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ABSTRACT

Lithium-lon Batteries (LIBs) have quickly become a cornerstone of the modern
electronics industry, with applications in personal electronic devices, automotive
components, and several other areas of interest. With global demand for energy-storing
capacity and clean energy solutions only expected to increase in the coming years,
developing high-capacity LIB technology has become a priority in battery-related
research. A promising method for scaling LIB technology is the use of transition metal
chalcogenides (TMCs) as high-capacity anode materials. A number of important physical
properties make TMCs favorable for LIB materials such as high thermal conductivity,
storage capacity, and rapid charge transfer. This experiment began with the synthesis of
the TMC chromium sulfide (Cr2Ss) via thermal synthesis. After this process, the materials
were analyzed via X-ray Photoelectron Spectroscopy (XPS) and X-ray Powder Diffraction
(XRD) methods to determine the chemical composition of each sample. We built and
tested half-cell coin batteries to evaluate the performance of this material. To study the
details of lithiation and delithiation, XPS and XRD measurements were conducted on the
electrode material at various stages of the process. The results of these experiments not
only confirmed the formation of the Solid Electrolyte Interface (SEl) layer but also

provided details of its chemical composition.
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CHAPTER |

INTRODUCTION AND MOTIVATION

As modern technology advances, the demand for high-performance batteries
increases proportionally. This, in turn, drives scientific research into various battery
properties, including cost, safety, rechargeability, cycling life, voltage, capacity, and
rate capability. The perpetual rise in global energy demands has made the use of fossil
fuels increasingly problematic. Many potential solutions have been proposed for this
problem; chief among these is the use of energy harvested from renewable resources,
such as solar and wind, which can then be stored via stationary rechargeable

batteries.

The emergence of the lithium-ion rechargeable battery (LIB) has allowed
unprecedented advances in portable electronic devices (e.g. laptops and cell phones)
and continues to revolutionize communication. The pressing issue to be solved with
regards to LIBs and similar technology is the ability to ensure a low-cost, sustainable
energy storage solution. Furthermore, it is becoming increasingly apparent that LIB
technology can help phase out the internal combustion engine through the
implementation of LIBs in electric vehicles, and in-home power storage. Examples of

companies on the frontier of this technology include Tesla and solar city.

To meet energy demands and improve performance, battery electrode materials
are of great interest. One promising class of anode materials for the advance in LIBs

is transition metal chalcogenides (TMCs). TMCs as anode materials have unique and



promising properties (e.g., thermal conductivity, abundance, and fast charge transfer
kinetics).[?4l Currently, the most used anode material in LIBs is graphite. However,
graphite has certain limitations for which TMCs show promise to overcome. This
advantage provides abundant motivation for research into alternative anode

materials that allow higher energy density in LIBs.
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Figure 1.1: Transition metals highlighted in blue, chalcogenides highlighted in orange.

This research focused on Cr;S3 and the physical and chemical changes through the
lithiation and delithiation process. The material was then synthesized thermally in
vacuum-sealed quartz tubes according to the literature.l'® After synthesis, the
material was characterized via X-ray Diffraction (XRD), X-ray Photoelectron
Spectroscopy (XPS), and Atomic Force Microscopy (AFM) to ensure purity and

uniformity.



0 Chromium Sulfur

Figure 1.2: Structure of CrzSs. Left is the side view along with <100>
direction of a single unit cell. Right is the top view of the same material.



CHAPTER Il

REVIEW ON LITHIUM-ION BATTERIES (LIBS)

A modern lithium-ion battery is a rechargeable battery composed of a lithium-
based electrolyte (e.g. LiPFg), lithium compound cathode (e.g. LiFePO4), and a carbon
anode.?! Chemical potential drives a chemical reaction, which causes lithium ions to act
as a charge carrier within the battery cell. Simultaneously, electrons do work outside the
cell due to the potential difference that is present./? The most common anode material

is carbon and its derivatives.!Z

®)

Lithiation

Li*

Delithiation

Li*

Electrolyte

Anode Cathode

Figure 2.1: lllustration of lithium-lon battery

The voltage of the cell is the difference in chemical potential between the two

electrodes. For a battery to operate properly the chemical potential of each electrode

4



must remain within the electrolyte window. ‘If the chemical potential of either electrode
is not within the electrolyte window, reactions anterior to the battery's intended
mechanism will occur. ¥ If this happens, the electrolyte may be reduced at the anode or
oxidized at the cathode. These reactions can adversely affect battery performance;

furthermore, this may lead to catastrophic battery failure.

™~ Electrolyte window

MCathode |

Figure 2.2: lllustration of Electrolyte window and relative
reductant/oxidant  chemical  potential  (ua/us)  positions,
respectively.



CHAPTER 1l

BARRIERS AND DIFFICULTIES

Some of the largest barriers in the way of modern LIB technology are the high cost
of materials, the limited cycle lifespan, and issues regarding safety.! Irreversible chemical
changes during charge/discharge cycles can lead to capacity degradation and dangerous

conditions.[24]

One mode of irreversible chemical change is the shuttle effect. The shuttle effect
occurs as a result of a series of steps, the first of which is the formation of dendrites. These
dendrites consist of long chains of material branching out from the electrode. These
dendrites themselves can be very dangerous and can lead to catastrophic failure. The
second step in the process of the shuttle effect is the detaching of sections of this dendrite
chain from the electrode host. Next, these chain sections diffuse into the electrolyte; this
is followed by the migration of these chain sections toward the opposite electrode. Lastly,
these chains react with the opposite electrode and form a new material. !4 Another
possible effect of dendrites is that they can create electrical short circuits within the

battery that can lead to overheating and explosion.

Another mode of irreversible changes in the battery cell is volume expansion and
contraction. Volume expansion in experimental batteries has been observed to be as

great as 80% during the charge/discharge cycle. These volume changes can result in the



separation of materials with the battery. This leads to a strongly reduced cycle life, rate

performance, capacity, and safety of the cell.?4

A common risk to the battery cell life and health is overcharging. This can also be
dangerous and can even lead to catastrophic failure. This can irreversibly damage the
battery by way of gas production and build-up, rapid temperature increase, and chemical
changes within the cell. The chemical reactions within the cell can lead to catastrophic

failure and explosion.?

One method to protect the battery from overcharging is known as a redox shuttle;
this is an additive to the electrolyte. This additive can be oxidized or reduced reversibly
within a specific potential. This protects from overcharging by allowing a reversible
reaction to occur with the redox shuttle rather than other potential irreversible
reactions.[? In industry, over-charging is also mitigated through a battery management

system (BMS).[17]

To address the problems mentioned above, there are several key drivers for the
research of new battery materials. Current LIBs need improvement to keep up with or
even meet current energy storage demands. For applications such as grid storage, current
LIB technology proves to be insufficient due to the cost of materials and performance
limitations.[*2IWith the rising popularity of LIBs and LIB technology, the sourcing of lithium
is becoming a topic of concern.[?2l To help with that, recently the research has been

focused on Na-ion batteries (SIB).



CHAPTER IV

ANODE MATERIALS

Anode materials have been of great interest in the advancement of lithium battery
technology.?4#2>2L111 Specific capacity is perhaps the most interesting driver of research
into new anode materials. The specific capacity of the current commercial graphite
(common carbon anode) is 372 mAh g2l Carbon also has poor low-temperature
performance. These issues strongly limit the capacity of current LIBs. For comparison, the
theoretical capacity for some investigated TMCs has been near or more than 1000 mAh
g1.[2421 The potential for these materials to revolutionize modern battery technology is
astounding. Many materials have been explored as possible anode materials, including

carbon materials, silicon, metals, and Transition Metal Chalcogenides (TMCs).[12!

There are three primary storage mechanisms for anode materials. Intercalation
anodes present a rigid molecular structure that allows lithiation and delithiation while
maintaining that structure; graphite is one such intercalation anode.['? A conversion
anode chemically reacts with the Li-ion carrier to form a new compound with a new
structure.2l TMC anodes are an example of conversion anodes.!*?! The third type is called
alloy anodes such as Si, Ge and Sn. Alloying anodes undergo reactions that involve major

structural changes.[?4



CHAPTER YV

MATERIAL SYNTHESIS

5.1. MOTIVATION

Transition metal chalcogenides especially sulfides and selenides have attracted a
lot of attention for LIB and SIB applications because of their unique physical and chemical
properties such as high electrical conductivity, thermal stability, etc. In addition to that,
transition metal chalcogenides offer higher theoretical specific capacities for LIB/SIBs
compared to commonly used intercalation anodes. Another important point to make is
that transition metal chalcogenides are electrochemically more reversible than their
metal oxide counterparts due to the faster charge transfer kinetics. For example, metal
sulfides such as MoS,%%, CoS,?%, SnS'9, Sb,S3'®, and FeS,?3 have shown great potential as
anode materials for LIBs/SIBs because of their higher volume capacity and better rate
performance resulting from higher density and electrical conductivity. However, there are

still unknowns regarding the effect of lithiation and delithiation process on the electrodes.

Various transition metal chalcogenides have been investigated for anode material
in Li-ion batteries. The research on CrS, Li,CrS, compounds showed that the lithiation
and delithiation processes of these materials are not reversible.[#°! However, nobody
studied Cr,S3. We were motivated by the lack of research on the performance of Cr,Ss as
an electrode. Ultimately, we want to correlate how the performance of a material is

affected by the composition and structure of the material.



5.2. SYNTHESIS PROCEDURES

CryS3 synthesis methodology was modified through trial and error from previously
reported research.'® To maintain the desired reaction, a pressure below 107 Torr must
be maintained throughout the five-day reaction period. Any amount of leakage - even a
minute flow of inert argon gas - will allow gaseous sulfur to escape, disrupting the
stoichiometric mixture. Therefore, a stoichiometric mixture of chromium and sulfur was
sealed in an evacuated silica tube (<103 Torr) at 500°C for 24 hours. The furnace
temperature was then adjusted to 1000°C for 96 hours, then allowed to cool naturally in
the furnace to room temperature. After cooling, the material was removed from the

sealed tube and examined with XPS.

Figure 5.1: lllustration of sealed quartz tube to be heated in
a furnace for the thermal reaction of chromium and sulfur

During the reaction, the vaporization of sulfur causes enough pressure to
accumulate that the tubes can explode under certain circumstances. The greatest

contributor to explosions is tube sizing; a tube size that is too small relative to the material

10



guantity may be very hazardous. Other possible causes of explosion include weakening of
the glass structure through rapid heating and cooling, as well as defects formed on quartz

during the sealing process.

11



CHAPTER VI

EXPERIMENTAL PROCEDURES

6.1. INTRODUCTION

Following is a summary of the experimental procedures used in this research. This
includes an overview of the reaction vessels used, a discussion of heat treatments and
post-reaction processes, and a description of the various analysis techniques employed
in research (i.e. X-ray diffractomer, X-ray photoelectron spectroscopy). Furthermore, an
exploration of battery testing used in this research through the UND Chemical
Engineering Department is elaborated on.

6.2. REACTION VESSEL

For this experiment, a quartz tube was used. Quartz was favored for a tube
material because it can tolerate the high temperatures (i.e. up to 1000 °C) required for
the material synthesis to occur; quartz features a melting point of roughly 1600 °C.

After the samples have been synthesized, they are collected for X-ray
photoelectron spectroscopy (XPS) analysis, and later, X-ray diffraction (XRD) analysis.

6.3. XPS ANALYSIS
XPS was developed by Swedish Dr. Kai Siegbahn and his collaborators in the 1960s; this
revolutionary method later won Dr. Siegbahn a Nobel Prize in Physics. XPS is used to
determine the chemical composition of the samples analyzed. XPS is performed by
exposing the surface of a sample with X-rays, emitted from an X-ray source, and capturing

the electrons emitted by the surface via the photoelectric effect. As an electron source,

12



a Tifilament is used. Then, electrons are accelerated towards and Al target via a potential
difference. The aluminum target, when bombarded by high-energy electrons, produces
X-rays that are directed towards the sample.

The X-ray bombardment causes the sample to emit electrons. This is known as the
photoelectric effect, and it occurs when electromagnetic energy excites electrons past
their work function and binding energies, causing them to be emitted from the sample.
These electrons are then captured by the detector. A hemispherical chamber uses a
controlled electric field to select electrons of a certain speed to be counted. The electron
speed corresponds to the eV range they originate from (E.g. Oxygen 1s orbital electrons
have binding energy ~531 eV; AlKa X-rays have photon energy 1486.6eV; detector read
kinetic energy of Oxygen 1s electron is ~955.6eV less the spectrometer work function).[*3!
The number of electrons roughly corresponds to the number of atoms on the surface of
the material.

KE =~ hv — BE — ¢
hv(photon energy)
KE (measured electron kinetic energy)
BE (binding energy of obital electron originates from)

¢(spectrometer work function)

An electron multiplier amplifies the signal and sends it to the XPS electronics.[*°!

13



Electron current

Electron in

Figure 6.1 Basic concept of an electron multiplier

6.4. XRD ANALYSIS

X-ray Diffraction (XRD) analysis was used to verify the purity of the active anode
material (Cr2Ss). XPS is primarily used to determine the chemical composition of a sample,
whereas XRD analysis reveals the crystal structure.

In XRD, elastically scattered X-rays are detected. Within a crystal structure, there
are very specific angles in which the scattered X-rays will constructively interfere. This is
referred to as diffraction. From the scattering angles measured by XRD, the crystal
structure and lattice spacing can be extracted.

XRD uses Bragg’s Law which describes the relationship between X-ray behavior
and the material’s crystalline structure. Bragg’s Law is stated as

2dsing = mA

where d, A, and © are interplanar spacing, the wavelength of the X-ray and angle of

incidence, respectively, and m is a dimensionless integer.

14
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Figure 6.2: Diagram of XRD diffraction and Bragg’s Law

6.5. BATTERY FABRICATION and TESTING

The batteries were fabricated by a fellow graduate student Shuai Xu in the
Institute for Energy Studies at UND. A coin cell setup was created consisting of a CR2032-
type coin half-cell assembled in a glove box, with a high-purity argon environment used
for its inert nature. In this configuration, the Li counter electrode acts as an anode, and
Cr,S; electrode functions as a cathode. For XRD and XPS experiments, two sample sets
(six samples in total) were prepared and tested as battery anodes. These samples were
made using 60% active material, 20% active carbon, and 20% PVDF binder. The electrolyte
is composed of Ethylene Carbonate (EC), Ethyl Methyl Carbonate (EMC), and LiPFs. The
chemical structure of the electrolyte and the binder are given in Figure 6.3. Once
assembled, half-cell LIBs are charged. Testing of the batteries involved discharging (i.e.

lithiation) followed by charging (delithiation). (See Figure 7.7)

15



LiPF, PVDF Binder

Vs
Lit F /P—\ F ? (|3——
FF H F

Figure 6.3: lllustrates the chemical formula of the electrolyte (left) and the binder
(right)

(4)

Lithiation

Li*

Delithiation

LiF

Electrolyte

Li* Anode Cr,S; Cathode

Figure 6.4: lllustrates the process of lithiation introducing additional
lithium toward the cathode and extraction of lithium in the form of Lithium
fluoride (LiF) through delithiation.
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CHAPTER VII

RESULTS & DISCUSSION

7.1 XRD

XRD experiments were performed on three samples at various stages during the
discharging. The data shows that through the first discharge cycle, the Cr,S3 gradually

vanishes as Li,S forms. The presence of this reaction demonstrates that Cr,Ss acts as a

conversion electrode.

1 " " rest
100000 M CrS, | ——V=0.85
I V=0.75
—V=0.01
80000 - h | .
_ N
8 ./ y uJWMJWJ W'LWKWMM‘\,.
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T 40000 -
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u\w»MJW—.J |
20000 - Nt
|eLs |,
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Figure 7.1: XRD results measured on different samples at various stages of discharging.
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7.2 XPS
Figure 7.2 shows the Voltage vs Capacity graph. The black-filled circles indicate the

state of charging (SOC) of the samples 9, 10, and 11 in the delithiation process.

2.5
Cr,S; / L1 metal
2.0 - Electrode 11
> 1.5+ Electrode 9 Electrode 10
?:3)
= = |ithiation (OCV - 0.65 V)
> 1.0 - Delithiation (0.65V -2.2V)
— -® —.—
0.85v 0.75v \
0.5 4
Ov
0.0 ==—— 1 - 1 - T ° 1 |
0 100 200 300 400 500 600 700 800
Capacity mAh/g

Figure 7.2: Status of electrode samples 9, 10, 11. As seen, electrodes
exhibit a uniform lithiation curve (seen in black), and a delithiation curve to
a point unique for each electrode (seen in red). Points indicated for the

lithiation curve are for representation.
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Figure 7.3: lllustrates the relative concentration of Li/F/P/C/O. O and C
increase in sample 11. Conversely, Li and F decrease.

Figure 7.3 shows concentrations of Li, F, P, C, and O on samples 9, 10, and 11. The
Cr and S concentrations were within the error range in XPS and therefore they were not
included in the analysis. The absence of strong Crand S presence indicates that a relatively
thick Solid Electrolyte Interface (SEl) layer must have formed on the electrode preventing
access to both Cr and S.13! Carbon and Oxygen have many potential sources including
exposure to air during the sample transport and loading and therefore their relative
intensity can be misleading. However, analysis of Li, F, and P can provide valuable
information to explain what may be happening during the delithiation process. The
sources of Li, F, and P elements are known. Li has two sources: the electrolyte and the Li

counter electrode. F also has two sources: the electrolyte and binder Polyvinylidene

19



fluoride (PVDF). However, P has one source: the electrolyte. Figure 7.2 shows that during

the first delithiation cycle the concentrations of Li, F, and P on the electrode decrease.

60 - F
50 1
| p— e
Li 40

50.5% 47.1% 59.3% & e
F " 304
44.4% 49.9% 35.0% 204
P ]
51% 3.8% 57% 10

0 T T T T T

9 10 11

Sample

Figure 7.4: Left; Relative concentration percentage Li, F, P. Right;
corresponding graphic

To investigate the process further, we focused on relative concentrations of Li, F, and P
change during the first delithiation cycle, C and O were not included in this analysis. We
performed higher resolution scans on Li 1s, F 1s, and P 2p peaks to investigate if the

binding energy and peak composition change during delithiation.
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Figure 7.5: lllustrates the multiplex data of Li 1s peak for each sample.
Concentration indicates the relative concentration of Li for that sample vs
F and P. Possible sources of lithium are the electrolyte and the counter
anode.

Li 1s Peak:

For Li, we want to emphasize two important points. The first one is that Li
concertation relative to F and P increases. (See Figure 7.4) The second one is that Li 1s
peak shows a small but persistent shift to the lower binding energies as the delithiation
process continues. (see Figure 7.5) We attribute this shift to the lower binding energy to
the formation of Li compounds other than LiF such as Li-carbides and Li-oxides. An

increase in Li concentration relative to F concentration indicates that during the
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delithiation process, LiF moves from cathode to anode and lowers the concentration of F.

Yet, there remained excess Li that was bound to C and O to form carbides and oxides.

. Sample Signal Area  Position FWHM Concentration
Flourine %™ PUDF 214% 68825 191  95%

9-2 LiF 78.6% 686.19 1.88 34.9%
4 10-1 PVDF 18.7% 688.13 1.99 9.2%
] 10-2 LiF 81.3% 686.18 1.9 40.0%
i 11-1 PVDF 338% 687.93 1.92 11.8%

11-2 LiF 66.2% 685.88 1.71 23.17%
] 9 LiF
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Figure 7.6: lllustrates the multiplex data of fluorine for each sample.
Concentration indicates the relative concentration of fluorine compounds
for that sample vs lithium and phosphorus. Possible initial sources of
fluorine are the electrolyte and the binder.

F 1s Peak:

Figure 7.6 shows F 1s peak for samples 9, 10 and 11. The F peak is composed of

two peaks. By using the NIST database and the literature, we attributed the higher binding
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energy peak (peak 1) to PVDF and the lower binding energy (Peak 2) to LiF. Figure 7.4
shows that the relative concentration of F with respect to Li decreases sharply from 44.4%
in sample 9 to 35.0% in sample 11. However, Figure 7.6 shows that the relative
concentrations of PVDF and LiF change independently as the delithiation process
continues. When combined, both changes translate to a slight increase of PVDF
concentration from 9.5% to 11.8% while LiF concentration decreases sharply from 34.9%

to 23.2%. This analysis further suggests the formation of a Solid Electrolyte interface (SEl)

layer.
Sample Signal Area  Position FWHM Concentration
PhOSphOrUS 9-1 LiPF6 31.1% 137.75 273 1.6%
_ 9-2 P Oxides 68.9% 135.34 2.58 3.5%
10-1 LiPF6 33.1% 135.75 2.73 1.3%
- —9 10-2 P Oxides 66.9% 13546 258 2.5%
g — 10 11-1 LiPF6 24.2% 137.93 2.16 1.4%
— — 11 11-2 P Oxides 75.8% 135.18 2.77 4.3%
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Figure 7.7: lllustrates the multiplex data of phosphorus for each sample.
Concentration indicates the relative concentration of phosphorus
compounds for that sample vs lithium and fluorine. The only possible
source of phosphorus is the electrolyte.
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P 2p peak:

To understand what happens to the electrolyte during the delithiation process,
we measured higher resolution P 2p peaks for samples 9, 10, and 11. (Figure 7.8) The P
2p peak is composed of two peaks. After comparing our data with the literature, we
attributed the primary peak, peak 2, to phosphorus oxides.[*3 and the peak 1 to LiPFg, the
electrolyte. (See Figure 7.3) The presence of peak 2 indicates that during the process the
electrolyte breaks down and P gets oxidized. In sample 9, the total P concentration is
5.1%, and 1.6% of that is in the electrolyte. This means about 1.6% of Li and 9.6% of F
shown in Figure 7.4 originates from the electrolyte. This suggests that a majority of the F
must come from the LiF. This also indicates the possibility of some of the binder breaking
down. On the other hand, the Li supplied by the electrolyte (1.6%) cannot account for all
the Li concentrations given in Figure 7.4. Therefore, most of the Li must come from the Li

counter electrode and the breakdown of the electrolyte.

In sample 11, P concentration is a bit higher, 5.7%. This means that 5.7% of Li and
34.2% of F must be present. We have significantly more than 5.7% Li, indicating that the
majority of Li that came from the anode remained at the cathode. However, we measured
only 23% F in the form of LiF meaning that a significant amount of F left the cathode. In
light of these results, we think that a Solid Electrolyte Interface (SEI) forms. Excess Li left
behind is likely bound to Li,COs3, LiO and LiF which are common components known to

make up the SEl layer. Further investigation is needed to extract more information on the
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chemical composition and structure of these Li-carbide and Li-oxide compounds as well
as the underlying mechanism of delthiation in the anode beneath the SEI layer. The
samples were exposed to air during the transport between the labs which can lead to the
formation of Li-carbides and oxides. To rule out the possibility of contamination, the

samples need to be transported under controlled conditions.

% Concentration

Li-9 Li- 11 F-9 F-11 P-9 P-11
Element - Sample

Figure 7.8: lllustrates the relative concentrations of the elements Lithium,
Fluorine, and Phosphorous and their compositions.

This leaves high potential for future research. Further examination of the SEl layer
under more cycling is necessary to understand, completely, the SEI layer formation for
this material. Argon gas sputtering to remove the top SEl layer to investigate the

underlying electrode is also necessary to examine the delithiation process within the

electrode material.
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CHAPTER VIII

CONCLUSION

Lithium-ion batteries (LIBs) are of great importance in the modern electronics
industry. An area of particular interest in improving LIB performance is transition metal
chalcogenides (TMCs). TMCs show promise as a class of anodic materials in LIBs due to a
wide range of favorable physical properties, including thermal conductivity and rapid
charge transfer. Here, we focused on the synthesis and analysis of chromium sulfide

(Cr2S3) as an electrode for LIBs.

CryS3 is synthesized from a stoichiometric mixture of chromium and sulfur
powders. This mixture is kept in a reaction vessel in a vacuum and heated. The materials
are then analyzed using XPS and XRD, after which the batteries were fabricated with Cr,Ss

via a coin cell setup.

The results of electrode analysis indicate the formation of the SEI layer. Analysis
of the electrodes proved a view into the underlying mechanism of SEl layer formation.

Further testing including more cycling is necessary for further investigation.

In the immediate future XRD analysis like that shown above measured at the
positions in the delithiation curve of samples 9, 10, and 11 need to be performed to reach

a better understanding of the process.
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