Coulombic efficiency stayed
relatively stable at approximately 97 % for all cells over the course of 50 cycles. Some fluc-
tuations in CE was found, suggesting the dissolution and reformation of SEI components
that initially trap sodium atoms which is then released at a later cycle. The redox reactions
was analyzed using CV analysis on symmetrical cells made from each material. The CC-950
cells presented abnormal behavior, which initially seemed like a short circuit. The other cells
presented some form of faradaic reactions which was assigned to charge transfer at the sur-
face given the used electrolyte containing ions. Additionally, the EIS measurements that was
conducted on the same cells presented a small charge transfer resistance with no capacitive
behavior for CC-950, affirming the abnormal behavior observed in the CV plots. Given the
lack of supplementary data as there was no material leftover to create new cells, the cause
of this remains unknown. The remaining cells showed good capacitive behavior, although a
distorted version of the expected transmission line model shape was presented. This could
be linked ti the faradaic reactions that were observed in the CV analysis. The comparative
difference between the cells showed that elevated temperature treatment resulted in a small
reduction in capacitive behavior, while also reducing the charge transfer resistance slightly
for the material treated at 1500 ◦C.

The combined results indicate that while all materials are adequate for use in SIBs, they
present certain differences in material structure that affects the electrochemical performance
of the cells in different ways. Additional analysis is therefore needed to establish the direct
implications of these differences, to be able to apply the correct temperature treatment of the
material to certain energy storage applications for optimized electrochemical performance.

Future work

All of the results presented in this work will be further complemented by conducting a
similar line of experiments on petroleum coke treated in the extended temperature range of
500 ◦C - 2000 ◦C and beyond. Additional XRD measurements should be employed, using
the correct method to determine the change in d002-spacing between the graphene layers
that occur during elevated temperature treatment. By further testing petroleum coke in
a full-cell configuration with a sodium based anode like NaCoO2, one can more accurately
reflect how the observed differences in the petroleum coke affect electrochemical performance.
Additional CV and EIS measurements should be employed for the petroleum coke treated
at 950 ◦C to correctly assess the symmetric-cell properties of CC-950, which were lacking
in this report. To get additional insights into the internal structure of the petroleum coke,
Raman spectroscopy should be utilized in coexistence with thes analysis presented in this
work. This will validate the results further, and could contribute to new insights in using
petroleum coke as an anode material for SIBs.
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Appendix A

Datasheet A

The internal resistance (R) measurements during cycling is presented in table A.1.

Table A.1: The internal resistance (Ω) that was measured in all cells after sodiation for a total of
50 cycles.

Sample 1st R (Ω) 5th R (Ω) 10th R (Ω) 20th R (Ω) 35th R (Ω) 50th R (Ω)
CC-950 267 245 224 196 180 159

CC-1100 193 46 37 40 44 48
CC-1300 203 81 85 75 68 75
CC-1500 147 56 61 67 91 132

The internal resistance measurements reveal notable variations in the sodiation processes
among the different samples. Following the formation of SEI, CC-950 exhibits a marginal
decrease in resistance compared to the other cells.

In contrast, CC-1100 demonstrates the lowest internal resistance which is inherently stable
over prolonged cycling. The increased resistance at the 35th and 50th cycle for CC-1500 may
be directly attributed to SEI formation in the porous structure and at graphitic domains,
as the electrode is exposed to further electrolyte decomposition due to unprotected regions
from the SEI layer, allowing the diffusion of electrolyte components to reach the electrode.

The EIS measurement of the 2nd CC-950 symmetrical cell is shown in figure A.1.

Figure A.1: The 2nd symmetrical cell of CC-950 with 200 kHz, 1 Hz and 0.1 Hz marked as a guide
for the eye.

Oddly, this cell presents a similar abnormal behavior much like the first cell, presenting a
clear charge transfer resistance with no capacitive branch to follow.
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