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Abstract

In this work, anthracite based amorphous carbon was developed for use as an
anode material in Na-ion batteries. The anthracite based amorphous carbon
showed modest electrochemical performance in a half-cell, where the best amor-
phous carbon achieved an initial capacity of 220 mAh/g, and a stable capacity
during cycling of roughly 140 mAh/g, at a current density of 20 mA/g in a
two-electrode half-cell setup. Contaminations were shown to be present in the
samples, and the amorphous carbon structure attained was a mix of hard carbon
and other carbon structures.

The amorphous carbon anode showed a stable electrochemical behaviour,
and was therefore used to investigate other parameters in the half-cell, i.e., Na
metal counter electrode behaviour, and electrolyte influence. The potential cross-
talk from the Na metal was investigated via x-ray photoelectron spectroscopy,
but no convincing conclusions were reached. A three-electrode setup was used
to investigate different electrolytes’ impact on the battery cell. The choice of
electrolyte was shown to make a crucial difference in cell performance, where 1
M NaPF6, EC:DMC (1:1) electrolyte showed the best capacity retention during
galvanostatic cycling. The Na metal counter electrode behaved differently for
every electrolyte, emphasising the fickle nature of Na-ion half-cells, and the
importance of not discarding a material as improper, when other parameters
may be the reason behind undesired results.
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Popular scientific summary

Ever since Alessandro Volta created the voltaic pile in 1799, humankind has
tried to deconvolute and improve the invention, while simultaneously grown
dependent on it. The voltaic pile consisted of alternating pieces of two different
metals, and cardboard soaked in a brine solution between the metals, which
resulted in the first ’modern’ battery. Batteries we use today are still based on
the same principle as the voltaic pile, but the materials are more optimised, and
the battery construction more streamlined.

A single battery cell consists of two electrodes, a separator, and an electrolyte.
The electrodes are made of different materials, one which is easier to reduce
(receive electrons), and one that is easier to oxidise (give away electrons), called
cathode and anode, respectively. When the two electrodes are separated by
the separator but connected via an external circuit, the anode will give away
electrons and ions. The electrons are forced out of the battery through the
external circuit and used to power an application, before they end up at the
cathode. A schematic representation of a battery cell can be seen in the figure
below. The ions are transported to the other side of the battery cell (the cathode)
by the electrolyte. The voltage of a battery is determined by how easily the
cathode is reduced, and the anode oxidised, and are listed in a standard electrode
potential list, where materials further from each other yield a higher voltage
battery.

Battery consumption will likely grow in the coming years, with increasing
electric vehicle production and renewable energy production sources. Electric
vehicles demand a large amount of battery material in order to drive distances
comparable to petrol cars, and the renewable energy sources cannot produce a
constant amount of electricity at all time, but instead, electricity is generated
periodically. Solar cells, for example, generate electricity mostly during the day,
and almost nothing during night. In order to mitigate blackouts, large amounts
of energy must be stored in order to supply households even when electricity is
not generated.

The powerhouse of batteries is the lithium-ion battery. A lithium-ion battery

Schematic representation of a battery cell.
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is superior to other battery solutions in that energy can be stored more densely.
The lithium-ion battery, however, has the drawback of utilising scarce and
unevenly distributed resources, such as lithium and cobalt, where cobalt is mined
under questionable ethical circumstances. Therefore, new alternatives with
similar properties as the lithium-ion battery, but which utilises more abundant
resources, are sought.

A promising alternative to the lithium-ion battery is the sodium-ion battery,
which instead of lithium utilises sodium, which has similar properties. In addition,
the sodium-ion battery has the advantage of using abundant and more accessible
resources. The sodium-ion battery does not perform as well as the lithium-ion
battery, resulting in heavier and larger batteries for the same amount of energy.
Therefore, the sodium-ion battery cannot fully replace the lithium-ion battery,
but can be used as a complement.

The research on sodium-ion batteries is still in its early stages, and many
hurdles are left to overcome. A common approach when looking at new materials
is to repeat research done in a similar field, and see what differences there are.
This is the case for sodium-ion battery research. Ideas and solutions from the
lithium-ion battery research have been and still are tested for the sodium-ion
battery, where much has already been gained from this approach. Unfortunately,
all aspects of the lithium-ion battery research cannot be carbon copied to the
sodium-ion battery field, such as the anode. In lithium-ion batteries the most
common anode is made of graphite, since it has favourable interactions with the
lithium ion. The sodium ion does not interact favourably with the graphite, and
a disappointingly small amount of energy can be stored in this type of battery.
The sodium-ion battery needs a new type of material to rely on as an anode, to
achieve desired energy storage levels. The most promising material as of right
now is an altered form of graphite, called amorphous carbon.

The difference between graphite and amorphous carbon is the structure.
Graphite has large sheets of carbon stacked on top of each other, while amorphous
carbon has these sheets randomly distributed, and a diamond like structure
between the sheets, which results in a more porous overall structure with voids
scattered through the material. The sodium ion has much more favourable
interactions with the amorphous carbon than with the graphite. Amorphous
carbon interactions in sodium-ion batteries have already been shown to work,
but finding a good material from which to produce the amorphous carbon is still
on-going.

In part of this work anthracite was investigated as a precursor for amorphous
carbon to be used as a sodium-ion battery anode. The anthracite was heated
in absence of air, in an inert environment to convert it into amorphous carbon.
The amorphous carbon based on anthracite did not achieve the energy storage
levels sought after in a sodium-ion battery anode material. It did, however, show
a stable behaviour, and was therefore used in the second part of this work to
further investigate other aspects of the sodium-ion battery.

As mentioned earlier the sodium-ion battery research field is still nascent,
which results in many aspects of the experiments conducted not being as reliable
as desired. A battery cell needs two electrodes, and when developing a new

v



material, such as amorphous carbon, it should be the limiting factor to get
trustworthy results. Therefore, it is common to use pure sodium metal to
have a copious amount of sodium ions, and only the amorphous carbon can be
limiting. Different materials also interact differently with different electrolytes,
and therefore is it good to conclude which ones are compatible with each other.
In this work was the sodium metal behaviour investigated, and concluded to
behave erratically. The electrolyte influence was also investigated and shown to
make a great impact on the battery cell performance.
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1 Introduction

1.1 Background

Electric energy storage has become a pivotal part of our lives. The energy
production from renewable energy sources, such as solar, tidal, and wind power,
has increased tremendously in the last couple of decades, and require energy
storage.[1] The amount of electric applications we use in everyday life continue
to increase in numbers for every passing decade, and many applications see
heavy use, leading to escalating energy consumption for every generation.[2]
The increasing energy usage, together with many electric applications becoming
portable, result in further improvements to electric energy storage being more
than welcome.

The field of electric energy storage is vast, but a great deal of these storage
solutions rely on a battery. The basic idea behind batteries is to store energy
as chemical energy until it is needed, connect it to the desired application and
convert the chemical energy into electric energy to power the application. A
battery cell consists of two electrodes, an anode and a cathode, an ion-conductive
electrolyte, and a separator, together with current collectors in an isolated cell.
The principle of a battery stems from oxidation and reduction reactions occurring
at the electrodes and forcing electrons to move through an external circuit due to
the separation of the electrodes and the electrolyte being electronically isolating.
During discharge, the electrons move from the anode to the cathode, and vice
versa during charge. The electroactive material (e.g. Na+) is moved from one
electrode to the other through the electrolyte and separator when the electrons
are entering the external circuit. On-going research on batteries are mainly
interested in so-called secondary batteries, meaning the oxidation and reduction
reactions are electrochemically reversible, i.e., the battery can be charged and
discharged multiple times.

The field of battery research has an array of batteries with different advantages
that have been developed, and optimised for applications with very different
requisites. Different batteries are used for hand-held devices, electric vehicles
and grid applications. Hand-held devices and electric vehicles need to be light
and compact, not to make the device/vehicle too heavy or cover an impractical
amount of volume, while at the same time delivering power at desired rates.
However, for grid applications different parameters, such as cost, lifetime, and
reliability are important.

The star of the on-going battery research is the versatile Li-ion battery, with
high energy density, which makes it light weight and small sized, and a low
standard potential vs the standard hydrogen electrode (SHE). The low standard
potential gives access to a higher voltage battery, since the voltage of a battery is
determined by the difference in potential between the anode and cathode. These
properties are desirable for a battery material. Therefore, Li-ion batteries are
commonly used in many electric energy storage solutions. Unfortunately, Li is
not abundant worldwide, and the mining process of Li is expensive, which will
likely result in shortage, or at least an increasing price, in the coming years.[3]
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Li-ion batteries also have the negative trait of utilising materials which are not
sustainable, such as Ni and Co, where Co is on its way to become a conflict
mineral.[4]

The fact that the energy production is becoming more periodical, due to the
increase in renewable energy sources, together with the rarity of Li inflating the
cost of batteries, we can conclude that new cheap and high-performance battery
alternatives are needed in the near future. A battery solution which retains most
of the desirable properties of Li-ion batteries, but utilises more abundant and
cheaper materials would be the ultimate goal for a new battery chemistry. A
strong contestant for future battery applications that may be a good alternative
to the Li-ion battery is the Na-ion battery.[5]

1.2 Sodium-ion battery

Na-ion batteries are promising new battery solutions with similar electrochemistry
to Li-ion batteries. Na has the advantages of being cheap, abundant in the
Earth’s crust, and easily accessible around the globe, which encourage a healthy
market with fair prices.[5] Not only the Na metal is cheaper than Li metal, but the
current collectors needed for Na-ion batteries could be Al based, while in Li-ion
batteries the negative current collector has to be Cu, due to unfavourable alloying
of Li and Al at low potentials.[6] Al is a cheaper and less dense material compared
to Cu, and would therefore be an attractive current collector material. These
factors coupled with the potential price inflation of Li make Na-ion batteries
appealing.[7] Na-ion batteries are a more sustainable alternative, which is very
relevant in today’s society.[8]

However, the Na-ion is inferior to Li-ion when it comes to atomic weight
(22.99 g/mol vs 6.94 g/mol), ionic radius (1.06 Å vs 0.76 Å), and standard
potential vs SHE (-2.71 V vs -3.04 V). The resulting applications for Na-ion
batteries are therefore more limited than for Li-ion batteries, at least when it
comes to portable high power, and high capacity applications. The applications
for Na-ion batteries must therefore be sought elsewhere, e.g., grid energy storage.

A lot can be learned from the Li-ion battery research in Na-ion battery
research, but everything cannot be carbon copied. Na-ion batteries have unique
hurdles to overcome, where one is the anode. The commonly used anode in
Li-ion batteries, i.e., graphite, cannot be used in Na-ion batteries due to Na+

ions not intercalating properly in graphite during electrochemical cycling. The
process has been investigated, the compound forming during intercalation is
thought to be NaC64, which will not yield a high capacity for the battery cell.[9]
The intercalation process is hampered by the formation energy of Na+-graphite
compounds being too high, resulting in an inefficient intercalation.[10] Another
theoretically good anode would be Na metal because of its low standard potential
vs SHE, but it has its own set of problems, such as low melting temperature (98
◦C) and poor electrochemical behaviour. The Na metal electrode has been shown
influencing the solid electrolyte interphase (SEI) formation and stability.[11] The
SEI is an important aspect to consider for high performing batteries, due to
most electrolytes not being thermodynamically stable at low potentials. The
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electrolyte will react at the electrodes, and decompose, resulting in an SEI layer,
which passivates the electrodes.

New anodes with high capacity and favourable electrochemistry need to be
developed for Na-ion batteries to be commercialised more widespread. Research
on different anode materials have been conducted, where carbon based materials
are promising, especially amorphous carbons unable to undergo graphitisation
at elevated temperatures, called hard carbon.[12]

1.3 Amorphous carbon

Amorphous carbon is turbostratic. The graphitic layers are not stacked more than
a few layers at a time, which give rise to a more irregular structure, and no long
range order.[13] Amorphous carbon consists of two parts, graphitic layers and
amorphous areas, which crosslink the graphitic layers. Two different amorphous
carbon classifications are commonly used in Na-ion battery development, hard
carbon and soft carbon. The crosslinking in the amorphous carbon need to be
strong enough for the carbon not to undergo conversion to graphite at high
temperatures to be classified as hard carbon, otherwise it is classified as soft
carbon. This classification, however, is not very rigorous, and where exactly the
line between the two different amorphous carbons should be is ambiguous. The
carbon atoms are sp3 hybridised in the amorphous parts, and sp2 hybridised in
the graphitic layers, meaning there are voids between the randomly distributed
planes.[14] The voids in hard carbon give access to greater capacity during
electrochemical cycling. Soft carbon on the other hand lacks these voids, and
is usually a lower capacity material than hard carbon.[15] This means that
amorphous carbons resembling the hard carbon classification is more attractive
as a battery material. A representation of hard carbon can be seen, along with
soft carbon and graphite as a comparison, in figure 1.

Hard carbon has already shown its use as an anode material in Na-ion
batteries.[12, 16, 17] The high capacity for hard carbons are thought to be
caused by the irregular structure, and a favourable Na+ ion intercalation process,
together with a standard potential close to Na metal.[14, 18] These factors make
amorphous carbons similar to the hard carbon classification an ideal choice to
further investigate and develop for Na-ion batteries, and hopefully scale up to a
commercial level.

However, amorphous carbon anodes need to be further improved in the

Figure 1: Schematic representation of (A) hard carbon, (B) soft carbon, and (C)
graphite.
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Na-ion system. The hunt for an optimal precursor for cheap, and simple hard
carbon-like amorphous carbon synthesis is still on-going. The amorphous carbon
has a characteristic loss in capacity during the first cycle, where the first cycle
Coulombic efficiency is around 80%, meaning about 20% of the total capacity is
lost after the first cycle.[19] The capacity loss in the first cycle is due to the SEI
forming, caused by the electrolyte reacting together with electroactive material
(Na+) at the anode, forming an irreversible product on the amorphous carbon
surface, hindering further unwanted reactions. The SEI formation is seen as a
necessary evil in battery cells, as it decreases the theoretical capacity, but protects
the electrolyte from further decomposition. The SEI formation is a common
phenomenon in modern batteries, which is the result of the electrolyte not being
thermodynamically stable in the potential window of the electrodes. The optimal
SEI layer should be as thin as possible, ionically selective, electronically isolating,
and kinetically stable. The cycles following the initial cycle tend to retain most
of the capacity.

The small standard potential difference between Na/Na+ stripping/plating
and Na+-amorphous carbon compounds must be considered when developing
amorphous carbon anodes. The Na/Na+ stripping/plating potential occurs at
-2.71 V vs SHE, and one of the Na+-amorphous carbon intercalation processes
occur at ∼-2.6 V vs SHE. The small potential difference, together with a
commonly seen hysteresis problem during electrochemical cycling, give rise to a
big difference in the amount of Na+ ions getting intercalated or deintercalated
during each charge or discharge cycle before the cut-off potential is reached,
which in turn influences the capacity of the electrode in a negative way. The
cut-off potential is set to avoid the Na/Na+ stripping/plating potential, and not
start covering the amorphous carbon electrode with a Na metal layer.

Amorphous carbon can be synthesised from a lot of different carbon based
precursors, and the search for a cheap, reliable synthesis method is still on-
going.[17, 18, 20] The complexity of the synthesis can easily increase rapidly if
several steps are needed, which in turn affect the cost and the final yield. A
promising precursor with a simple synthesis and high yield is hard coal, also
known as anthracite.[18]

1.3.1 Anthracite precursor

Anthracite is a coal type which consist of a small amount of volatile matter
compared to the fixed carbon amount. The fixed carbon is what remains after
the anthracite undergoes pyrolysis. Anthracite is commonly used for heating,
since it is quite energy rich, but converting it into battery anode material is a
new potential area of use.[21] Even though anthracite is the rarest coal type, the
available amount is still more than enough for cheap use in amorphous carbon
synthesis.[22]

Anthracite is cheap relative to other common anode materials, e.g., graphite,
and a high amount of the precursor is converted into product during synthesis,
retaining most of the energy going into the synthesis, which commonly is py-
rolysis above 1000◦C. The synthesis is straightforward, not needing many steps
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from beginning to completion. Therefore, anthracite has great potential as a
amorphous carbon precursor.[18]

1.4 Scope of project

Na-ion batteries are of great interest in modern electric energy storage research
but have an Achilles heel when it comes to the anode. The same, successful
graphite anode used in Li-ion batteries cannot be used as efficiently in Na-ion
batteries. Therefore, a new anode material is needed for further development
of Na-ion batteries, where amorphous carbon is a promising material. The
goal of this project is divided in two parts. The first part is to investigate
anthracite as a low-cost precursor for amorphous carbon anodes, and investigate
if it possesses desirable electrochemical properties. The second part is to use
the anthracite based amorphous carbon, if the electrochemical properties are
satisfactory, to investigate other parameters in the half-cell, namely, different
electrolytes’ impact on the electrochemistry, and Na metal counter electrode
behaviour during electrochemical cycling.
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2 Method

2.1 Amorphous carbon electrode synthesis

The amorphous carbon was synthesised from commercial anthracite, received
from Carbomax AB. The anthracite powder was originally of varying macro-
scopic sizes, and therefore milled in a Spex mill, or PM100 mill to get a more
homogeneous particle size. The powder was pyrolysed in a tube furnace. Firstly,
the furnace was flushed with Ar for 1 h at room temperature, the Ar flow rate
used was 145 Ar cm3/min (100 O2 cm3/min), the same flow rate was used
throughout the whole experiment. Secondly, a temperature ramp of 10 ◦C/min
was used until the maximum temperature was reached. Thirdly, the maximum
temperature was held for 2 h. Finally, the furnace was cooled down to room tem-
perature before the Ar flow was turned off, and the product retrieved. Maximum
temperatures used were 1200 and 1500 ◦C.

2.2 Cell assembly

2.2.1 Electrode preparation

The working electrode is the electrode of interest during electrochemical testing.
The working electrodes consisted of 95 w% synthesised amorphous carbon powder
mixed with 5 w% binder, alginic acid sodium salt from brown algae (Sigma-
Aldrich), which were mixed with deionised H2O in a Zr jar. The precursors were
ball milled in a PM100 mill for 1 h to get a homogeneous slurry. The slurry
was coated on C coated Al foil, and dried at room temperature. Finally, the
electrodes were punched out as 13 mm in diameter disks and dried a second
time under vacuum at 120 ◦C for 12 h. The electrodes were weighed before use,
and the mass loading (active material + binder) calculated.

The counter electrode should work as an ’unlimited’ source of electroactive
material when utilising a half-cell. The counter electrode consisted of Na metal,
which was pressed onto Al foil, and punched out as 16 mm in diameter disks.

2.2.2 Electrolyte

The main task for an electrolyte is to transport ions from anode to cathode
during discharge, and from cathode to anode during charge. The electrolyte
consists of a solvent, and a salt. Different electrolytes were tested together with
the amorphous carbon electrodes investigated. The solvents used were ethylene
carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC), propylene
carbonate (PC), and diethylene glycol dimethyl ether (Diglyme). The salt mainly
used was NaPF6, but also sodium bis(fluorosulfonyl)imide (NaFSI) was tested.
The amorphous carbon was electrochemically tested by using EC:DEC (1:1), 1
M NaPF6 as a standard. The solvents were mixed together, and salts added as
listed in table 1 for counter electrode behaviour investigation, and electrolyte
compatibility with amorphous carbon.
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Table 1: Composition of electrolytes used for amorphous carbon development,
and investigation of counter electrode behaviour.

Solvent 1 Solvent 2 Volume ratio Salt Concentration
1 EC DEC 1:1 NaPF6 1 M
2 EC PC 1:1 NaPF6 1 M
3 EC DMC 1:1 NaPF6 1 M
4 Diglyme - 1 NaPF6 0.5 M
5 EC DEC 1:1 NaFSI 1 M

2.2.3 Separators

The separator is located between the electrodes, and keep them from getting in
contact with each other, which otherwise would result in the cell shorting itself.
The separator should however let ions pass through, otherwise the electrodes
will be isolated from each other, raising the resistance tremendously, or even
breaking the completed circuit.

The separator of choice during electrochemical characterisation was glass
fibre. The separators were punched out as 20 mm in diameter disks, and vacuum
dried at 100 ◦C for 12 h. During synchrotron measurements Solupor (high
molecular weight polyethylene) separators were instead used, to not contaminate
the electrode samples, as is the case for glass fibre, where fibres stick to the
electrode surface, and the obtained XPS spectra show a presence of compounds
related to the separator. Beta alumina disks, used as received from Ionotec, were
used together with Celgard (polyethylene and polypropylene) in a few of the
cells prepared for synchrotron measurements to inhibit cross-talk between Na
metal and amorphous carbon anode.

2.2.4 Pouch cell

Half-cells were used during the development of amorphous carbon anodes, where
the working electrode (electrode of interest) is cycled in a battery cell with a Na
metal counter electrode. The half-cell approach results in the working electrode
being the limiting capacity factor, while the counter electrode has excess of
electroactive material.

The pouch cell is the standard cell type used throughout this report. The
electrodes and separator are placed in a polymer coated Al “coffee bag”, with Al
current collectors running from the electrodes to the outside of the pouch cell.
The assembly of the cell is completed in two steps. The first step is performed
on a lab bench, were the current collectors are hot pressed to the pouch together
with a polymer film, to secure an airtight system. The second step is in a
glovebox where the working electrode is placed in contact with one current
collector, the counter electrode in contact with the other current collector, and
a separator, soaked in 100 µL electrolyte, between them. The bag is sealed to
get a closed system. A schematic representation of a pouch cell can be seen in
figure 2.
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Figure 2: Schematic representation of a pouch cell.

2.2.5 Back-to-back cell

Back-to-back cells consist of two battery half-cells, where the electrodes of
interest in the cells have the same composition, but one is sodiated, and the
other desodiated. The states of the electrodes are achieved during pre-cycling of
the half-cells. The half-cells are then connected to the electrochemical instrument
at the working electrodes of each cell and bridged via the counter electrodes to
get a closed circuit. The intent of the back-to-back cell is to limit the Na reservoir
at the Na metal counter electrode, and keeping the two working electrodes as
limiting factors during cycling, by only utilising the amount of Na present in the
amorphous carbon.[23] A schematic representation of a back-to-back cell can be
seen in figure 3.

Figure 3: Schematic representation of a back-to-back cell. The sodiated working
electrode (WE1) will act as an anode, and the desodiated working electrode
(WE2) will act as a cathode.
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2.2.6 Three-electrode cell

A three-electrode cell, or a reference cell, uses an additional electrode as a
reference and measure the voltage between the working electrode and reference
electrode (WE vs REF), and between the counter electrode and reference elec-
trode (CE vs REF), in addition to the potential between working electrode and
counter electrode (WE vs CE), as in a common two-electrode cell. The reference
cell comes to great use when conducting electrochemical characterisation, due
to the redox potential of the reference is stable and does not change during
the experiment. A two-electrode cell uses the redox potential of the counter
electrode as a reference, which can be influenced by the fluctuating polarisation
during the experiment. The shift in redox potential may influence the resulting
data, because the cut-off potential is reached prematurely.

A reference cell consisting of an amorphous carbon working electrode, Na
metal counter electrode, and a Na metal piece as reference electrode was con-
structed. The Na metal was chosen as a reference, due to the redox potential
being very stable. The reference has an enormous resistance put on it, result-
ing in next to no current running through it, which keeps the surface of the
Na metal piece constant. The Na metal was cut from a fresh Na metal cube
during assembly of the cell to minimise the risk of contamination. The reference
electrode was placed outside of the working, and counter electrode diameter, not
to influence the electrochemistry. Two separators were needed to avoid contact
between the three electrodes, and therefore was 150 µL of electrolyte used to
thoroughly soak the two separators, instead of the standard 100 µL. A schematic
representation of a reference cell can be seen in figure 4.

Figure 4: Schematic representation of a three-electrode cell. The reference
electrode (REF) is placed between the working electrode (WE) and counter
electrode (CE).
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2.3 Electrochemical methods

2.3.1 Galvanostatic cycling

A common electrochemical characterisation method used when developing bat-
teries is galvanostatic cycling, where the battery cell is connected to a minus
and a plus pole, thus completing a circuit. During the measurement the current
is kept constant, and the voltage is measured. The cut-off potentials for the
experiment is chosen together with the current during charge and discharge, the
battery cell cycles for a predetermined number of cycles. Galvanostatic cycling
at a set current gives information about the electrochemical behaviour of the
electrodes present in the cell, capacity (mAh/g) of the electrodes, hysteresis
(polarisation) of the charge and discharge processes, and capacity retention over
time.

Galvanostatic cycling for half-cells was performed on a Land BT2000, Bio-
Logic VMP2, and Digatron MBT in a voltage range of 0.005 V – 2.0 V, vs
Na/Na+. Back-to-back cells were pre-cycled in 0.005 V – 2.0 V range and cycled
in the range of -1.1 V – 1.1 V when bridged. The current was kept constant
during discharge and charge, where the current density used was 20 mA/g for
all cells. The cycling was done at room temperature.

2.3.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical characteri-
sation method where a baseline voltage is chosen, e.g., open circuit potential
(OCV), and a sinusoidal alternating voltage is applied around the baseline voltage.
EIS gives information about the electroactive system’s resistive and capacitive
parts, e.g., the current density, solution resistance, and formation of SEI. The
measurement is carried out at different frequencies, which can be plotted in
a Nyquist plot. The Nyquist plot consists of a real axis (resistance) and an
imaginary axis (capacitance), where every data point is a measurement at a new
frequency.[24] The amorphous carbon samples in half-cells investigated during
this project were modelled as an equivalent circuit seen in figure 5, where Rsol

is the solution resistance in the cell, RF is the resistance coupled to faradaic
reactions occurring, and Cdl is the double layer capacitance.

EIS was performed on a Bio-Logic VMP2 system. The frequency range used
was 100 mHz – 200 kHz, with 8 data points per decade. The baseline voltage used
was OCV of the half-cell at pristine condition, and OCV when the cell was cycled
galvanostatically and stopped at 0.05 V. The alternating voltage amplitude used
was 10 mV. The EIS measurements were coupled with galvanostatic cycling to
primarily investigate how the resistance of the cell changed during cycling.

2.3.3 Constant current constant voltage

Constant current constant voltage (CCCV) is an electrochemical method where
galvanostatic cycling (constant current) is coupled with potentiostatic cycling
(constant voltage). The battery cell is charged and discharged at a constant
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Figure 5: Equivalent circuit used for amorphous carbon half-cells.

current until it hits one of the cut-off potentials, where the equipment switches
to constant voltage instead, which is held until the current hits a cut-off value.

CCCV is a useful technique when investigating systems such as amorphous
carbon, due to the redox potential of Na+ ions intercalating into amorphous
carbon being very close to the redox potential of metallic Na/Na+ plating
and stripping. The small difference in redox potential brings the problem of
polarisation potentially affecting the system in a major way, since the two-
electrode setup uses the counter electrode as a reference. The polarisation can
fluctuate during electrochemical cycling, resulting in the predetermined cut-off
potential being reached at different stages of discharge/charge, which in turn
results in less trustworthy data.

By using CCCV, the battery system can continue cycle after the cut-off
potential for the constant current step is reached. The cell can be further
investigated by keeping the voltage constant, and decreasing the current, which
lowers the polarisation as well. Especially if there is more capacity that can be
accessed from the cell after the cut-off voltage, it will then be accessible.

2.4 Brunauer–Emmett–Teller adsorption

Brunauer–Emmett–Teller (BET) adsorption is a method used for investigating
the specific surface area of a sample. The BET isotherm is an extension of the
Langmuir isotherm. According to the BET isotherm the adsorbed monolayer of
gas molecules can act as a new substrate, and further adsorption can occur on
the monolayer, but with a new rate of adsorption.[25]

All measurements were conducted on an ASAP2020, using N2 gas. The
analysis was conducted in two steps. First, a degas step where contamination
was removed by heating the sample tube to 350 ◦C and introducing a vacuum
in the sample tube. Second, the sample was analysed, and the specific surface
area was determined utilising the BET isotherm at different relative pressures.

2.5 Raman spectroscopy

Raman spectroscopy uses monocromatic photons to interact with the chemical
bonds in a sample. The photons get reflected off the sample and the difference
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in the photon’s energy corresponds to a certain vibrational, or rotational mode
of the sample, and gives information about the chemical bonds present in the
sample.

Raman measurements were conducted on a Renishaw inVia Raman Micro-
scope, using a 532 nm green laser, with a lattice spacing of 1800 1/mm, and
a Master Renishaw CCD camera. The measurements used 5 % laser power,
between 700 – 3400 cm−1, with 20 s exposure time, and 5 accumulations. Cosmic
rays were automatically compensated for by the software, WiRE 4.2.

2.6 Scanning electron microscopy

Scanning electron microscopy (SEM) is an electron microscopy technique where
a beam of electrons is scanned over a sample, the electrons interact with the
sample, and the resulting signals are detected giving information about topology
and composition of the sample.[26] SEM was conducted on a Zeiss LEO1550.

2.7 Energy dispersive x-ray

Energy dispersive x-ray (EDX) is a technique usually coupled with SEM, where
electrons from the SEM equipment are hitting the surface of the sample, resulting
in x-rays from the sample being emitted. The x-rays emitted are identified by a
sensor, giving the present chemical composition.[26] EDX was conducted on a
Zeiss LEO1550.

2.8 X-ray photoelectron spectroscopy

Electrons in different elements and orbitals have distinct but different energy
levels, which can be utilised by x-ray photoelectron spectroscopy (XPS) to
investigate the chemical composition of a material. During XPS measurements,
photons are generated and interact with the material of interest by ejecting
its core electrons. The kinetic energy of those electrons can be measured, and
the binding energy of the chemical compounds present in the sample can be
calculated. A shift in binding energy occurs depending on the neighbouring
elements, resulting in the bonds present in the sample can be identified.

Synchrotron XPS measurements have the advantage of choosing what energy
the photons generated should have, and the chemical composition deeper in the
sample can be analysed. This is achieved by accelerating electrons close to the
speed of light, where the electrons radiate photons (having a range of energies)
and the desired energy level photons are filtered through a monochromator before
interacting with the sample.[27]

The amorphous carbon samples in this project were investigated at Berlin
Electron Storage Ring Society for Synchrotron Radiation (BESSY). Two different
excitation energies were used to investigate the samples, 2005 eV, and 6015 eV,
which give different analysis depths of the samples.
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2.9 X-ray diffraction

X-ray diffraction (XRD) investigate the structure of a material, by identifying
the position of atoms by elastic scattering of x-rays on the atoms’ electrons. A
diffraction pattern is obtained when the x-rays scatter on the electrons of atoms
in different atomic planes of the sample, and at different angles. A maximum in
the diffraction pattern is obtained at the angles where constructive interference
occurs. Bragg’s equation, see equation 1, describes how the atom layers are
reflective, and how x-rays interfere constructively when the wavelength of the
x-ray (λ) (times an integer (n)), is equal to the additional path length between
atomic layers in the sample (2dsinθ). The more crystalline the material is, the
sharper the diffraction maxima will be, if however the material lacks long range
order the maxima will be broad.[28]

2dsinθ = nλ (1)

Powder XRD was performed on a Twin-Twin Diffractometer, with a LYNX-
EYE XE detector, between 10 ◦– 70 ◦, with an increment of 0.02 ◦, hold time
of 1.2 s at every increment, and with a spinning sample holder. The samples
were prepared by mixing the sample powder together with acetone in a mortar,
mixing them thoroughly, resulting in a suspension. The suspension was coated
onto a sample holder and dried in room temperature to get an even coating of
powder.
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3 Results and Discussion

3.1 Characterisation of amorphous carbon

Amorphous carbon was synthesised from anthracite for different synthesis tem-
peratures and pre-synthesis milling parameters. Four different amorphous carbon
powders are presented in this work, which were characterised and investigated
electrochemically. The characterisation methods were BET, SEM, EDX, Raman
spectroscopy, and XRD. The amorphous carbon powders were the following:
Spex milled for 1 h and synthesised at 1200 ◦C (AC1200S1), PM100 milled for 22
h and synthesised at 1200 ◦C (AC1200M22), Spex milled for 1 h and synthesised
at 1500 ◦C (AC1500S1), and PM100 milled for 22 h and synthesised at 1500 ◦C
(AC1500M22). Two different types of milling were used due to that the Spex
mill, which was initially used, generated a large amount of heat, and the effect
it potentially had on the samples was investigated by using the PM100 mill.

In addition to the synthesised amorphous carbon, the following samples
were characterised with Raman spectroscopy and XRD: anthracite precursor in
pristine condition (AntracitePris), anthracite precursor after pre-synthesis milling
for 1 h in Spex mill and 22 h in PM100 mill (AntraciteS1 and AnthraciteM22,
respectively), and high temperature post-synthesis heat treatment (2200 ◦C)
of the amorphous carbon samples (AC2200S1 and AC2200M22). The high
temperature post-treatment samples were characterised to further investigate
the amorphous carbon and draw conclusions regarding the soft or hard carbon
nature of the samples. All samples characterised are summarised in table 2,
together with properties attained from the different characterisation methods.

The morphology of the amorphous carbon powders synthesised for electro-
chemical use was investigated using SEM and can be seen in figure 6. The
particle sizes of the powders vary, with the powders Spex milled generally having
larger particles, and a greater range of different particle sizes within the samples,
compared to the PM100 milled samples. However, the particles seem to agglom-
erate during longer milling time, and at higher temperature synthesis, where the
largest clusters of particles seem to be present. The AC1200M22 sample seems

Table 2: Properties for amorphous carbon powders characterised.

Sample Temp. (◦C) Mill cond. SBET (m2/g) Particle size (µm) IG/ID Mass loading (mg)
AC1200S1 1200 Spex 1 h 15.01 16 0.85 1.96

AC1200M22 1200 Mill 22 h 10.62 8 0.94 3.40
AC1500S1 1500 Spex 1 h 9.21 11.5 0.85 2.69

AC1500M22 1500 Mill 22 h 8.87 10 1.16 2.84
AC2200S1 2200 Spex 1 h - - 1.21 -

AC2200M22 2200 Mill 22 h - - 1.20 -
AnthraciteS1 - Spex 1 h - - 1.09 -

AnthraciteM22 - Mill 22 h - - 1.10 -
AnthracitePris - - - - 1.11 -

14



A B

C D

Figure 6: SEM of amorphous carbon samples, synthesised differently.
(A) AC1200S1, (B) AC1200M22, (C) AC1500S1, and (D) AC1500M22.

to have the most homogeneous particle size, and also the smallest. The largest
sized particles were found in the AC1200S1 sample. The samples synthesised at
1500 ◦C show similar particle sizes.

EDX was conducted on the four amorphous carbon samples used for electro-
chemical testing, and the pristine anthracite powder. The chemical composition
of the samples are summarised in table 3. The precursor (AnthracitePris) consists
mostly of C, but also contains O, Si, and Al. The O is expected to be present in
the anthracite, but both Si and Al are unwanted contaminations corresponding
to 2.7 w% of the sample. The exact amount of Si and Al in the sample can,
however, differ from this value due to the carbon tape used for preparation of
SEM samples may contain a small amount of both Si and Al, which can show
up in the EDX measurement.[29, 30]

All amorphous carbon samples contain C, Si, and Al, and three of the
samples (AC1200S1, AC1200M22, AC1500M22) contain O, and S. The w% of O
decreases from the pristine anthracite to the finished product, as expected at the
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Table 3: Chemical composition for amorphous carbon powders, determined by
EDX.

Sample Chemical composition Weight %
AnthracitePris C : O : Si : Al 92.2 : 5.1 : 1.7 : 1.0

AC1200S1 C : O : Si : Al : S 96.4 : 2.0 : 0.9 : 0.5 : 0.3
AC1200M22 C : O : Si : Al : S 96.3 : 1.8 : 1.0 : 0.7 : 0.2
AC1500S1 C : Si : Al 97.2 : 1.6 : 1.1

AC1500M22 C : O : Al : S : Na : Zr : Si 96.2 : 2.4 : 0.4 : 0.3 : 0.3 : 0.2 : 0.2

temperatures used during synthesis. The amount of Si and Al seem to decrease
in the products, compared to the precursor, which could be explained by the
contaminations being removed by the argon flow during synthesis. However, the
carbon tape influence on the EDX results makes the results, and in extension
the conclusions, less reliable.

The presence of S is surprising. The precursor does not contain any S accord-
ing to EDX, therefore it is possible that the samples have been contaminated. The
S contamination source is not likely to have come in contact with the amorphous
carbon before the pyrolysis step, due to S compounds being released from the
anthracite structure at temperatures lower than 1200◦C.[31] The powder after
the pyrolysis was stored in vials with lids, until further use, which is not likely
to have caused the contamination. The contamination likely occurred during the
preparation step before EDX analysis, where the amorphous carbon samples or
carbon tape may have come in contact with a S contamination. The AC1500M22
sample seems to have come into contact with additional contaminations in the
form of Na and Zr. The Zr can be explained by the milling jar used for the
PM100 mill, since the inside of the jar is Zr. The Na contamination source,
however, is harder to explain but could be a salt, which has come into contact
with the work space during the EDX preparation.

The AC1500S1 sample only contains C, Si, and Al and has lost all O content
during synthesis. These results are in their own right a bit strange. There should
still be some O present in the sample, due to that O will interact with the sample
as soon as it is exposed to air, and different kinds of oxide compounds form on
the surface of the sample.[32]

The EDX results should not be seen as the absolute truth when it comes
to the chemical composition of the samples, but as a rough estimate of what
is present. The compounds present are certainly present to some degree in
the samples, but the contamination may be present in smaller amounts than
observed.

The electrochemically tested amorphous carbons’ surface area was investi-
gated using the BET isotherm. The isotherm shows that the amorphous carbon
samples synthesised at higher temperatures, and long milling time have smaller
surface area. The higher synthesis temperature seems to have a larger effect on
the surface area than the milling procedure. The lower surface area at higher
temperatures can be related to the voids in the amorphous carbon structure
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collapsing at higher temperatures.[33] The longer milling time on the other hand
contributing to a smaller surface area is not as intuitive. The agglomeration
of particles seen in the SEM experiment could be a factor contributing to the
longer ball milling time resulting in smaller surface area. The surface area and
maximum particle size of the amorphous carbons seem to generally correlate,
where a larger maximum particle size gives a larger surface area.

The Raman spectra of the amorphous carbon powders, seen in figure 7, show
the changes the samples undergo during synthesis, and what occurs when the
synthesised amorphous carbon is heated to 2200 ◦C.

The precursor, and amorphous carbon powders Spex milled for 1 h before
synthesis, all show the two characteristic bands for amorphous carbon at ∼1340,
and ∼1580 cm−1, which are the D band, and G band, respectively. The overtones
for the D and G band at ∼2550 and ∼2680 cm−1 become more prevalent at higher
temperatures, indicating a higher degree of order.[34] There are many peaks not
correlating to amorphous carbon, indicating that the anthracite precursor is not
pure, these peaks can be seen at ∼800, ∼1510, ∼1600, ∼1725 and ∼3235 cm−1

as independent peaks, or shoulders to the D and G bands. The contaminations
could possibly be a Si, S, or Al containing compound, based on the EDX results.
The Raman spectrum of AC1500S1 does not correlate nicely with the EDX
results, based on that the same types of contamination peaks are seen in all
Raman spectra to a large extent, but not in the EDX results.

The precursor, and amorphous carbon samples PM100 milled show the same
D and G bands, at ∼1340, and ∼1580 cm−1, respectively. The overtones are
clearly present in the higher temperature samples. Contamination in the spectra
can be seen at the same wavenumbers as for the Spex milled samples, indicating
that all samples contain the same compounds.

The ratio of the D and G band intensity can be used to quantify the degree
of disorder in the samples, due to the G band corresponding to the sp2 C-C bond
stretching and is found in both graphite and disordered (amorphous) carbon.
The D band however, corresponding to the sp3 carbon ring breathing, is not
present in graphite, only in disordered carbon. Therefore the intensity ratio can
be a good indication of the disorder in the material.[35] This would indicate
that the Spex milled samples are the least ordered, followed by the AC1200M22,
and finally AC1500M22, as can be seen in table 2. The post-treatment of the
samples results in a more ordered structure. The higher order of the samples
after high temperature treatment indicates that the amorphous carbon not only
consists of a hard carbon-like structure, and that graphitisation can occur to
some degree.

The XRD diffractograms, seen in figure 8, show that both anthracite powder,
and amorphous carbon contain the two commonly found broad peaks, one at
25◦, corresponding to (002) plane, and the second at 43◦, corresponding to (100)
plane. The peaks are broad due to the disordered structure of the amorphous
carbon. The high temperature amorphous carbon, AC2200S1, and AC2200M22
have a sharper peak at the (002) plane shifted to 26◦, which further indicates
that the material is more ordered after the high temperature treatment.

The samples contain other crystalline structures in part from the amorphous
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Figure 7: Raman spectra of amorphous carbon precursors spex milled for 1 h
synthesised at different temperatures (A). Raman spectra of amorphous carbon
precursors ball milled for 22 h synthesised at different temperatures (B).

A B

Figure 8: XRD diffractograms of amorphous carbon precursors Spex milled for 1
h synthesised at different temperatures (A). XRD diffractogram of amorphous
carbon precursors ball milled for 22 h synthesised at different temperatures (B).

carbon, which are especially prevalent in the 1500 ◦C samples. The Spex milled
samples to begin with has the most prevalent unknown peaks in the AC1500S1
diffractogram. The peaks are located at 31.5, 33.4, 35.7, 37.9, and 45.3 degrees.
The only unique peak in the other Spex milled amorphous carbon samples is
found in the AC1200S1 sample at 16.5◦, where the peak seems to disappear
at higher temperatures. The sample heat treated at 2200 ◦C lost most of the
unknown peaks.
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The same type of trends can be seen in the PM100 milled samples compared
to the Spex milled samples. The AC1500M22 sample has the clearest, and
sharpest unknown peaks, but at different degrees compared to the Spex milled
samples. The unknown peaks are located at 33.4, 35.7, 38.7, 45.3, 55.8, and 66.8
degrees. The AC1200M22 sample has the same unique peak at 16.5 ◦, as found
in AC1200S1. The intensity of the other unknown peaks are lower in intensities
in the AC1200M22, compared to AC1500M22 sample. Again, the unknown
peaks decrease in intensity after the heat treatment but are not completely gone.
The identification of the unknown peaks proved to be a difficult task, and no
convincing conclusions could be drawn. However, the peaks likely stem from
some compound formed by the elements found in the EDX analysis.

Carbon species have earlier been investigated quite thoroughly, although
mostly for other applications than battery materials. The pyrolysis process of
anthracite has been studied, and the anthracite based carbon resembles hard
carbon below 2000 ◦C. However, the anthracite carbon achieves a higher order
of graphitisation than other graphitising carbons (soft carbons) at temperatures
above 2000 ◦C. This phenomena is argued to be caused by an anisotropic
structure in anthracite.[36] The Raman spectroscopy, and XRD measurements
conducted in this work seem to align quite well with this interpretation, where
the amorphous carbon undergoes a graphitisation process at temperatures above
2000 ◦C. However, as will be seen in the next section, the amorphous carbon
samples have a behaviour resembling hard carbon.
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3.2 Electrochemical performance

Amorphous carbon in a half-cell shows four different regions during galvanostatic
cycling. The first region is the discharge slope starting at ∼1 V down to 0.1
V, where Na+ ions intercalate between the graphitic layers of the amorphous
carbon and are stripped from the counter electrode. The region slopes due to the
varying distances between the graphitic layers in the amorphous carbon structure.
The starting voltage of the first region can vary from ∼0.5 V – 1.0 V for every
sample, which is likely caused by the difference in distance between the graphitic
layers. The second region corresponds to the discharge plateau at 0.1 V down
to almost 0 V, where the Na+ ions start filling the voids between the graphitic
layers. The Na+ ions filling the voids seem to resemble metallic Na, at least
electrochemically, due to the voltage difference being very small between the two
processes.[15, 37] The third region is the charge plateau, where the galvanostatic
cycling has reached its cut-off potential and the Na+ ions are stripped from the
voids, and become plated on the counter electrode. The third region usually
starts a few tens of mV higher in potential than where the discharge plateau
ended, which is caused by polarisation in the cell. Redox reactions happen at a
certain potential, i.e., their standard potential, but this potential can be shifted
when current is passed through the cell, the phenomenon is called polarisation.
Polarisation is caused mainly by three factors, IR drop due to resistive elements
present during cycling (e.g., electrolyte resistance, and SEI), mass transport of
active material, and reaction kinetics. The plateau continues up to about 0.1 V.
The fourth and final region is the charge slope, where the intercalated Na+ ions
between the graphitic layers get deintercalated. These four regions are similar
for both amorphous carbon and hard carbon. The typical galvanostatic cycling
behaviour of an anthracite based amorphous carbon anode in a half-cell can be
seen in figure 9, where all four regions are distinctly present.

The regions during discharge tend to be larger than the charging regions,
especially the discharge slope compared to the charge slope. This is a result of
Na+ ions not being able to deintercalate completely, and irreversible products
forming during the discharge cycle, such as SEI, resulting in less Na+ ions being
accessible for the charge cycle.

The starting point of the amorphous carbon synthesis in this project was to
replicate an already existing article where hard carbon had been synthesised
from anthracite, by Li et al.[18], and further develop the material. The best
performing hard carbon produced in the article was pyrolysed at 1200 ◦C under
Ar flow. The slurry composition consisted of 95 w% amorphous carbon, and 5
w% sodium alginate binder, dissolved in deionised water. The electrolyte used
was EC:DMC (1:1), 0.8 M NaPF6. The cell cycled at a reversible capacity of
222 mAh/g at 30 mA/g. XRD and Raman characterisation presented in the
previous publications indicate that a purer product was achieved compared to
this project.[18]

The amorphous carbon during this project never reached the same capacity.
Different synthesis parameters were used in the hunt for high yielding amorphous
carbon powder. The two parameters changed were temperature (1200 and
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Figure 9: Typical anthracite based amorphous carbon galvanostatic cycling curve
in a half-cell. One cycle is divided into four different regions. (A) Discharge
slope. (B) Discharge plateau. (C) Charge plateau. (D) Charge slope.

1500 ◦C), and milling conditions (1 h Spex milled and 22 h PM100 milled) of
the precursor before synthesis, resulting in four different synthesised materials.
The same slurry composition of 95 w% amorphous carbon, and 5 w% alginate
binder in deionised water was used. The galvanostatic cycling results for the
amorphous carbon powders can be seen in figure 10. All four powders show similar
galvanostatic cycling curves, where the first cycle discharge slope decline extends
further, compared to the following cycles. This behaviour can be explained by
SEI formation on the electrode, forming a passivating layer. The following cycles
all follow the same trend, and indicate that the Na+ ion intercalation, and void
filling processes are stable. The charge cycling processes on the other hand tend
to have a noisier behaviour, especially noticeable in the AC1200S1 sample, where
the potential drops unexpectedly, indicating some unwanted process taking place
in the cell. The behaviour is not constant from cell to cell, even when the same
components, and assembly process are used. The reason for the noisy behaviour
can possibly be caused by the Na metal counter electrode, due to its unreliable
electrochemistry. The problem of the Na metal electrode will be further touched
upon in sections 3.3 and 3.4.

The highest capacity electrode for the first cycle was achieved for AC1200S1,
with a capacity of 220 mAh/g, where the other cells all are around the 200
mAh/g mark. The AC1200S1 sample however showed a very erratic behaviour,
and the presence of side reactions is obvious. Therefore, the AC1200S1 sample
should not necessarily be considered the best performing electrode. The cell
showing the most stable cycling curves is the AC1500M22, where the noise
during charge is the least noticeable, but the capacity fades to the 110 mAh/g
mark after the first few cycles.

Amorphous carbon tends to have a prevalent Coulombic efficiency drop
during the first cycle where only about 80% of the capacity is retained, which can
clearly be seen in figure 11 for all samples. The amorphous carbon cells retain
the remaining capacity close to a 100 % during later cycles. The Coulombic
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Figure 10: Galvanostatic cycling data of amorphous carbon samples, synthe-
sised differently. (A) AC1200S1, (B) AC1500S1, (C) AC1200M22, and (D)
AC1500M22.

efficiency should ideally not rise above 100 %, but that clearly happens for the
amorphous carbon electrodes synthesised at 1200 ◦C. The spike in Coulombic
efficiency is likely caused by premature transit from discharge to charge during
the cycle before the spike, and unfavourable behaviour at the Na metal counter
electrode resulting in irreversible side reactions.

22



Figure 11: Anthracite amorphous carbon capacity retention in a half-cell.

EIS was conducted on the four different electrodes to further investigate the
electrochemistry of the materials. The experiment was conducted for amorphous
carbon in pristine condition, and at 0.05 V for every discharge cycle for ten
cycles. The Nyquist plots from the EIS measurements can be seen in figure 12,
where the frequencies go from higher to lower (left to right).

All samples during cycling form a semi-circle in the Nyquist plot, which
indicates that reaction kinetics is the limiting factor for the whole frequency
range. A tail on the semi-circle, at lower frequencies, would be present if the
limiting factor changed from reaction kinetics to mass transport. The pristine
electrode shows mass transport limitation at lower frequencies, and much larger
resistance compared to the cycled electrode. The change in resistance for every
cycle can be followed by the semi-circle diameter change in the Nyquist plot
and at higher frequencies only the solution resistance is contributing to the
total resistance of the cell. At lower frequencies the resistance from the faradaic
reactions is also contributing to the resistance.

The large resistance present in the pristine materials can possibly be explained
by the interphase between the electrodes and electrolyte being unfavourable, and
a good wetting of the electrodes and electrolyte has not yet occurred. At the
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Figure 12: EIS data of amorphous carbon samples, synthesised differently. (A)
AC1200S1, (B) AC1500S1, (C) AC1200M22, and (D) AC1500M22.

first cycle when the SEI forms on top of the amorphous carbon surface and Na
metal counter electrode surface, better electroactive interphases seem to form,
which decreases the resistance tremendously. All amorphous carbon samples
show a larger resistance in the second cycle, compared to the first, but then the
resistance for each cycle fluctuates for the remaining cycles. This fluctuation
might be caused by SEI decomposition, and reformation, which, coupled with
the capacity profile of the samples, could possibly be the reason why many of the
samples had a fluctuating behaviour. All samples have a quite small difference

24



in resistance for every cycle, but when a large part of the capacity is accessed at
the border to the cut-off potential, the resistance difference makes a big impact.

The low standard potential of the Na+ ions filling the voids of amorphous
carbon is a double-edged sword. A large potential difference between anode and
cathode is an attractive property that is advantageous in batteries. However, the
Na metal plating reaction is problematic, and needs to be avoided for the health
of the battery. Therefore, the cut-off potential during cycling usually is set to
a few mV above the Na plating potential. This conservative cut-off potential
coupled with polarisation in the cell tend to end up in a premature transition from
discharge to charging, meaning more Na+ ions can fill the amorphous carbon
voids before plating takes place. The general trend of fluctuating resistance in
the cell, showed by the EIS, results in an unknown polarisation being present in
the cell, which in turn affects the capacity. The full capacity of an amorphous
carbon half-cell can be more thoroughly investigated by utilising CCCV, because
the polarisation decreases when the current forced through the cell decreases.
The four amorphous carbon samples were investigated via CCCV, and the results
can be seen in figure 13. The current for all samples are slightly different because
it is based on the same current density for every cell (20 mA/g), and differing
mass loading (amount of electroactive material + binder) of the samples will
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Figure 13: CCCV data for anthracite amorphous carbon electrode in a half-cell.
(A) AC1200S1, (B) AC1500S1, (C) AC1200M22, and (D) AC1500M22.
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result in different absolute currents. The general trend of the four samples is
that the constant potential section gets prolonged for every cycle, which coupled
with the EIS plots show that the full capacity of the amorphous carbon becomes
harder to access as the cycling continues. The capacity achieved during the
CCCV measurements can be seen in figure 14. The achieved capacity is higher
compared to the standard galvanostatic cycling, and all four samples retain a
capacity above 200 mAh/g for the first five cycles.

Figure 14: Capacity achieved during CCCV measurements for the four amorphous
carbon samples. The constant current part used 20 mA/g down to 0.005 V, and
the constant voltage part kept 0.005 V down to 5 mA/g.
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3.3 Electrolyte influence

The Na-ion battery research field is still in its early stages compared to the Li-ion
battery field. In practice that means parameters that are desired to be constant
and not to influence the experiments are not very reliable. Two major factors
to take into account when developing new anode materials are the electrolyte
and counter electrode. Throughout the previous section EC:DEC, 1 M NaPF6,
and Na metal were used as the electrolyte and counter electrode, respectively.
EC:DEC, NaPF6 electrolyte is commonly used for Na-ion battery research, and
its Li equivalent is also used extensively in the Li-ion field.[38, 39] However, the
electrolyte is potentially not optimal, especially when developing anodes with a
redox potential close to the Na/Na+ plating potential, where polarisation has a
large impact on the performance. The counter electrode, Na metal, is known to
be problematic with unfavourable electrochemistry and high reactivity, which
often results in an easily contaminated surface. Therefore, choosing a compatible
electrolyte with the Na metal counter electrode is important.

The electrochemical behaviour of the amorphous carbon samples synthesised
during this project was shown in section 3.2 to not achieve the same capacity
as previously reported when using NaPF6 in an EC:DEC electrolyte. The
amorphous carbon properties play a part in the lower capacity achieved, but
all parameters of the cell need to be taken into account in order to draw
complete conclusions. The half-cells assembled during this project did not behave
consistently, and deviating results were achieved, even if the same procedure was
used to assemble the cells. The cause for this behaviour is further investigated
in this section.

The amorphous carbon electrode used in this part was the AC1500M22
electrode due to its stable long-term cycling in the previous section. The
electrolyte influence on the working and counter electrode was investigated by
utilising three-electrode cells with a Na metal piece as a reference between the
working and counter electrode. The Na metal used as a reference should not
to any large extent react with anything electrochemically due to the reference
electrode having an enormous resistance put on it, blocking the majority of the
current. The potential difference of working electrode and reference (WE vs
REF), counter electrode and reference (CE vs REF), and working electrode and
counter electrode (WE vs CE) are separately recorded. The typical galvanostatic
cycling curves in a three-electrode amorphous carbon half-cell can be seen in
figure 15. The potential of WE vs CE is what would be seen in a normal
two-electrode half-cell. The potential between WE vs REF generally follow
the two-electrode pattern. However, the Na metal counter electrode has some
polarisation contribution to the system, offsetting the two curves, which shows
that the cut-off potential is reached prematurely when relying on the WE vs
CE potential. The polarisation contribution is usually only a few tens of mV,
but due to the amorphous carbon potential being close to the Na/Na+ plating
potential, a significant amount of capacity is potentially lost in each cycle.

The behaviour of the amorphous carbon half-cell, and especially the Na metal
counter electrode was investigated using different electrolytes. The electrolytes
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Figure 15: Electrochemical behaviour of an amorphous carbon half-cell with a
three-electrode setup, using NaPF6 in EC:DEC electrolyte.

tested with this type of cell are summarised in table 1, and the capacity achieved
for the cells differ, as can be seen in figure 16. The difference in capacity
is striking, which emphasises the importance of using a suitable electrolyte.
Materials can easily be discarded as improper if all tests are based on one
incompatible electrolyte. The amorphous carbon has the best performance
in EC:DMC, NaPF6, where a stable capacity is reached in the second cycle.
The glyme-based electrolyte is a close second, followed by the EC:DEC based
electrolytes, where the NaPF6 salt seems to perform slightly better than NaFSI
in earlier cycles, but becomes overtaken in later cycles. The capacity, however,
for the EC:DEC electrolytes is quite jagged, which could be caused by changing
resistance in the cell, potentially caused by changing SEI layer. The worst
performing electrolyte is the electrolyte of NaPF6 in EC:PC, with an irregular
capacity, and low Coulombic efficiency in the first cycle.

The potential of CE vs REF should be close to 0 V throughout the gal-
vanostatic cycling in order to say that the Na metal can be a reliable counter
electrode. However, the Na metal counter electrode shows a shifting potential
during cycling for all the electrolytes, as can be seen in figure 17. The CE vs REF
potential is above 0 V during the discharge cycle, and changes to slightly below
0 V during the charge cycle. The potential difference amplitude is generally

28



larger during discharge. The lowest potential difference is present in the diglyme
electrolyte, with less than 1 mV difference during cycling. However, the CE vs
REF potential changes drastically after ∼230 h of cycling, and the potential
difference becomes negative during discharge and charge cycling. The WE vs
REF potential showed a similar behaviour, but the WE vs CE potential did
not change, indicating that the reference electrode was compromised, likely by
contamination of decomposition products from either the working electrode or
the counter electrode. The EC:DEC, NaPF6, and EC:DMC, NaPF6 are next in
line with about 10 mV potential difference, but with different behaviour after
long time cycling. The potential in the EC:DMC, NaPF6 electrolyte increases in
potential difference for every cycle, while the EC:DEC, NaPF6 electrolyte starts
off with a higher potential difference that later decreases. The EC:PC, NaPF6,
and EC:DEC, NaFSI electrolytes show a polarisation difference of above 40
mV, which makes a big difference in achieved capacity. Strangely, the EC:DEC,
NaFSI electrolyte still showed a capacity retention on the same level as EC:DEC,
NaPF6, even if a big difference in counter electrode behaviour seems to be
present. This could indicate that the NaFSI salt has more favourable interaction
with the amorphous carbon electrode, compared to the NaPF6 salt, and vice
versa at the counter electrode interaction.

Figure 16: Amorphous carbon half-cell capacity retention with different elec-
trolytes.
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Figure 17: Reference (Na) vs counter electrode (Na) behaviour in amorphous
carbon three-electrode half-cell with different electrolytes present.

The Na metal behaviour is not thoroughly understood yet, but it can be
assumed that a SEI layer forms on top of the electrode, and dendrite formation
occurs to some degree during cycling. The Na-ion electrochemistry is similar
to the Li-ion, which has been investigated more thoroughly. The behaviour of
CE vs REF for the different electrolyte compositions seen in figure 17 resembles
the galvanostatic cycling curves obtained in Li metal symmetrical cells, where
the same electrochemical behaviour is thought to be different types of dendrite
formations.[40]

The Na metal counter electrode and electrolyte composition have a large
impact on the electrochemical results. The development of Na-ion batteries
relies heavily on half-cells with a two-electrode setup. However, the setup is
not very reliable, since the electrochemical properties of the Na metal counter
electrode varies during cycling. The three-electrode setup could be introduced as
a complement to the standard two-electrode setup for better understanding of the
system. However, the three-electrode setup should be improved, as the Na metal
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reference is not optimal since it can easily become contaminated. In addition,
unpredictable behaviour as seen in the diglyme half-cells could potentially also
be avoided. A more stable reference would greatly increase the usefulness of a
three-electrode cell.
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3.4 Cross-talk and SEI formation

Due to the high reactivity, Na metal reacts with essentially anything that comes
in contact with it during electrochemical cycling, and forms a SEI layer, or other
decomposition products. These side products can detach from the Na metal
surface, and diffuse over to the working electrode. The decomposition products
may interact with the electrode and SEI layer on the working electrode side,
influencing the reactions taking place, and the phenomenon is called cross-talk.

The presence of cross-talk, and the SEI formation, were investigated using
XPS measurements on different types of cells, namely, half-cell, half-cell with a
beta alumina solid membrane as separator, back-to-back cell with two amorphous
carbon electrodes, and back-to-back cell with beta alumina solid membranes
between the counter electrode and working electrode in each cell. The amorphous
electrode used was the AC1500S1 since it showed the highest capacity in the
first cycle at the time. The battery cells consisted of either EC:DEC (1:1), 1 M
NaPF6, or EC:DEC (1:1), 1 M NaFSI electrolyte. For the XPS measurements,
two different photon energies of 2005 eV and 6015 eV were used at the synchrotron
facilities, resulting in depth profiling of amorphous carbon SEI. All spectra have
been background corrected, calibrated, and normalised.

The C1s spectra of amorphous carbon electrodes cycled in half-cells using
electrolyte of 1 M NaPF6 in EC:DEC can be seen in figure 18. The C=C
substrate peak is located at 284 eV, and corresponds to the bulk amorphous
carbon. In the 2005 eV spectra the substrate peak can easily be identified in the
pristine and electrolyte-soaked samples as the only compound present, indicating
that no build-up of SEI layer occurs with no electrochemical cycling. In the
half-cells, the substrate peak is larger in the half-cell containing a beta alumina
solid membrane than in the half-cell without a beta alumina membrane, which
could indicate that cross-talk occurs in the cell, and can be blocked by the beta
alumina. However, the resistance in the cell also increases with the beta alumina
solid membrane present, which results in the cut-off potential being reached
prematurely, and the cells not being equivalently cycled. Therefore it might
be too speculative to draw any detailed conclusions about the cross-talk. The
other peaks present in the C1s 2005 eV cycled half-cell spectra are identical,
and indicate the same SEI formation for all samples during cycling. The carbon
containing compounds found in the SEI layer are assigned as follows: CH2, CO,
CO2, and CO3 at 285, 286, 288, and 289 eV, respectively. The galvanostatic
cycling curves of the half-cells can be seen in figure 19 to further emphasis the
increased resistance brought by the beta alumina solid membrane. The attained
capacity is lower for the cells used for XPS measurements compared to the
cells used in the pure electrochemical tests in the previous sections. The only
difference between the cells is the separator, where the XPS cells have used
Solupor, or beta alumina solid membrane instead of glass fibre. The importance
of a compatible separator is obvious from these results. In the XPS half-cells,
the capacity fading is clear, where the cell with the beta alumina solid membrane
loses capacity in every cycle, while the cell without loses a large amount of
capacity during the first cycle, but retains the capacity for all following cycles.
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Figure 18: Stacked C1s XPS spectra of electrodes in EC:DEC (1:1), 1 M NaPF6

electrolyte. (A) Pristine electrode. (B) Soaked in electrolyte. The remaining
samples, (C) and (D) have been cycled 5 cylces. (C) Pouch cell desodiated. (D)
Pouch cell with a beta alumina membrane. Analysis depth 2005 eV (left) and
6015 eV (right).

The polarisation difference between the two cells contribute to the different
capacities achieved in every cycle. The half-cell without the beta alumina solid
membrane has a polarisation of 0.040 V after the first discharge cycle, and 0.080
V for the second cycle. The half-cell with a beta alumina solid membrane on
the other hand has a 0.106 V polarisation during the first discharge cycle, and
0.089 V for the second cycle.

The C1s spectra measured at a photon energy of 6015 eV shows that more
SEI is present in the half-cell without the beta alumina solid membrane. The
cause of the difference between the cells could possibly be explained by the
beta alumina solid membrane hindering the half-cell from reaching the same
sodiation level as the normal half-cell, therefore limiting the SEI formation, or
the cross-talk influence from the Na metal counter electrode is avoided and does
not intermingle with the amorphous carbon SEI, resulting in a different SEI
formation process. The SEI formation typically occurs in the first electrochemical
region, discharge slope, before the second region, discharge plateau, is initiated.
The half-cell with a beta alumina solid membrane never reaches the second
region, while the half-cell without the solid membrane does reach the discharge
plateau. The difference in electrochemical cycling makes the comparison of the
cells less reliable.

The XPS spectra of the EC:DEC, NaPF6 back-to-back cells can be seen in
figure 20, where both cells with and without a beta alumina solid membrane
show a much smaller presence of the C=C substrate peak in the desodiated and
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A B

Figure 19: Galvanostatic cycling curves of half-cells (A) with and (B) without a
beta alumina solid membrane. 5 cycles.

Figure 20: Stacked C1s XPS spectra of electrodes in EC:DEC (1:1), 1 M NaPF6

electrolyte. (A) Pristine electrode, Samples (B) - (E) have been precycled
for 2 – 2.5 cycles, then cycled for 5 additional cycles. (B) Back-to-back cell
desodiated electrode, (C) back-to-back cell sodiated electrode, (D) back-to-back
cell desodiated electrode with a beta alumina membrane, and (E) back-to-back
cell sodiated electrode with a beta alumina membrane. Analysis depth 2005 eV
(left) and 6015 eV (right).

sodiated electrodes compared to the half-cell with a beta alumina solid membrane.
A similar presence of the substrate peak is present in the back-to-back sodiated
electrode, and the back-to-back desodiated electrode with a beta alumina solid
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membrane, as in the conventional half-cell. In the samples where the substrate
peaks were detected with a photon energy of 2005 eV (back-to-back cell sodiated
electrode, and back-to-back cell desodiated with a beta alumina solid membrane
electrode), an even clearer presence is detected at 6015 eV. The back-to-back
cell with a desodiated electrode shows a small presence of the substrate peak.
However, the sodiated electrode with a beta-alumina solid membrane still does
not show the substrate peak, indicating a thick SEI layer formed on top of the
electrode. A clear trend cannot be deciphered from the results, but the same
type of compounds seems to be present in all samples’ SEI layers, and the same
type of compounds form with and without the beta alumina solid membrane
present in the back-to-back cells.

The C1s spectra of the electrodes from the cells containing NaFSI salt are
presented in figure 21 where a half-cell, and a back-to-back cell were investigated.
The substrate peak at 284 eV is clearly visible in both cell types measured by a
photon energy of 2005 eV. The peaks emerging during cycling at 286, 287, 291
eV are caused by the SEI compounds. The peaks are different compared to the
NaPF6 samples, which is expected with a different salt contributing to the SEI
formation.

The SEI layer seems to be thinner with the NaFSI salt used, as can be seen
in the 6015 eV spectra, where the substrate peak has the largest presence. The
NaPF6 sample on the other hand has more SEI present both with and without a

Figure 21: Stacked C1s XPS spectra of electrodes in EC:DEC (1:1), 1 M NaFSI
electrolyte. (I) Pristine electrode. (II) Soaked in electrolyte. The remaining
samples (III) - (V) have all been cycled 5 cycles. Samples (IV) - (V) have also
been precycled for 2 – 2.5 cycles. (III) Pouch cell desodiated. (IV) Back-to-back
cell desodiated electrode. (V) Back-to-back cell sodiated electrode. Analysis
depth 2005 eV (left) and 6015 eV (right).
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beta alumina solid membrane. The SEI layer thickness does, however, not affect
the achieved capacity to a great extent as was shown with the three-electrode
setup and discussed in the previous section. The SEI thickness of the NaFSI
salt could, however, be the compensating factor for the less favourable Na metal
counter electrode interactions, and therefore achieve roughly the same capacity
as the NaPF6 salt. The general trend when comparing the half-cells with the
back-to-back cells is that more SEI is present in the back-to-back cell.
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4 Conclusion

The amorphous carbon showed a modest electrochemical behaviour with a
maximum capacity of 220 mAh/g, and a stable capacity during cycling of
roughly 140 mAh/g, at a current density of 20 mA/g in a half-cell during
galvanostatic cycling. The CCCV measurements showed a capacity above 200
mAh/g for the first five cycles for all samples, indicating that the sodiation
process of amorphous carbon is prematurely ended during galvanostatic cycling.
The most stable amorphous carbon sample was synthesised from anthracite
at 1500 ◦C, and PM100 milled for 22 h. The results showed contaminations
present in all of the samples, and a structure not completely aligned with the
hard carbon definition, which is the preferred carbon structure for carbonaceous
Na-ion battery anode materials.

The three-electrode setup showed the difference in potential between the Na
counter electrode and Na reference electrode, which was highly dependent on the
electrolyte composition. This variation in potential can influence the capacity
of the cell as the potential of Na+ ion intercalation in amorphous carbon is
very close to that of Na plating. The electrolytes of NaPF6 in either EC:DMC
or diglyme showed the most promising results regarding capacity, and counter
electrode interactions.

The EC:DEC electrolytes with NaPF6 and NaFSI salts retain about the
same amount of capacity during cycling. However, the NaFSI salt seems to form
a thinner SEI layer on amorphous carbon electrodes. The extent of cross-talk
in the Na-ion half cells could not be determined, due to the beta-alumina solid
membrane contribution to the internal resistance of the cell, resulting in different
sodiation and desodiation degrees occurring in the cells. The back-to-back cells
showed a thicker SEI layer than the half cells for both salts. The importance
of a compatible separator was also noted, where Solupor had unfavourable
interactions in the amorphous carbon half-cells, resulting in a smaller capacity
compared to cells utilising glass fibre.
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5 Future Outlook

The amorphous carbon synthesised during this project has not achieved the
desired properties for a Na-ion anode material. Therefore, other precursors should
be investigated, e.g., the literature would suggest bio-based precursors.[17, 41, 42]

A three-electrode cell setup would be beneficial for the development of
Na-ion batteries, yielding more reliable data. However, Na metal is not a
reliable reference due to its high reactivity, and unpredictable behaviour. A new
electrochemically stable reference electrode with fast kinetics, which is not easily
contaminated would be preferable. The anode development especially would be
refined, since the low potentials close to the Na/Na+ potential could then be
more accurately measured, avoiding premature cycle cut-off.

The use of full-cells would be another way to circumvent the problematic Na
counter electrode, which would give a more reliable interpretation of how well
the material of interest is performing. The three-electrode cell would still be a
great contribution in a full-cell, thanks to the anode and cathode electrochemical
behaviours being split up and could be investigated separately.

The cross-talk must be further investigated to get an understanding of how
large an effect it has on the battery system. XPS studies with a larger parameter
matrix, coupled with electrochemical tests could give a better picture of the
mechanisms taking place in the battery cell. However, due to the Na-ion battery
research being still being nascent, it lacks a standard, well-known system, with
predictable behaviour. The electrolyte selection makes a very large impact on
the overall performance of a cell, and finding a well-performing electrolyte for
the Na-ion system is desired. Cross-talk studies would be interesting to conduct
on such a system.
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