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ABSTRACT OF THE DISSERTATION
Reversible Electrochemical Intercalation of Aluminum in Transition Metal Sulfides
by
Linxiao Geng
Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, September 2017
Dr. Juchen Guo, Chairperson

Rechargeable battery technology has been one of the most exciting advancements in
science and technology in the last several decades. Even though lithium ion battery
technology has achieved great success in many fields, its wide deployment for large-scale
energy storage is very questionable because of the limited resources of lithium. Therefore,
alternative rechargeable battery technologies based on abundant elements need to be
developed for sustainable electrochemical energy storage. Among all the potential
candidates, battery systems based on aluminum as anode is particularly promising.
In this thesis, we are dedicated to develop novel rechargeable Al-ion battery prototypes
mainly focusing on cathode materials. Our achievement of discovering transition metal
sulfides as promising cathode materials for rechargeable Al-ion batteries is pioneering. We
first proposed Chevrel Phase Mo6S8 as intercalation-type cathode material for rechargeable
Al-ion battery using ionic liquid electrolyte. We investigated the electrochemical
properties as well as compositional properties of Chevrel Phase Mo6S8 as a cathode
material. We believe it is the first reported intercalation-type rechargeable Al-ion battery
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prototype. We went further to probe the detailed intercalation process of Al3+ in Chevrel
phase Mo6S8. High quality powder XRD data along with Rietveld refinements give a clear
picture of the aluminum intercalation induced phase transition process of Mo6S8. High
resolution TEM further provided strong evidence of Al3+ intercalation and phase transition
of Mo6S8. In light of the information gained from the Al3+ intercalation and deintercalation
process, constant-current-constant-voltage charge and galvanostatic discharge technique
was used to improve the cycling performance of Mo6S8. A 50% capacity increase was
obtained with a high current density of 40 mA g-1. At last, we extended our cathode
materials screening on other transition metal sulfides base on the previous results. We
presented layered TiS2 and cubic Cu0.31Ti2S4 to be potential cathode materials for
rechargeable Al-ion batteries. Layered TiS2 showed better electrochemical performance
than Cubic Cu0.31Ti2S4. Moreover, we also demonstrated that the slow diffusion of Al3+ in
the titanium sulfides crystal structure is the main obstacle to achieving high Al intercalation
capacity through GITT analysis.
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Chapter 1: Introduction
1.1 Rechargeable battery overview
Rechargeable battery technology is one of the most exciting scientific advancement in the
past several decades. With lithium ion (Li-ion) battery as its leader, rechargeable battery
technology has changed people’s lives a lot. As a main force in the energy evolution, Liion battery has already made electric vehicles a practical reality to be a replacement for
conventional gasoline vehicles. Several prototypes of rechargeable battery systems have
also been used to store the intermittent energy from solar and wind.1,2 It can be predicted
that battery technology will play a bigger role in the energy transformation from fossil fuels
to new clean energy. On the other hand, rechargeable battery technology has also shaped
the electronic industry and the way of how people communicate. With more and more
powerful batteries, it is possible for portable electronics including cell phones, laptops, etc.
to be enabled with more functions and better durability. Without question, the advancement
of battery technology plays a very important role to facilitate the society into the
information era.
In order to fully understand battery technology, we have to bear in mind that it is an
application oriented technology. Indeed, principles and theories of battery technology are
very important. But more importantly, we must be able to assess the feasibility of a certain
battery prototype in a certain application based on the overall circumstances. For example,
Li-ion battery have a much higher energy density than lead acid battery. But we still use
lead acid as our car batteries to start the engine. The reason is that lead acid may be a better
option if we consider energy density, cost-effectiveness and safety at the same time.
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1.1.1 Battery principles and its components
Battery is a device to convert chemical energy into electricity energy. By separating
oxidant and reductant away from each other, redox reaction can still happen when
providing an outer circuit for electron transport and an ion conducting media in between
the reductant and oxidant. The current in the outer circuit will provide power.
The three main components of a battery are the anode, cathode and electrolyte. An anode
is an electrode where oxidation reactions occur. Electrons are generated from the oxidation
of a reductant. A cathode is an electrode where reduction reactions occur. Electrons are
consumed from the reduction of an oxidant. With different battery prototypes, there are
usually other components such as separator, current collectors and so on.
To better understand the configuration of a battery, we can have an example:
Full reaction:

Li + CoO2 ↔ LiCoO2

(1)

Half reactions:

Anode: Li − e− ↔ Li+

(2)

Cathode: CoO2 + Li+ + e− ↔ LiCoO2

(3)

The configuration of this battery is shown in Figure 1.1. In this case, the lithium metal is
anode and CoO2 is the cathode. The electrolyte is usually composed of a lithium salt and
an organic solvent such as ethylene carbonate, diethyl carbonate, propylene carbonate,
dimethyl ether, etc. or their mixtures.3 When there is an outer circuit connected, electrons
at lithium metal anode are at a higher energy level (the anode reaction has a lower
electronegativity). The electrons will flow spontaneous to the cathode side where CoO2 can
consume the electron and react with the Li ion from the electrolyte. This is called discharge
process.
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Figure 1.1. Schematic of a battery with lithium metal as anode and CoO2 as cathode.
When the discharge process of a battery cannot be reversed, the battery is called a primary
battery. When the discharge process of a battery can be reversed when applied an outer
potential, the battery is called a secondary battery, also a rechargeable battery. Again, in
this case, the product LiCoO2 after discharge can be converted back to lithium metal at the
anode side and CoO2 at the cathode side when applied an outer potential. This means the
full battery reaction is reversible. So this Li/CoO2 battery is a rechargeable battery.
1.1.2 Battery technical specifications
This part of introduction provides a summary of terminologies used frequently to describe
and compare different battery prototypes.
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Voltage is usually the first thing that come into mind when we talk about a certain prototype
of battery. The unit is Volt (V). Voltage can be calculated by applying Nernst Equation
upon the battery cell reactions. The details of Nernst Equation can be found in Wikipedia.
A much easier way to estimate a battery cell voltage (assuming the half reactions at anode
and cathode side at equilibrium) is to find the standard electrode potential of the half
reactions and then simply do some simple add up or subtract.
C-rate is often used to describe the discharge current. A C-rate is calculated relative to a
certain battery prototype’s maximum capacity which is often very different among various
battery prototypes. Simply, a battery discharges or charges in a xC rate means the battery
will finish the discharge or charge process in 1/x hours. For a battery with a capacity of
100 mAh/g, 1C would mean the current density to be 100 mA/g (this current density will
allow the capacity of the battery to be drained out in 1 hour during discharge). Similarly,
5C would mean the current density to be 500 mA/g.
Capacity is another very important parameter to describe a battery. When it comes to a
battery product, capacity means the total Ampere-hour (the number of electrons, can also
be represented by coulombs) this certain battery contains. However, when we talk about a
certain chemistry, we usually would like to normalize the capacity with reference to the
weight of the active material. For example, the capacity of LiCoO2 is around 140 mAh/g.
If we put 10 grams of this active materials into a cylindrical battery, we would say this
battery has the capacity of 1400 mAh.
Specific energy and energy density: specific energy means energy capacity per unit weight,
which has the unit of Wh/Kg. It is worth noting that specific energy can describe both a
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battery pack or the active materials alone in the battery. So when describing a battery pack,
the weight not only contains the active materials of anode and cathode, it also need to
include all the other components’ weight of a battery including separator, current collector,
electrolyte, battery case, etc. Like capacity, specific energy decreases with a higher
discharge C-rate: the faster you discharge the battery (higher current), the less energy you
can get from the maximum energy stored in the battery. Energy density has the unit of
Wh/L. Simply, it describes the energy stored in a battery in reference to the volume instead
of weight.
Specific power and power density: with unit of W/kg and W/L, these two parameters are
used in a very similar way as specific energy and energy density. The difference is that
specific power is usually more meaningful when describing a battery targeting high
performance (high C-rate).
1.2 Rechargeable Al-ion battery
1.2.1 The motivation of developing rechargeable Al-ion battery
Gradual transformation of energy from fossil fuel to clean energy is an irreversible trend.
But for solar and wind energy, their intermittent nature will make it difficult for direct
household use. In this scenario, rechargeable battery would be a very promising solution
to store the intermittent energy and then smooth the energy out for household electricity
needs. The question is what battery should we use? As aforementioned, we must assess the
feasibility of a certain battery prototype in an application by considering the overall
condition including not only energy density, but also cost, safety, durability, etc. Although
lithium ion battery has achieved tremendous success in a lot of areas such as portable
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electronics, electric vehicles, drones and so on, but its wide deployment in the large-scale
energy storage area is very questionable due to the following reasons: lithium has limited
resources in earth’s crust. The production of pure lithium metal from the salt form (lithium
carbonate) is also very costly. So it is believed that lithium is too expensive to be used in
large-scale energy storage application. The geographic distribution of lithium is also a
problem.4,5 More importantly, the safety issue of lithium ion battery is a big concern for
large-scale energy storage application. At last, durability is also an important factor in
large-scale energy storage. It is believed that 10000 cycles are the minimum criteria for
this application.6 Current state of the art lithium ion battery still cannot meet this criterial
due to material degradation.
Therefore, alternative rechargeable battery technologies based on abundant elements need
to be developed for sustainable energy storage. Among all the candidates, aluminum may
be the ultimate choice as the anode material because it is the third most abundant element
and most abundant metal element in earth’s crust. The worldwide production of aluminum
in 2015 is about 57.7 million metric tons.7 On the other hand, the global lithium production
in 2015 is only around 37800 metric tons. The price of lithium carbonate is 7400 dollars
per ton and keeps increasing over the years.8 So in terms of abundance, aluminum is very
promising for the application of large-scale energy storage. More importantly, aluminum
is not only vastly abundant, it also has attractive capacity due to its trivalence. As is shown
in Figure 1.2 in which the specific capacity and capacity density are compared among Li,
Mg and Al, Al has the second highest specific capacity of 2980 mAh/g (Li = 3860 mAh/g)
and the highest capacity density of 8040 mAh/cm3 (Li = 2060 mAh/cm3) among all metal
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anodes. Especially in terms of the large-scale energy storage application, the high capacity
density of aluminum is very meaningful because of the immobility nature of the energy
box used for large-scale energy storage. In this case, weight is not a limiting factor any
more.

Figure 1.2. Sepecific capacity and capacity density among lithium, magnesium and
aluminum metal anodes.
The reduction potential of Al/Al3+, as shown in Reaction 4, is -1.66 V vs. the standard
hydrogen electrode, which is 1.3 V higher than Li/Li+. Although the hypothetical Al-ion
batteries are expected to have lower specific energy (Wh/kg) than Li-ion ones, they are still
very attractive battery technologies suited for large-scale applications.
Anode: Al − 3e− ↔ Al3+ , E ≈ −1.66 V vs. SHE
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(4)

1.2.2 Configuration of rechargeable aluminum ion battery
The basic three components of a rechargeable battery are anode, cathode and electrolyte.
As for Al-ion battery, the choice of anode material is straightforward, which is aluminum
metal since it offers high capacity and is very abundant. The challenges of developing
aluminum ion battery lie on the electrolyte and cathode materials side.
Since all the battery reactions happen in the electrode/electrolyte interface, the importance
of electrolyte is apparent. For a suitable Al-ion battery electrolyte, the basic criterial is that
it should enable facile aluminum deposition and dissolution on the aluminum anode side
(the anode reaction). One would assume dissolving aluminum salts in organic solvent
would make a workable electrolyte for Al-ion battery just like how we make electrolyte for
Li-ion battery. However, the answer is no. Unlike lithium ion, aluminum chemistry is very
complicated. Aluminum ion has a very strong coordination ability, and the coordination
bond strength is very high. For example, dissolving AlCl3 into tetrahydrofuran (THF)
would generate coordinated aluminum ion cluster.9 The coordination ligands would
prevent the aluminum ion center to be exposed for reaction on the electrode/electrolyte
interface. As a result, understanding the state of aluminum ion in the electrolyte solution
and the impact of coordination on the electrochemical activity of aluminum ion are very
important guidelines for discovering novel aluminum ion battery electrolyte.
As for the cathode side, there are mainly two types of cathode materials for rechargeable
batteries: one is intercalation type cathode and the other is conversion type cathode. The
working mechanism of an intercalation type battery is that electrode reactions are enabled
by intercalation of working ions in the electrode host materials crystal structures.10 Taking
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a conventional lithium ion battery with graphite anode and lithium cobalt oxide cathode as
an example, the working process can be depicted as that the working ion (which in this
case is Li+) is being reversibly intercalated or deintercalated from anode material (graphite
in this case) or cathode materials (lithium cobalt oxide) during charge and discharge. In
this particular type of battery reaction, we can see that there are no apparent bond breaking
processes. But usually there are phase transition process which means the host material
will transform into a new crystal phase upon the intercalation of the working ion. The other
battery chemistry type is conversion. It is quite straightforward by the name that two
reactants (anode material and cathode material) transform into a new material. The example
here can be lithium sulfur battery which is attracting a lot of attention recently. 11 The
Overall battery reaction is lithium react with sulfur to form lithium sulfide. As in this case,
conversion type battery reactions are usually accompanied with bond breaking and bond
reforming, which is quite different from intercalation type of reaction.
In terms of aluminum ion battery, the development of cathode materials is very important
and at the same time very difficult. Unlike lithium, the complicated aluminum chemistry
makes the advancement of cathode investigation really slow. In terms of intercalation type
of cathode, the difficulty lies on the 3-positive charged aluminum ion (Al3+). We can
imagine the large coulombic forces between aluminum ion and the ions in the host material
crystal structure during the process of aluminum intercalation and deintercalation. The
transportation energy barrier for aluminum migration in the crystal structure would be very
high, making the reaction ether too difficult to happen or irreversible. As for conversion
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type cathode materials, the reversibility is the biggest concern since aluminum coordination
bond is almost nonmetallic, making it too strong to be reversed.
As we can see, the goal of making a high-performance rechargeable aluminum ion battery
is extremely challenging. Therefore, comprehensive study need to be undertaken in order
to fully understand the aluminum behavior in the battery system. The following part will
present the current state of art rechargeable aluminum ion battery research.
1.3 State of the art research of rechargeable Al-ion battery
1.3.1 Aluminum ion battery electrolytes
Electrolyte is not only the crucial component for a rechargeable battery system, but also a
very challenging part to work on. It is particularly the case for rechargeable aluminum ion
battery.
Aqueous electrolyte was the earliest hypothesis for aluminum ion battery. Usually by
dissolving aluminum salts in high concentration KOH solution, it was first proposed for
Al/O2 battery.12 Researchers also proposed Al/S, TiO2, etc.13,14 based on aqueous
electrolyte. However, it is worth noting that the recharge ability of batteries based on
aqueous electrolyte is hindered because of the inevitable electrolysis of the water.
As previously stated, researchers have also proposed dissolving aluminum salts in the
organic solvents. However, the complicated Al3+ chemistry made this hope fall through.
The strong coordination ability of aluminum ion with the organic solvent molecules will
not enable the redox center to be exposed for the reaction. In fact, researchers have done
comprehensive studies on the aluminum salts/organic solvents systems focusing on the
coordination disproportionation chemistry.9,15,16 Even though no deposition and dissolution

10

of aluminum achieved in these systems, the identification of ionic clusters species in these
systems provide interesting foundation for the further study. In my opinion, understanding
the coordination chemistry of aluminum ion with the organic solvent molecules is the key
step to develop a viable simple electrolyte for rechargeable aluminum ion battery. One
example is that: even though AlCl3 (aluminum chloride) dissolved in THF (tetrahydrofuran)
cannot enable facile deposition and dissolution of aluminum, adding LiH or LiAlH4 salts
will make the process feasible.17 The reason must be from the change of coordination by
introducing appropriate chelating media. However, this complicated Al3+ related chemistry
for battery technology still has not been investigated comprehensively.
The most used electrolyte in the recent investigations is the ionic liquid electrolyte (room
temperature molten salt). It is composed of one inorganic salt which is usually aluminum
halide (AlX3, X = Cl and Br) and one organic salt which is usually dialkyl imidazolium
halide such as 1-butylpyridinium chloride and 1-ethyl-3-methylimidazolium chloride.18,19
Since these electrolyte systems are room temperature molten salts, there are no issues of
coordination as in the organic electrolyte system. All the components in ionic liquid
electrolyte are free ions. Taking the most common Al-ion ionic liquid electrolyte AlCl3/1ethyl-3-methylimidazolium chloride ([EMIm]Cl) as an example, when they mix with a
molar ratio of 1:1, the ionic liquid is Lewis neutral, the ions in the electrolyte are believed
to be [AlCl4]- and 1-ethyl-3-methylimidazolium cation ([EMIm]+). When the molar ratio
of AlCl3 to [EMIm]Cl is less than 1, the ionic liquid is Lewis basic. The composition of
the ionic liquid is [AlCl4]- , [EMIm]+ and Cl-. When the molar ratio of AlCl3 to [EMIm]Cl
is greater than 1, the ionic liquid is Lewis acidic. The composition of acidic ionic liquid is
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believed to be [Al2Cl7]-, [AlCl4]- (depending on the acidity level) and [EMIm]+. And only
when the ionic liquid is Lewis acidic, facile electrochemical deposition and dissolution can
be achieved from the electrolyte. The electrochemically active species is believed to be
[Al2Cl7]-. The reaction is depicted in Reaction 5:
4[Al2 Cl7 ]− + 3e− ↔ Al + 7[AlCl4 ]−

(5)

Even though ionic liquid electrolyte is widely used in rechargeable Al-ion battery research,
it is in fact far from perfect. The disadvantages of ionic liquid is as follows: 1. The high
chloride concentration in the ionic liquid can lead to severe corrosion problem to metal
current collector and battery components. 2. It has limited electrochemical stability
window. High anodic voltage (~1.8V vs Al/Al3+) can lead chlorine evolution. 3. The ionic
liquid is very air and water sensitive. 4. The ionic liquid is very expensive since
synthesizing a small volume of ionic liquid still requires a lot of salts. This aspect is in fact
contradicting the idea of making Al-ion battery a cost-effective solution for large-scale
energy storage.
In summary, the electrolyte part is really hindering the advancement of rechargeable Alion battery research. A safe, cost-effective, stable electrolyte is needed in order to make
Al-ion battery the solution for next-generation large-scale energy storage application.
1.3.2 Non-rechargeable (aqueous electrolyte) aluminum ion battery cathode materials
The most developed Al-based battery at current stage is the Al-air battery technology. Alair battery is actually a fuel cell with Al metal as the fuel and O2 as the oxidant. It is based
on the following electrochemical reactions in a concentrated aqueous alkaline (KOH)
electrolyte:12

12

−
Anode: Al + 4OH − → Al(OH)−
4 + 3e , E = −2.31 V vs. SHE

(6)

Cathode: O2 + 2H2 O + 4e− → 4OH − , E = 0.40 V vs. SHE

(7)

The Al-air battery is non-rechargeable due to the high irreversibility of Al3+ reduction in
the aqueous electrolyte: The electrolysis of water is an inevitable problem in aqueous
electrolyte due to the preferential production of hydrogen compared with Al3+ reduction.
Also, the practical potential the Al-air battery (1.2 V ~ 1.6 V) was significantly lower than
the 2.7 V theoretical potential. It was due to the overpotential induced by the passive Al2O3
layer on the Al surface in alkaline electrolytes. The corrosion reactions on Al with
precipitation of Al(OH)3 and release of H2 also significantly decrease the efficiency of Alair batteries.
Besides oxygen, other cathodes including MnO2, AgO, H2O2, FeCN, NiOOH, and sulfur
also were investigated in aqueous KOH electrolyte with Al anode.12 All of these batteries
had the same anodic reaction according to Reaction 6, and the various cathodic reactions
always producing hydroxyl. It is worth pointing out that the sulfur cathode is slightly
different from the rest since a dual-electrolyte system was used:13 The anodic electrolyte
was aqueous KOH solution, meanwhile the cathodic electrolyte was an aqueous potassium
sulfide (K2S4) solution separated by a membrane. The cathodic reaction involving sulfur is
following:
Cathode: S42− + 4H2 O + 6e− → 4HS − + 4OH − , E = −0.51 V vs. SHE

(8)

The theoretical cell potential is 1.79 V. This Al-S system is very similar to the Al-air battery
by replacing oxygen with sulfur as the oxidant. It is still non-rechargeable due to the
aqueous electrolytes, and the dual-electrolyte was not sustainable due to crossover through

13

the membrane. Generally, aqueous electrolytes were corrosive to Al anode and prohibiting
the charging reaction due to the low potential of the Al/Al3+ redox pair (-1.66 V versus
SHE). Therefore, non-aqueous electrolytes are necessary for rechargeable Al-ion batteries.
1.3.3 Rechargeable (ionic liquid electrolyte) aluminum ion battery cathode materials
Since the introduction of ionic liquid as the electrolyte for Al-ion battery, various materials
have been proposed as cathode for rechargeable Al-ion batteries.
1.3.3.1 Transition metal oxides
Transition metal oxides were the first to be proposed as potential cathode materials for
rechargeable Al-ion battery because of the well-established intercalation chemistry in Liion batteries. Notably, Jayaprakash et al. reported V2O5 nano-wire as cathode materials for
rechargeable Al-ion battery using aluminum foil as anode and ionic liquid as electrolyte in
2011.20 The V2O5 exhibited a discharge plateau around 0.55V and a capacity of 273 mAh/g
after 20 cycle. However, Menke et al. later showed in a publication that there is no
electrochemical activity between aluminum and V2O5 nano-wire.21 They did experiment to
prove that the electrochemical activity is in fact the corrosion effect between the ionic
liquid and stainless steel current collector. Even though there is such controversy,
researchers have continued to try to propose and prove transition metal oxides including
amorphous V2O5, V2O5 xerogel, MoO3, etc. as cathode materials for rechargeable Al-ion
battery.22-26 In the author’s opinion, more solid evidence need to be presented in order to
prove transition metal oxides as a feasible cathode materials for rechargeable Al-ion
batteries.
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1.3.3.2 Carbonaceous materials
Licht et al. proposed fluorinated graphites as cathode material for aluminum ion battery
using aluminum foil as anode and an organic electrolyte.27 The fluorinated graphite cathode
showed high capacity, but the cell is non-rechargeable. The paper proposed the cell reaction
to be the interaction between aluminum and fluoride rather than a intercalation process.
Later in 2013, Rani et al reinvestigated fluorinated graphite cathode for Al-ion battery
using ionic liquid electrolyte.28 Rechargeable ability was demonstrated in this work.
Lin and coworkers from Stanford presented a three-dimensional graphitic carbon foam as
cathode material for rechargeable Al-ion battery.29 The electrolyte used is also ionic liquid.
The battery exhibited excellent electrochemical performance with a capacity of 60 mAh/g
for up to 7500 cycles. The working potential is around 2V. There are several following
works mainly focusing on modifying the cathode side by using different carbonaceous
material such as graphene or using different microstructure.30-34
1.3.3.3 Transition metal sulfides
Transition metal sulfides are promising intercalation type cathode materials for
rechargeable Aluminum ion battery proved with unambiguous evidence by this dissertation.
The logic of choosing transition metal sulfide instead of transition metal oxide as cathode
material for aluminum ion battery is very important. Due to the strong coulombic effect,
the energy barrier of multivalent ions transportation in the crystal structure is very high.35
Thus, a softer anionic framework is needed. Sulfide has a much lower electronegativity
than oxide, which makes transition metal sulfide a very promising cathode candidate for
rechargeable aluminum ion battery.
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Our group presented pioneering work in which we proved Chevrel Phase Mo6S8 as cathode
material for rechargeable Al-ion battery.36 Unambiguous evidences were demonstrated to
prove the reversible intercalation of aluminum in Mo6S8. This work will be presented in
detail in Chapter 2. Our group then investigated layered TiS2 and cubic Cu0.31Ti2S4 as
another class of intercalation cathode materials for rechargeable Al-ion batteries.37 With a
much lower formula weight than Mo6S8, we were expecting titanium sulfides would
provide higher specific capacity for Al-ion battery. We investigated the electrochemical
performances of the two titanium sulfides as cathode materials for rechargeable Al-ion
battery as well as probed the impact of Al3+ diffusivity in the crystal structure on the
electrochemical performance. This work will be presented in detail in Chapter 3. At last,
we did thorough investigation on the mechanism of aluminum intercalation in Chevrel
Phase Mo6S8 with combination of techniques including electrochemical testing, X-ray
diffraction (XRD), Rietveld refinement and high resolution transmission electron
microscopy (TEM). We showed a clear picture of aluminum intercalation process and
provided convincing paradigm of cathode material development for rechargeable Al-ion
battery. This work will be presented in detail in Chapter 4.
1.4 Future directions and challenges
As previous stated, the challenges of developing rechargeable Al-ion batteries lie on the
electrolytes and cathode materials due to the complicated and sluggish aluminum
chemistry.
Cheaper and stable electrolyte need to be developed for large-scale energy storage
applications. Understanding the coordination disproportionation chemistry of Al3+ with
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solvent molecules is the key for this research. Simple salt in solvent electrolyte system is
very intriguing.
As for cathode materials, understanding the mechanisms of aluminum intercalation and
deintercalation in host materials structure will provide the theory base and pathway of
developing new materials with higher theoretical capacity and energy density. Transition
metal sulfides and porous materials (carbonaceous materials and metal-organic
frameworks) with big vacancies in crystal structure are the direction for Al-ion battery
cathode research.

17

Reference:
(1) Worland, J. How Batteries Could Revolutionize Renewable Energy
http://time.com/4756648/batteries-clean-energy-renewables/ (accessed June 4, 2017)
(2)
New
Low-Cost
Battery
Could
Help
Store
Renewable
Energy
https://www.acs.org/content/acs/en/pressroom/presspacs/2015/acs-presspac-november-42015/new-low-cost-battery-could-help-store-renewable-energy.html (accessed June 4,
2017)
(3) Xu, K. Nonaqueous Liquid Electrolytes for Lithium-Based Rechargeable Batteries
Chem. Rev., 2004, 104 (10), pp 4303-4418.
(4) Tahil, W. The Trouble with Lithium Implications of Future PHEV Production for
Lithium Demand. Meridian International Research, Paris, France http://www.meridian-intres.com/Projects/Lithium_Microscope.pdf (accessed June 6, 2017)
(5) Gruber, P.W., Medina, P.A., Keoleian, G.A., Kesler, S.E., Everson, M.P., Wallington,
T.J. Global Lithium Availability a Constraint for Electric Vehicles? J. Ind. Ecol. 2011, 15,
760-775.
(6) Bond, T. M.; Burns, J. C.; Stevens, D. A.; Dahn, H. M.; Dahn, J. R. Improving Precision
and Accuracy in Coulombic Efficiency Measurements of Li-Ion Batteries. J. Electrochem.
Soc. 2013, 160, 521-527.
(7) World Aluminum Home Page http://www.world-aluminium.org/ (accessed June 7,
2017)
(8) USGS National Minerals Information Center https://minerals.usgs.gov/minerals/
(accessed June 7, 2017)
(9) Derouault, J.; Granger, P.; Forel, M. T. Spectroscopic investigation of aluminum
trihalides-tetrahydrofuran complexes. 2. Solutions of aluminum chloride or bromide in
tetrahydrofuran and in (tetrahydrofuran-dichloromethane). Inorg. Chem., 1977, 16 (12),
3214-3218.
(10) Guyomard, D.; Tarascon, J. M. Rocking-chair or lithium-ion rechargeable lithium
batteries. Adv. Mater. 1994, 6, 408-412.
(11) Guo, J.; Xu, Y.; Wang, C. Sulfur-Impregnated Disordered Carbon Nanotubes Cathode
for Lithium-Sulfur Batteries. Nano Lett., 2011, 11 (10), 4288-4294.
(12) Li, Q.; Bjerrum, N. J. Aluminum as Anode for Energy Storage and Conversion: A
Review. J. Power Sources 2002, 110, 1-10.
18

(13) Licht, S.; Peramunage, D. Novel Aqueous Aluminum/Sulfur Batteries. J.
Electrochem. Soc. 1993, 140, L4-L6.
(14) Liu, S.; Hu, J. J.; Yan, N. F.; Pan, G. L.; Li, G. R.; Gao, X. P. Aluminum Storage
Behavior of Anatase TiO2 Nanotube Arrays in Aqueous Solution for Aluminum Ion
Batteries Energy Environ. Sci. 2012, 5, 9743-9746.
(15) Dalibart, M.; Derouault, J.; Granger, P.; Chapelle, S. Spectroscopic investigations of
complexes between acetonitrile and aluminum trichloride. 1. Aluminum chlorideacetonitrile solutions. Inorg. Chem., 1982, 21 (3), 1040-1046.
(16) Jorne, J.; Tobias, C. W. Conductance studies of the alkali metal chlorides in aluminum
chloride-propylene carbonate solution. J. Phys. Chem., 1974, 78 (24), 2521-2525.
(17) Graef, M. W. M. The Mechanism of Aluminum Electrodeposition from Solutions of
AlCl3 and LiAlH4 in THF. J. Electrochem. Soc. 1985, 132, 1038-1046.
(18) Endres, F. Ionic Liquids: Solvents for the Electrodeposition of Metals and
Semiconductors ChemPhysChem 2002, 3, 144-154.
(19) Jiang, T.; Chollier Brym, M. J.; Dube, G.; Lasia, A.; Brisard, G. M. Electrodeposition
of Aluminium from Ionic Liquids: Part I - Electrodeposition and Surface Morphology of
Aluminium from Aluminium Chloride (AlCl3) −1-ethyl-3-methylimidazolium Chloride
([EMIm]Cl) Ionic Liquids Surf. Coat. Technol. 2006, 201, 1-9.
(20) Jayaprakash, N.; Das, S. K.; Archer, L. A. The Rechargeable Aluminum-Ion Battery
Chem. Commun. 2011, 47, 12610-12612.
(21) Reed, L. D.; Menke, E. The Roles of V2O5 and Stainless Steel in Rechargeable Al-Ion
Batteries J. Electrochem. Soc. 2013, 160, A915-A917.
(22) Chiku, M.; Takeda, H.; Matsumura, S.; Higuchi, E.; Inoue, H. Amorphous Vanadium
Oxide/Carbon Composite Positive Electrode for Rechargeable Aluminum Battery ACS
Appl. Mater. Interfaces 2015, 7, 24385-24389.
(23) Wang, H.; Bai, Y.; Chen, S.; Luo, X.; Wu, C.; Wu, F.; Lu, J.; Amine, K. Binder-Free
V2O5 Cathode for Greener Rechargeable Aluminum Battery ACS Appl. Mater. Interfaces
2015, 7, 80-84.
(24) Gu, S.; Wang, H.; Wu, C.; Bai, Y.; Li, H.; Wu, F. Confirming Reversible Al3+ Storage
Mechanism Through Intercalation of Al3+ into V2O5 Nanowires in a Rechargeable
Aluminum Battery Energy Storage Materials 2017, 6, 9-17.

19

(25) Wang, F.; Liu, Z.; Wang, X.; Yuan, X.; Wu, X.; Zhu, Y.; Fu, L.; Wu, Y. A Conductive
Polymer Coated MoO3 Anode Enables an Al-Ion Capacitor with High Performance. J.
Mater. Chem. A, 2016, 4, 5115-5123.
(26) Gonzalez, J. R.; Nacimiento, F.; Cabello, M.; Alcantara, R.; Lavela, P.; Tirado, J. L.
Reversible Intercalation of Aluminium into Vanadium Pentoxide Xerogel for Aqueous
Rechargeable Batteries. RSC Adv., 2016, 6, 62157-62164.
(27) Levitin, G.; Yarnitzky, C.; Licht, S. Fluorinated Graphites as Energetic Cathodes for
Nonaqueous Al Batteries. Electrochem. Solid-State Lett. 2002, 5(7), A160-A163.
(28) Rani, J. V.; Kanakaiah, V.; Dadmal, T.; Srinivasa Rao, M.; Bhavanarushi, S.
Fluorinated Natural Graphite Cathode for Rechargeable Ionic Liquid Based AluminumIon Battery J. Electrochem. Soc. 2013, 160, A1781-A1784.
(29) Lin, M.; Gong, M.; Lu, B.; Wu, Y.; Wang, D.; Guan, M.; Angell, M.; Chen, C.; Yang,
J.; Hwang, B.; Dai, H. An Ultrafast Rechargeable Aluminium-Ion Battery Nature 2015,
520, 324-328.
(30) Song, Y.; Jiao, S.; Tu, J.; Wang, J.; Liu, Y.; Jiao, H.; Mao, X.; Guo, Z.; Fray, D. J. A
long-life rechargeable Al ion battery based on molten salts J. Mater. Chem. A 2017, 5,
1282-1291.
(31) Sun, H.; Wang, W.; Yu, Z.; Yuan, Y.; Wang, S.; Jiao, S. A new aluminium-ion battery
with high voltage, high safety and low cost Chem. Commun. 2015, 51, 11892-11895.
(32) Bhauriyal, P.; Mahata, A.; Pathak, B. The staging mechanism of AlCl4 intercalation
in a graphite electrode for an aluminium-ion battery Phys. Chem. Chem. Phys. 2017, 19,
7980-7989.
(33) Childress, A. S.; Parajuli, P.; Zhu, J.; Podila, R.; Rao, A. M. A Raman spectroscopic
study of graphene cathodes in high-performance aluminum ion batteries Nano Energy
2017, 39, 69-76.
(34) Bhauriyal, P.; Mahata, A.; Pathak, B. A Computational Study of a Single-Walled
Carbon-Nanotube-Based Ultrafast High-Capacity Aluminum Battery DOI:
10.1002/asia.201700570.
(35) Rong, Z.; Malik, R.; Canepa, P.; Sai Gautam, G.; Liu, M.; Jain, A.; Persson, K.; Ceder,
G. Materials Design Rules for Multivalent Ion Mobility in Intercalation Structures Chem.
Mater. 2015, 27, 6016-6021.
(36) Geng, L.; Lv, G.; Xing, X.; Guo, J. Reversible Electrochemical Intercalation of
Aluminum in Mo6S8 Chem. Mater. 2015, 27, 4926-4929.
20

(37) Geng, L.; Scheifers, J.; Fu, C.; Zhang, J.; Fokwa, B. P. T.; Guo, J. Titanium Sulfides
as Intercalation-Type Cathode Materials for Rechargeable Aluminum Batteries. ACS Appl.
Mater. Interfaces, 2017, 9 (25), 21251-21257.

21

Chapter 2: Reversible electrochemical intercalation of aluminum in Mo6S8
2.1 Introduction
Among the rechargeable batteries beyond lithium chemistry, the ones based on aluminum
(Al) are particularly promising: Al not only is the most abundant metal in the earth’s crust
but also has attractive capacity due to its trivalency. To date, there were only scarce
investigations on rechargeable Al batteries in literature. The initial investigations, as
summarized in the review article by Li and Bjerrum,1 were focused on identifying Al-ion
electrolytes from organic solvents and demonstrating potential cathode materials.
However, these early attempts had little success due to the sluggish electrochemical Al
deposition-dissolution in organic solvents.2-4 On the other hand, reversible electrochemical
Al deposition-dissolution could be facilely achieved in ionic liquid (ILs) electrolytes
composed of aluminum chloride (AlCl3) and organic salts such as 1-butylpyridinium
chloride, 1-ethyl-3-methylimidazolium chloride, and 1-butyl-3-methylimidazolium
chloride

([BMIm]Cl).5-7 Utilizing

IL

electrolytes,

aluminum-chlorine

(Al-Cl2)

rechargeable batteries were demonstrated by Gifford and Palmisano.8 Despite the high
discharge voltage (>1.5 V), good capacity, and cycle stability, the gaseous Cl2 cathode was
problematic. Furthermore, the Cl2 cathode had to be first generated from the electrolysis of
electrolyte through charging, which was also undesirable. More recently, vanadium
oxide,9,10 fluorinated

graphite,11 chloroaluminate-doped

conductive

polymers,12 and

graphitic carbons13 were also reported as cathode materials vs Al in the IL-based
electrolytes.
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Unlike lithium, electrochemical Al intercalation into a host crystal structure can be very
difficult due to the strong Coulombic effect induced by the three positive charges carried
by the Al cation. Therefore, transition metal oxides, i.e., oxide anionic frameworks, may
not be the ideal hosts for Al because of their strong electrostatic attraction with Al cations.
It can hinder the redistribution of the charge of Al cations in the crystal, thus preventing
the Al intercalation. On the other hand, sulfur has lower electronegativity than oxygen and
is more polarizable due to its larger atom radius. Therefore, the charge redistribution in the
sulfide anionic frameworks should be superior to oxides. Based on this concept, we
demonstrate in this study the reversible electrochemical Al intercalation in Chevrel phase
molybdenum sulfide (Mo6S8) for the first time.
2.2 Experimental methods
2.2.1 Synthesis of Chevrel phase Mo6S8
All reagents were used after purchase without further purification unless otherwise noted.
In a typical synthesis of Mo6S8, stoichiometric amounts of anhydrous copper(II) chloride
(CuCl2, 0.3442 g, 2.56 mmol, Sigma Aldrich 99.995%) and ammonium tetrathiomolybdate
((NH4)2MoS4, 2.000 g, 7.68 mmol; Fisher Scientific 99.99%) were dissolved in 65 mL
N,N-Dimethylformamide (DMF, Sigma Aldrich 99.8%) and the mixture was stirred for 30
min at room temperature. The resultant solution was then heated at 90 °C for 6 hours under
continuous argon bubbling. After the reaction was completed, the solution was filtered, and
then 325 mL THF (1:5 by volume) was added immediately to the filtrate to initiate
precipitation. The precipitate was collected by centrifuge, washed with THF and dried in
the vacuum oven at 150 °C overnight. The dried solid agglomerate was then ground and
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heated in a tube furnace at 1000 °C for 7 hour under reducing environment (95 vol.% argon
and 5 vol.% H2) to yield Chevrel phase Cu2Mo6S8. The obtained Cu2Mo6S8 was then added
into 20 mL 6M HCl solution. Oxygen was bubbled into the solution for 8 hours while
stirring to leach out Cu to yield Mo6S8. After the reaction, the obtained Mo6S8 was
centrifuged, washed with adequate amount of deionized water, and dried in vacuum oven
at 50 °C overnight.
2.2.2 Electrochemical analysis
For battery preparation, Al foil with 0.2 mm thickness (Alfa Aesar 99.9999%) was used as
the anode. Cathode was fabricated by coating Mo6S8 slurry onto carbon paper current
collector (Fuel Cell Earth). The carbon paper current collector was demonstrated to be
electrochemically inert in the applied potential window as shown in Figure 2.1. We can
see that the carbon paper current collector is electrochemically inert in the system. The
slurry was made by mixing 80 wt.% Mo6S8, 10 wt.% carbon black, and 10 wt.%
polyvinylidene fluoride in N-Methyl-2-pyrrolidone solution via a mechanical mixer for 5
min in an argon-filled glovebox. A single Whitman® glass fiber filter was used as the
separator. The electrolyte was synthesized by slowly adding anhydrous AlCl3 (Sigma
Aldrich 99.99%) into [BMIm]Cl (Sigma Aldrich 99.0%) with a molar ratio of 1.5:1 while
stirring. Both AlCl3 and [BMIm]Cl were further dried in vacuum oven at 150 °C overnight
prior mixing. CR2016 coin cells were assembled in the argonfilled glovebox. To prevent
potential corrosion from the acidic electrolyte, titanium foil was used as lining at both
electrodes inside the stainless-steel coin cell case. The cyclic voltammetry (CV) of Al
deposition-dissolution and the galvanostatic Al deposition were performed in three-
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electrode cells with a Gamry potentiostat/galvanostat/ZRA (Interface 3000) using Nickel
(0.025 mm thick, Alfa Aesar 99.5%) working electrode and two Al wires (2.0 mm
diameter, Alfa Aesar 99.9995%) as the counter and the reference electrodes, respectively.
The CV scan rate for Al deposition-dissolution experiment was 100 mV s-1 from -1.0 V to
2.0 V vs. Al. A constant current density of -5 mA cm-2 was applied in electrochemical Al
deposition experiment. The ionic conductivity of the AlCl3-[BMIm]Cl electrolyte at room
temperature and 50 °C was obtained from the resistance measurement in a cell with two
parallel Pt electrodes. The cell constant was obtained through calibration using standard
aqueous

KCl

solutions.

The

resistance

was

measured

with

a

Gamry

potentiostat/galvanostat/ZRA (Interface 1000). The GCD experiments of Al-Mo6S8
batteries were performed on an Arbin battery test station, and the CV analysis of Al-Mo6S8
was conducted on a Gamry Interface 1000 with a scan rate of 0.1 mV s-1.

Figure 2.1. (a) Electrochemical stability test of the carbon paper current collector via CV
(0.1mV s-1, Al RE and Al CE) at room temperature. The scan rate and experiment set up
are the same as when using Mo6S8 cathode. (b) Comparison between CV curves of Mo6S8
on carbon paper vs. Al and blank carbon paper vs. Al at room temperature. These plots
clearly demonstrated the electrochemical stability of the carbon paper current collector.
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Figure 2.2. N2 adsorption-desorption isotherms of the synthesized Mo6S8 powder.
2.2.3 Materials characterization
The surface area of the synthesized Mo6S8 was measured with nitrogen adsorptiondesorption method, and the isotherms are shown in Figure 2.2. The BET surface area of
the Mo6S8 is 6.9 m2 g -1. The X-ray diffraction (XRD) was conducted using PANalytical
EMPYREAN instrument (45 kV/40 mA) with a Cu-Kα source. The inductively coupled
plasma optical emission spectrometry (ICP-OES) of Al intercalated Mo6S8 was performed
by Elemental Analysis, Inc. (Lexington, KY). Prior to the ICP-OES analysis, the AlMo6S8
coin cell was dissembled in the argon-filled glovebox. The electrode containing Mo6S8
particles was first soaked in 3 ml NMP and sonicated for 5 minutes. The NMP dissolved
the PVDF polymer binder and suspended the powder (Mo6S8 and carbon black) in the
solution. The suspension was centrifuged and the collected powder was further washed
three times with NMP followed by adequate THF for three times to remove the electrolyte
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residue. Finally, the powder was vacuum dried at 60 °C overnight. The Rietveld refinement
was performed using the TOPAS program. Scanning electron microscopy (SEM) was
performed with a FEI XL30-FEG (10 kV/192 µA).
2.3 Results and discussion
2.3.1 Structure and morphology of synthesized Chevrel phase Mo6S8
Mo6S8 has a unique crystal structure of stacked Mo6S8 blocks composed of an octahedral
cluster of Mo atoms inside a sulfur anion cubic cell. It is known to have two types of sites
between the sulfur cubes that are capable to accommodate small cations such as Li+, Cu+,
and Mg2+.14,15 Aurbach and co-workers first demonstrated Mo6S8 as a cathode material for
rechargeable magnesium-ion batteries.16 In this study, we synthesized Mo6S8 particles
through a precipitation method modified from the reported works by Kumta et al.17 and Liu
et al.18 As shown in the scanning electron microscopy (SEM) image in Figure 2.3a, the
particle shape is cubic and the typical particle size is within the range of 1-2
μm. Figure 2.3b shows the X-ray powder diffraction (XRD) pattern, which is in excellent
agreement with the pure Mo6S8 standard without the typical impurity of MoS2.

Figure 2.3. (a) SEM image and (b) XRD pattern of the synthesized Mo6S8.
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2.3.2 Electrochemical performance of Al/Mo6S8 battery prototype
The electrochemical Al intercalation in Mo6S8 was analyzed in CR2016 coin cells with Al
foil as the counter/reference electrode. An IL electrolyte composed of a mixture of
AlCl3 and [BMIm]Cl with a molar ratio of 1.5:1 was used. It has been demonstrated that
reversible Al deposition-dissolution can only be achieved in a Lewis acidic electrolyte
composed of AlCl3 and an IL with molar ratio > 1, and the electroactive species in the
electrolyte is [Al2Cl7]− anion.19 Indeed, facile Al deposition-dissolution was enabled by the
prepared AlCl3-[BMIm]Cl electrolyte as shown in Figure 2.4. The results of the
electrochemical characterizations of Mo6S8 vs Al are presented in Figure 2.5. Cyclic
voltammetry (CV, scan rate =0.1 mV s-1) were first performed at both room temperature
and 50 °C. The electrochemical characteristics at these two temperatures are essentially the
same; however, the elevated temperature apparently improved the electrochemical reaction
kinetics indicated by the distinct shape of the current peaks and the narrowed redox peak
separation as shown in Figure 2.5a. Therefore, the presented electrochemical studies were
all performed at 50 °C. The room temperature electrochemical characterizations are shown
as a comparison in the which is shown in Figure 2.6. It is worth noting that the ionic
conductivity of the AlCl3-[BMIm]Cl electrolyte is 2.21 × 10-2 S cm-1 at room temperature
and 3.29 × 10-2 S cm-1 at 50 °C, both of which are sufficient for facile ion conducting.
Therefore, the sluggish kinetics at room temperature may not be due to the low conductivity
of the electrolyte but to the large particle size of Mo6S8, i.e., long solid-state diffusion
pathway of Al.
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Figure 2.4. (a) The CV scan of Al deposition-dissolution on Ni working electrode in the
AlCl3- [BMIm]Cl electrolyte (AlCl3:[BMIm]Cl = 1.5:1). The CV curves demonstrate
facile Al deposition-dissolution with small deposition overpotential of 200 mV; (b) the
SEM image of the deposited Al on Ni, inset shows the XRD of the deposited Al.

Figure 2.5. Electrochemical characterizations of Al-Mo6S8 cells at 50 °C. (a) The 1st, 2nd,
and 5th CV curves of Mo6S8. (b) 1st, 2nd, and 20th GCD curves of Mo6S8 electrode vs Al.
(c) Cycle stability and (d) rate capability of Al-Mo6S8 cells.
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Figure 2.6. Electrochemical characterization of the Al-Mo6S8 cells at room temperature:
(a) The 1st, 2nd and 5th CV curves of Mo6S8 vs. Al with a scan rate of 0.1 mV s-1 in the
range of 0.1 V to 1.2 V. (b) First two GCD curves of Al-Mo6S8 cell with a current density
of 12 mA g-1 in the voltage window of 0.3 V to 1.0 V. (c) Cycle stability of first 24 cycles
at room temperature with discharge/charge rate of 12 mA g-1.
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As shown in Figure 2.5a, the stabilized CV scans of Mo6S8 vs Al demonstrate two cathodic
peaks at 0.50 and 0.36 V and two corresponding anodic peaks at 0.40 and 0.75 V, indicating
a two-step electrochemical reaction between Mo6S8 and Al. We speculate that these two
pairs of CV peaks represent the Al intercalation/extraction in/from the two different sites
in Mo6S8, which is verified by the crystallographic study described in the later section. A
small additional cathodic peak at 0.20 V in the first scan and 0.26 V in the following scans,
respectively, is also observed. This peak may be due to certain irreversible decomposition
of the electrolyte, which is under investigation. Figure 2.5b depicts the representative
galvanostatic charge-discharge (GCD) curves of the Al-Mo6S8 coin cell with a current
density of 12 mA g-1 at 50 °C at the 1st, 2nd, and 20th cycles. The first discharge curve
demonstrates two distinct plateaus at 0.55 and 0.37 V, which are consistent with the two
cathodic peaks in the CV. These two discharge plateaus also indicate two phase-transition
processes induced by the Al intercalation. The Al intercalation capacity in the first
discharge is 148 mA h g-1 (based on the chemical formula weight of Mo6S8). However, the
first charging capacity is only 85 mA h g-1. By comparing the length of the discharge
plateaus with the corresponding charged ones, it is clear that the intercalated Al atoms are
partially trapped in the Mo6S8 crystal lattice. Furthermore, the voltage slope from 0.75 to
0.55 V in the first discharge curve, which may be due to the solid-solution Al intercalation
prior to phase-transition, is significantly reduced in the subsequent discharges, which also
contributes to the irreversible capacity. We attribute the irreversible capacity to the
electrostatic

attraction

between

Al

cations

and

the

sulfide

anionic

framework.20 Nevertheless, the Mo6S8 electrode exhibits promising cycle stability: as
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shown in Figure 2.5c, the discharge capacity of Mo6S8 is quickly stabilized after the first
cycle and retains a capacity of 70 mA h g-1 after 50 cycles. After cycling, the morphology
of the Mo6S8 particles was analyzed with SEM. As shown in Figure 2.7 cracks on the
cycled Mo6S8 particles are visible, which suggests the large mechanical stress imposed by
the Al intercalation. Therefore, the physical degradation of the Mo6S8 particles during
cycling may be one of the reasons for the slow capacity fading. Another reason may still
be the gradual Al trapping in Mo6S8 crystal, which is suggested by the >100% Coulombic
efficiency (intercalation/extraction > 1). The Al-Mo6S8 coin cells were also
discharged/charged at different current densities from 6 mA g-1 to 120 mA g-1. As shown
in Figure 2.5d, the Mo6S8 electrode can deliver a discharge capacity of 40 mA h g-1 and 25
mA h g-1 at current densities of 60 mA g-1 and 120 mA g-1, respectively. In addition, the
discharge capacity can be recovered to 70 mA h g-1after changing the current density from
120 mA g-1 back to 6 mA g-1. The Al-Mo6S8 intercalation behaviors in electrolytes with
different AlCl3/[BMIm]Cl ratio (acidity) are shown in Figure 2.8.
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Figure 2.7. SEM images of the Chevrel phase Mo6S8 after 50 cycles of galvanostatic
charge discharge with a current density of 12 mA g-1.
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Figure 2.8. Electrochemical behaviors of Al-Mo6S8 in electrolytes with different
AlCl3/[BMIm]Cl ratio at 50°C: AlCl3:[BMIm]Cl=1.1:1 (top), AlCl3:[BMIm]Cl=1:1
(middle) and AlCl3:[BMIm]Cl=0.9:1 (bottom). The CV scan rate is 0.1 mV s-1 and the
GCD current density is 12 mA g-1. Comparing with the electrolyte (AlCl3:[BMIm]Cl =
1.5:1) used in the study, the electrolyte with AlCl3:[BMIm]Cl = 1.1:1 is still Lewis acidic
containing active species [Al2Cl7]-. This acidic electrolyte is still able to enable the
reversible Al intercalation-extraction as indicated by the CV and GCD curves. It is also
noticed that the CV peak separation and charge-discharge hysteresis become larger, which
can be attributed to the lower acidity (i.e. lower concentration of [Al2Cl7]-). The electrolyte
with AlCl3:[BMIm]Cl = 1:1 is neutral without [Al2Cl7]- (species in the electrolyte are
[AlCl4]- and [BMIm]+ ). It does not enable any electrochemical activity between Al and
Mo6S8, noticing the current of the CV and the capacity demonstrated in the GCD are
extremely low. The similar non-active behavior is also demonstrated by the Lewis base
electrolyte (AlCl3:[BMIm]Cl = 0.9:1).
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2.4 Compositional analysis of Al intercalated Mo6S8
To further analyze the composition and the crystal structure of the Al intercalated
Mo6S8(AlxMo6S8), discharge-charge chronopotentiometry was performed using a small
current density of 2.4 mA g-1. As shown in Figure 2.9a, the electrochemically achievable
Al interaction capacity is 167 mA h g-1, which is equivalent to a formula of Al1.73Mo6S8.
The Al intercalated Mo6S8 sample was subsequently analyzed with the inductively coupled
plasma optical emission spectrometry (ICP-OES) to verify the Al content. The ICP-OES
result (Figure 2.10) demonstrates that the chemical composition of the Al intercalated
Mo6S8 is Al1.67Mo6S8, which is in great agreement with the composition obtained from the
chronopotentiometry experiment. Meanwhile, the charge curve in Figure 2.9a confirms
that part of the Al atoms is trapped resulting in a chemical formula of Al0.69Mo6S8 after Al
extraction.
The XRD pattern of the Al intercalated Mo6S8 from the chronopotentiometry described
above is shown in Figure 2.9b, which is distinctly different from that of the pristine Mo6S8.
Rietveld refinement (TOPAS program) was performed to obtain the crystal structure
parameters of the Al intercalated Mo6S8. Chevrel phase Ga2Mo6S8 was used as the starting
structural model.21 As shown in Figure 2.9c, the refinement XRD pattern (red line) is in
excellent agreement with the experimental data (blue line). The Rietveld refinement results
including various agreement factors are listed in Table 2.1. The refinement result supports
the hypothesis that Al atoms are intercalated into two different sites in the Mo6S8 lattice
with a theoretical formula of Al2Mo6S8 at full Al intercalation (theoretical capacity of 193
mA h g-1). The crystal structure of Al2Mo6S8 is illustrated in Figure 2.9d, showing the
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packing of Mo6S8 units and Al atoms intercalated in two different sites. The larger site
(Al1) can be seen as a cubic center of a hexahedron with eight Mo6S8 units as the vertices,
while the smaller site (Al2) can be seen as face centered. Crystallographic views of
Al2Mo6S8 from more directions are shown in Figure 2.11 in the. Al can be more easily
intercalated

into

the

Al1 sites

leading

to

a

stoichiometric

formula

of

AlMo6S8 (corresponding to the first discharge plateau). As for the Al2 sites, although we
can identify six available sites on the faces of the hexahedron mentioned above, the strong
electrostatic force from the Al cation with three positive charges can only allow filling in
two of the six sites,21 which also gives a stoichiometric formula of AlMo6S8 (corresponding
to the second discharge plateau). Therefore, the fully Al intercalated formula is Al2Mo6S8,
which is consistent with the refinement result. The discharge and charge reactions are
proposed as follows:
Al + 7[AlCl4 ]− ↔ 4[Al2 Cl7 ]− + 3e− (anode)

(1)

8[Al2 Cl7 ]− + 6e− + Mo6 S8 ↔ Al2 Mo6 S8 + 14[AlCl4 ]− (cathode)

(2)

Table 2.1. Lattice Parameters of Al2Mo6S8
Space group: R-3H

Rexp: 2.37

a (Å): 9.6356
c (Å): 9.9942
Cell volume (Å3): 803.5904
Crystallite size (nm): 145.2

Rwp: 4.58
Rp: 3.40
R-Bragg: 3.312
GOF: 1.93
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Figure 2.9. (a) Composition of Al intercalated Mo6S8 vs capacity. (b) XRD, (c) Rietveld
refinement, and (d) crystal structure of Al intercalated Mo6S8.
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Figure 2.10. Report of Al and Mo contents via ICP-OES from Elemental Analysis, Inc.
The rest content in the sample includes sulfur, carbon black, and polymer binder residue.
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Figure 2.11. (a) Crystal structure of the pristine Chevrel phase Mo6S8. (b) Schematic of
Chevrel phase Mo6S8 and possible Al intercalation sites. (c) Schematic of the smaller Al
intercalation site (inner site) which can be interpreted as in the center of the square with
four Mo6S8 clusters as vertices.
39

2.5 Conclusions
In conclusion, Mo6S8 shows unambiguous electrochemical activity for reversible Al
intercalation and extraction with good cycle stability. In addition to the electrochemical
analysis, XRD investigations provide the crystallographic information on the Al
intercalated Mo6S8. We conclude that the theoretical formula of fully Al intercalated
Mo6S8 is Al2Mo6S8 with Al occupying two different sites in the Mo6S8 crystal lattice. From
the practical aspect, the theoretical material-level specific energy of a battery with Al anode
and Mo6S8 cathode is approximately 90 W h kg-1(assuming 0.5 V nominal voltage), which
can be an attractive alternative for large-scale energy storage technologies. Further
investigation is under way to understand the Al trapping mechanism and to address the
large irreversible capacity in the first cycle.
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Chapter 3: Aluminum Intercalation Induced Crystal Phase Transformation in
Chevrel Phase Mo6S8
3.1 Introduction
Rechargeable battery systems based on aluminum anode are extremely intriguing due to
the following reasons: aluminum is the most abundant metal element in earth’s crust.
Moreover, aluminum metal anode renders attractive capacity due to its trivalence:
Aluminum has the second highest specific capacity of 2980 mAh/g and highest volumetric
capacity of 8040 mAh/cm3 among all metal anodes. Therefore, rechargeable aluminum
batteries can be a promising solution for large-scale energy storage application.
However, there are also a lot of challenges on developing feasible Al-ion battery
prototypes. One of the biggest obstacle would be the lack of suitable electrolytes for
aluminum battery. The early efforts used aqueous based electrolyte. Although several
battery prototypes were proposed including Al/O2, Al/S, Al/NiOOH, etc., all these battery
systems are non-rechargeable because of the high irreversibility of Al3+ in aqueous
electrolyte.1,2 Hence, organic based electrolyte is needed to make Al-ion battery
rechargeable. On the other hand, ionic liquid electrolyte can enable facile electrochemical
deposition and dissolution, which would make ionic liquid a feasible electrolyte for
rechargeable Al-ion battery. The most commonly used ionic liquid electrolytes are Lewis
acidic mixtures of aluminum halides (AlX3, X = Cl and Br) and halide-containing ionic
liquids (ILs), such as 1-butylpyridinium chloride and 1-ethyl-3-methylimidazolium
chloride, with molar ratio >1.3,4
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Despite of the many drawbacks of the ionic liquid electrolyte such as high chloride
concentration, high cost, limited electrochemical stability window, etc., a lot of cathode
materials have been proposed based on ionic liquid electrolyte recently.5-18 Most of the
cathode materials proposed are subjected to electrochemical intercalation chemistry. The
three main types of intercalation materials proposed for rechargeable Al-ion battery to date
are transition metal oxides, transition metal sulfides and carbonaceous materials. Transition
metal oxides were the first to be proposed as potential cathode materials for rechargeable
Al-ion battery. Jayaprakash et al. reported V2O5 nano-wire as cathode materials for
rechargeable Al-ion battery using aluminum foil as anode and ionic liquid as electrolyte in
2011.8 The V2O5 exhibited a discharge plateau around 0.55V and a capacity of 273 mAh/g
after 20 cycle. However, Reed et al. later showed that the electrochemical activity between
the aluminum and V2O5 in the ionic liquid electrolyte is in fact due to the corrosion of ionic
liquid towards the stainless steel current collector.9 Despite of the existing controversy,
transition metal oxides including amorphous V2O5, V2O5 xerogel, MoO3, etc. have been
proposed as cathode materials for rechargeable Al-ion battery.10-14 Transition metal
sulfides are another type of potential cathode materials for Al-ion battery. Our group
believe it is more promising compared to transition metal oxides even though they share
similar structural characteristics and intercalation chemistry. The reason of selection of
sulfides over oxides is crucial: Due to the strong coulombic effect, the energy barrier for
Al3+ transport in the oxide crystal structure is high. Therefore, a more polarizable (softer)
anionic framework is needed for facile Al3+ ion intercalation-extraction. Chevrel phase
Mo6S8 was proposed by our group as the first intercalation type sulfide cathode materials
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for rechargeable Al-ion battery.15,16 Good electrochemical performance was presented
along with unambiguous evidence for aluminum intercalation in the crystal structure,
which was covered in detail in the last chapter. After Chevrel phase Mo6S8, several
transition metal sulfides were proposed including layered TiS2, cubic Cu0.31Ti2S4, etc.17
Carbonaceous materials were proposed as promising cathode materials for rechargeable
Al-ion battery with excellent cycle life and decent energy density by Lin and coworkers
and then followed by several other groups recently.18-23 However, the most interesting part
is that an ion cluster (AlCl4-) intercalation mechanism was proposed for carbonaceous
cathode material in ionic liquid based Al-ion battery, which is quite different from the
conventional intercalation mechanism for transition metal sulfides or oxides for Li-ion
batteries. So the question is, as for the aluminum intercalation in transition metal sulfides
proposed previously, is the intercalation ion Al3+ or AlCl4- which is proposed in
carbonaceous materials? Moreover, understanding the aluminum intercalation mechanism
and bond chemistry in transition metal sulfides is also going to provide new paradigm for
further development of new materials with higher energy density. However, such
mechanism has not been thoroughly investigated to date.
In this study, we aim to unambiguously demonstrate the intercalation chemistry of
aluminum in transition metal sulfides by systematically reinvestigating the intercalation
process of aluminum in Chevrel phase Mo6S8. Galvanostatic intermittent titration
technique (GITT) was first used to determine different electrochemical reaction stages.
High resolution powder XRD was undertaken at different cut-off potentials according to
the GITT results. Subsequent Rietveld refinements were carried out to shed light on the
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aluminum intercalation and material phase transition process. High resolution TEM
undoubtedly proves the aluminum intercalation and aluminum ordering in the host
materials. Finally, improved electrochemical performance was achieved with the guidance
of this unveiled aluminum intercalation mechanism in transition metal sulfides.
3.2 Experimental methods
3.2.1 Synthesis of Chevrel phase Cu2Mo6S8 and Mo6S8
Chevrel phase Cu2Mo6S8 was synthesized via solid state reaction by heating stoichiometric
mixture of Cu, Mo and S elements.24 Stoichiometric amounts of Cu powder (Alfa Aesar,
10 micron, 99.9%), Mo powder (Alfa Aesar, 2-4 micron, 99.9%) and S powder (Sigma
Aldrich 99.5-100.5%) were thoroughly mixed and then sealed in an evacuated quartz tube.
The quartz tube was subsequently heated in a muffle furnace. The temperature ramp
program was set to be as follows: The temperature was ramped up to 450 °C (1 °C min-1)
and hold for 24 h. The temperature was then ramped up to 700 °C (1 °C min-1) and hold
for another 24 h. The temperature was thereafter ramped up again to 1050 °C (1 °C min-1)
and hold for 48 h. Finally, the furnace was cooled down to room temperature slowly. The
as synthesized Chevrel phase Cu2Mo6S8 then underwent a chemical leaching process to
yield the final product Chevrel phase Mo6S8: 300 mg Cu2Mo6S8 was added into 20 ml 6M
HCl solution. Oxygen was bubbled into the solution for 8 hours while stirring was
maintained. After the reaction, the obtained Mo6S8 was centrifuged, washed with adequate
amount of deionized water, and dried in vacuum oven at 50 °C overnight.15
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3.2.2 Electrode fabrication
Different cathode fabrication methods were used on purpose for different experiments. In
CV and galvanostatic battery cycling experiments, the active material slurry was made by
mixing 80 wt.% Mo6S8, 10 wt.% carbon black, and 10 wt.% polyvinylidene fluoride
(PVDF) in N-Methyl-2-pyrrolidone (NMP) solution via a mechanical mixer for 5 min in
an argon-filled glovebox. The slurry was then pasted on a carbon fiber paper current
collector to form final cathode for the battery. It is noted that the carbon paper current
collector is electrochemically inert in the voltage window of electrochemical tests proved
by previous study. In the chronopotentiometry experiment that was used to generate
samples for XRD tests, all the fabrication steps were the same as aforementioned except
the current collector used is Mo thin foil (Alfa Aesar, 0.025mm, 99.95%). The reason is
that it is much easier to collector materials after chronopotentiometry from a smooth
surface of Mo foil than a rough surface of carbon paper. While in the chronopotentiometry
used to generate samples for high resolution TEM, a different method is used. As
previously discussed in the paper, HTEM electron beam is very sensitive to impurities.
Carbon additives will easily get adsorbed on the surface of Mo6S8 particles even with
extensive washing. Plus, the carbon additives will absorb electrolyte residues due to the
large surface area. Some PVDF binder impurities will also remain in the sample after
washing. Thus, a suspension contains 90 wt.% Mo6S8 and 10 wt.% polystyrene (PS) in
NMP solvent was thoroughly mixed. Then the suspension was dropped on the surface of
the carbon paper current collector.
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3.2.3 Battery construction
CR2016 coin cells were assembled in an argon-filled glovebox using Al foil (0.2 mm
thickness, Alfa Aesar 99.9999%) as the anode. Cathode fabrication details is covered in
last part. A single Whatman® glass fiber filter paper was used as the separator. The
electrolyte was prepared by slowly adding anhydrous AlCl3 (Sigma Aldrich 99.99%) into
1-butyl-3-methylimidazolium chloride (Sigma Aldrich 98%) with a molar ratio of 1.5:1
while stirring in the argon-filled glovebox. To prevent corrosion from the acidic electrolyte,
titanium foil (Strem, 0.025mm thickness, 99.6%) was punched into discs of an appropriate
size to be used as linings in the stainless-steel coin cell case. The schematic of the coin cell
construction is shown in Figure 3.1.

Figure 3.1 Battery construction schematic
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3.2.4 Electrochemical analysis
Cyclic voltammetry (CV) with a scan rate of 0.1 mV s-1 was performed with Gamry
potentiostat interface 1000. Galvanostatic discharging and constant-current-constantvoltage (CCCV) charging, galvanostatic intermittent titration technique (GITT) and
chronopotentiometry were performed on Arbin battery test station. In GITT, the batteries
were discharged at 15 mA g-1 for 15 minutes and rested for 2 hours. The discharge-rest
process was repeated until the potential reached the cut-off limit.
3.2.5 Materials characterization
The X-ray diffraction (XRD) was conducted using PANalytical EMPYREAN instrument
(45 kV/40 mA) with a Cu-Kα source. Slow scan that takes 2 hours was used to yield high
quality XRD data. Scanning electron microscopy (SEM) was performed with a FEI XL30FEG. High resolution transmission electron microscope (HTEM) was performed with
Titan Themis 300.
3.3 Results and discussion
3.3.1 Structure, morphology and composition of synthesized Mo6S8
Chevrel phase Cu2Mo6S8 was first synthesized via solid-state method. Stoichiometric
amount of Cu, Mo and S elements were thoroughly mixed and sealed in an evacuated quartz
tube. The tube was then heated in a muffle furnace to yield Cu2Mo6S8. Copper deficit
Mo6S8 was obtained by chemical leaching method in hydrogen chloride acid solution with
the help of oxygen bubbling. The detailed synthesis route can be found in experimental
section. Figure 3.2 shoes the powder XRD Rietveld refinement of the as synthesized
Cu2Mo6S8. The powder diffraction data was refined by full-matrix least-squares refinement
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implemented in the FULLPROF program. The axial divergence was accounted for by
asymmetric peak shapes for reflections below 30°2θ.
The sample “pristine Cu2Mo6S8” contained:
•

98.6(3) wt.-% CuxMo6S8 (𝑅3̅, no. 148) with a = b = 9.6216(3) Å and c = 10.2242(4)
Å; RBragg = 3.93 and Rf = 3.76

•

6

0.8(2) wt.-% MoS2 (𝑃 𝑚3 𝑚𝑐, no. 194) with a = b = 3.123(5) Å and c = 12.29(2) Å;
RBragg = 14.2 and Rf = 13.4

•

0.7(1) wt.-% Mo (𝐼𝑚3̅𝑚, no. 229) with a = b = c = 3.1478(7) Å; RBragg = 5.54 and Rf
= 5.20

Cu atoms were placed on two different sites 18f (Cu1: x = 0.73565, y = 0.49423, z =
0.32397; Cu2: x = 0.15369, y = 0.23660, z = 0.87753) and the occupancy was refined
without further restrictions. It turned out that 34(2) % of the Cu1 sites and 13.9(6) % of the
Cu2 site are occupied. This results in x = 2.89(4). The occupation of the Mo- and S- sites
was not refined. Therefore, the refined formula is Cu2.89(4)Mo6S8.
This is a higher Cu concentration than initially expected, but the presence of the byproducts
Mo and MoS2 results in a higher Cu concentration. Moreover, in the Chevrel phases Cu
concentrations up to x = 4 have previously been reported. Another reason for the high Cu
concentration could be the additional presence of Mo at the Cu sites and the consequential
mixed occupancy (up to Mo6+1.860(3)S8 as obtained from a separate refinement not
considering Cu but Mo). This would lead to a higher electron density at those sites, which
would also increase the apparent Cu concentration, since the Mo is not considered here.
However, refining both Mo and Cu on the partially occupied sites is not possible.
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Energy dispersive X-ray spectroscopy (EDS) was performed to further validate the
composition of synthesized Chevrel phase Cu2Mo6S8 and Mo6S8. The electron image and
EDS spectrum of Cu2Mo6S8 is shown in Figure 3.3a and b. From the spectrum, we can see
that the sample is free of impurities. Cu, Mo and S elements can be distinctively observed.
Caron and oxygen signals which are from the carbon adhesive tab can also be observed.
Table 3.1 gives the detailed composition information of Cu, Mo and S. The large area EDS
scan gave a composition of Cu2.14Mo6.15S8 (sulfur concentration used as reference and set
to 8), which is in good agreement with the XRD refinement since both measurements
indicate extra Mo and extra Cu in the starting material.

Figure 3.2 a) electron image of Cu2Mo6S8. b) EDS spectrum of selected area.
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Figure 3.3 a) electron image of Cu2Mo6S8. b) EDS spectrum of selected area.

Table 3.1 Chemical composition of the Chevrel phase Cu2Mo6S8 from EDS.
Element

Line Type

Wt%

Wt% Sigma

Atomic %

S

K series

26.11

0.29

49.11

Cu

L series

13.86

0.21

13.15

Mo

L series

60.03

0.36

37.74

Total:

100.00

100.00
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Figure 3.4a shows the scanning electron microscope (SEM) image of the Chevrel Phase
Mo6S8. Small particles of Mo6S8 typically have the size around 1 μm. However, most of
the particles are believed to be connected and forming a big cluster particle whose size can
be up to tens of microns.
Figure 3.4b shows the pristine Mo6S8 powder XRD pattern and its Rietveld refinement.
The leaching of Cu is accompanied by a rearrangement/rotation of the Mo6S8-clusters. The
crystal structure corresponds to the Mo3S4-type structure (again 𝑅3̅, no. 148).
The sample pristine Mo6S8contains:
•

99(3) wt.-% Mo6S8 (𝑅3̅, no. 148) with a = b = 9.1833(3) Å and c = 10.8716(5) Å; RBragg
= 3.32 and Rf = 2.89

•

6

0.2(1) wt.-% MoS2 (𝑃 𝑚3 𝑚𝑐, no. 194) with a = b = 3.169(2) Å and c = 12.22(2) Å;
RBragg = 25.6 and Rf = 17.7

•

1.0(2) wt.-% MoO2 (𝑃1

21
𝑐

1, no. 14) with a = 5.618(6) Å, b = 4.824(4) Å, c = 5.668(6)

Å, γ = 121.4(1)°; RBragg = 5.54 and Rf = 5.20
For the refinement, two sites are identified (by comparison with the literature on other
Chevrel structures), which could accommodate Al3+-cations in case of a successful
intercalation. Those sites will be denoted as Al1- and Al2-site from here on, both of which
have the same Wyckoff symbol 18f.
The electron image and EDS spectrum of Chevrel Mo6S8 is shown in Figure 3.5a and b.
Cu, Mo and S elements can be observed. However, the concentration of Cu element is only
0.01%, which means the chemical leaching process is very effective and complete. Again,
caron and oxygen signals which are from the carbon adhesive tab can also be observed.
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Table 3.2 gives the detailed composition information of Cu, Mo and S. From the EDS
analysis, the Chevrel phase Mo6S8 has the chemical composition as Mo5.84S8.
The refinement shows that 3.7(3)% of the Al1-sites and 4.7(3)% of the Al2-sites are
occupied with Molybdenum. Moreover, a Mo-deficiency was found for the Mo-octahedra:
the occupancy is 91(1) %. The overall chemical formula is then Mo5.94(9)S8., which is in
excellent agreement with the EDS results.
Since it is not possible to refine Mo, Al and vacancies independently on the same
crystallographic site, we will from here on set the concentration of Mo on the Al1- and the
Al2 site to 3.7% and 4.7%. This allows us to determine the Al3+-concentration in the
following measurements. Moreover, the presence of MoS2 will not be considered in the
other refinements since the fraction of MoS2 is neglectable (its presence is indicated by a
single reflection: (002) at 14.5°2θ) and it does not improve the refinements. Also, the
amount of MoS2 does not change during the intercalation process.
High resolution transmission electron microscope (TEM) images of pristine Mo6S8 with
diffraction pattern of area of interest as inset is present in Figure 3.4c. Perfect crystal
structure that belongs to the space group R-3m can be observed from the TEM image and
the diffraction pattern. In fact, Chevrel phase Mo6S8 has a unique crystal structure: distorted
Mo6S8 cluster is comprised of a molybdenum octahedron inside of a distorted sulfur cube.
Then 8 Mo6S8 clusters form a distorted cube. The crystal structure schematic of Mo6S8 is
illustrated in Figure 3.4d. The crystal structure belongs to R-3m space group with a = b =
9.2 Å and c = 10.9 Å. Addition SEM and HTEM images can be found in Figure 3.6, which
provide a more complete picture of the morphology and structure of Chevrel phase Mo6S8.
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Figure 4.4 a) SEM image of Mo6S8. b) XRD pattern of Mo6S8. c) High resolution TEM of
Mo6S8 and diffraction pattern as inset. d) Crystal structure illustration of Mo6S8
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Figure 3.5 a) electron image of Mo6S8. b) EDS spectrum of selected area.

Table 3.2 Chemical composition of the Chevrel phase Mo6S8 from EDS.
Element

Line Type

Wt%

Wt% Sigma

Atomic %

S

K series

29.95

0.24

56.13

Cu

L series

0.01

0.06

0.01

Mo

L series

70.04

0.24

43.86

Total:

100.00

100.00
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Figure 3.6 a, b) SEM image of Mo6S8. c, d) High resolution TEM of Mo6S8.
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3.3.2 Cyclic voltammetry and GITT of Chevrel phase Mo6S8
The electrochemical experiments of Al/ionic liquid electrolyte/Mo6S8 was analyzed using
CR2016 coin cell configuration at 50 °C. The elevated temperature will reduce the energy
barrier required for aluminum to transport in the crystal structure.15 The ionic liquid
electrolyte used in this study is a mixture of AlCl3 and [BMIm]Cl with a molar ratio of
1.5:1. It is worth noting that proper anti-corrosion tactics need to be applied in order to
present the true electrochemical activities between the anode and cathode. Therefore, we
utilized carbon fiber paper current collector. In addition, titanium foil linings were placed
outside of the anode and cathode to prevent the contact of ionic liquid with stainless steel
battery case. The detailed electrode fabrication process can be seen in the experimental
section and a battery construction schematic is presented in Figure 3.1. Figure 3.7 shows
the cyclic voltammetry (CV, 0.1 mV/s) of Chevrel phase Mo6S8 in ionic liquid electrolyte
at both 50 °C and room temperature. The stabilized CV scans demonstrate two main pairs
of redox peaks. Specifically at 50 °C, two cathodic peaks can be located at 0.45 V and 0.3
V and two corresponding anodic peaks can be observed at 0.45 V and 0.78 V. The two
pairs of reversible redox peaks indicate the aluminum intercalation and extraction is a twostep electrochemical reaction after stabilization. However, the first cycle cathodic scan is
particularly interesting. In addition to the two main cathodic peaks introduced, a broad peak
at around 0.7 V can be observed and it only appears in the first cycle.
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Figure 3.7 Cyclic voltammetry of Chevrel phase Mo6S8 at a) 50 °C and b) room
temperature

Therefore, in order to further probe the electrochemical reaction steps during the aluminum
intercalation process, galvanostatic intermittent titration technique (GITT) was performed
on the first discharge process. With a period of relaxation after each current pulse, GITT
can demonstrate the working potential curve and equilibrium potential at the same time,
making it a perfect way to shed some light on the aluminum intercalation steps. The GITT
curve of first Al intercalation in Chevrel phase Mo6S8 is selected to be demonstrated
because of the interesting phenomenon observed in the first cycle cathodic CV scan. The
GITT experiment is programed to undergo a 15-min current pulse with current density of
15 mA/g followed by a 2-hour relaxation. Indeed, three stages of reaction can be observed
during the first aluminum intercalation process. From the working potential curve, we can
see it starts with a slope with center potential around 0.7 V, then is followed by a plateau
at about 0 45 V, finally is ended with another plateau with the potential around 0.35 V,
which agrees with the first cycle CV curve perfectly. The distinct three-stage equilibrium
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curve from the GITT also supports the hypothesis that the first aluminum intercalation in
Chevrel phase Mo6S8 is a three-step reaction.

Figure 3.8 GITT of Chevrel phase Mo6S8 at 50 °C.
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3.3.3 Chronopotentiometry and high resolution powder XRD experiments
A deeper understanding of the crystal structure changes and phase transitions is needed
during each stage of the aluminum intercalation in Chevrel phase Mo6S8. Therefore, we
prepared samples with different aluminum intercalation levels by electrochemical
chronopotentiometry method. Low current density of 2 mA/g was used to ensure complete
reaction and intercalation level control accuracy. The detailed information of electrode
fabrication for chronopotentiometry can be found in the experimental section. As we can
see in Figure 3.9a, 7 points were selected to represent the different levels of aluminum
intercalation in both the first discharge and charge process. Point A represents the pristine
state, whose powder XRD and refinement were already presented in Figure 3.4. Point B,
D and E in the discharge process represent the end points of each of the three stages of
aluminum intercalation as indicated by GITT, while point C was selected as the middle
point of the second long plateau. Point F and G are the end points of the two charge
plateaus. After the aluminum intercalated Mo6S8 was collected at each marker point,
powder XRD was performed on each sample. The XRD results of all the selected points
are demonstrated in Figure 3.9b. As the discharge proceeds, distinct while smooth peak
pattern changes can be observed, which clearly indicates crystal structure change upon
aluminum intercalation. After the charge process, the XRD pattern (point G) is almost
identical as the pristine material XRD pattern (point A) which means the intercalation of
aluminum is reversible. However, we do notice that there is a big portion of
electrochemical capacity is nonreversible as shown in Figure 3.9a even though the XRD
results shows the contrary. This phenomenon will be elaborated in later section.
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Figure 3.9 a) Chronopotentiometry of Mo6S8 in ionic liquid with current density of 2 mA
g-1 at 50 °C. b) High resolution XRD of Al intercalated Chevrel phase Mo6S8 at different
potential cut-off point.
3.3.4 Rietveld refinement on aluminum intercalated Mo6S8
Rietveld refinement was performed on the powder XRD data got from the
chronopotentiometry sample. Since Point A in Figure 3.9 represent the pristine Chevrel
phase Mo6S8, which was already covered in Figure 3.4. The refinement results of Point B
to G are summarized in Figure 3.10.
The sample at Point B contains:
•

99(3) wt.-% AlxMo6S8 (𝑅3̅, no. 148) with a = b = 9.2212(5) Å and c = 10.9185(8) Å;
RBragg = 4.41 and Rf = 3.85

•

1.2(2) wt.-% MoO2 (𝑃1

21
𝑐

1, no. 14) with a = 5.646(6) Å, b = 4.845(4) Å, c = 5.705(7)

Å, γ = 121.31(8)°; RBragg = 17.9 and Rf = 13.8
It was found that x = 0.6(2). The overall chemical formula is Al0.6(2)Mo5.3(1)S8. The
populations of the Al-sites are: Al1: 7(2)%, Al2: 3(1)%.
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Figure 3.10 a-f) Rietveld refinement of powder XRD data obtained from
chronopotentiometry points B-G.
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The sample at point C contains:
•

75(2) wt.-% AlxMo6S8 (Mo3S4-type, 𝑅3̅, no. 148) with a = b = 9.2049(5) Å and c =
10.8963(9) Å; RBragg = 2.96 and Rf = 2.41

•

23.7(9) wt.-% Al6.6Mo6S8 (Ga2Mo6S8-type, 𝑅3̅, no. 148) with a = b = 9.614(6) Å and c
= 10.01(1) Å; RBragg = 4.63 and Rf = 2.94

•

2.3(1) wt.-% MoO2 (𝑃1

21
𝑐

1, no. 14) with a = 5.58 Å, b = 4.829 Å, c = 5.64 Å, γ =

120.2°; RBragg = 10.8 and Rf = 3.48
At point C, a third phase appears in the XRD data. The reflections can be assigned to
Al6.6Mo6S8, which has a different structure from the main phase. The first phase has a
Mo3S4-type structure, while the new phase has the Ga2Mo6S8-type structures. Both
structures have the same space group, but the Mo6S8 cluster in the new structure are less
distorted from the cubic symmetry. Moreover, the transition is accompanied by a shift in
the lattice parameters: a and b increase, while c decreases. Both structures do have two
distinct Al-sites (corresponds to the Ga-sites in the Ga2Mo6S8-type structure). In order to
properly refine the Al-concentration in the Mo3S4-type structure and to get reliable phase
fractions, the occupancies of both Al-sites in the Ga2Mo6S8-type structure was fixed to 55%
according to the refinements of the following data sets. The resulting chemical formula is
Al6.6Mo6S8.
For the Mo3S4-type structure: it was found that x = 1.36 (6). The overall chemical formula
is Al1.36(6)Mo5.66(4)S8. The populations of the Al-sites are Al1: 3(1)% and Al2: 19.7(9)%.
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The sample at point D contains:
•

39.7(7) wt.-% AlxMo6S8 (Mo3S4-type, 𝑅3̅, no. 148) with a = b = 9.205(1) Å and c =
10.883(2) Å; RBragg = 2.46 and Rf = 2.67

•

59(1) wt.-% AlxMo6S8 (Ga2Mo6S8-type, 𝑅3̅, no. 148) with a = b = 9.626(2) Å and c =
10.026(4) Å; RBragg = 1.80 and Rf = 1.58

•

1.1(1) wt.-% MoO2 (𝑃1

21
𝑐

1, no. 14) with a = 5.58 Å, b = 4.88 Å, c = 5.59 Å, γ = 120.9°;

RBragg = 12.4 and Rf = 6.39
For the Mo3S4-type structure: x = 3.5 (1) => the overall chemical formula is Al3.5(1)Mo6S8.
The populations of the Al-sites are:
•

Al1: 30(2)%, Al2: 18(1)%

For the Ga2Mo6S8-type structure: x = 7.2(1) => the overall chemical formula is
Al7.2(1)Mo6S8. The populations of the Al-sites are:
•

Al1: 59(2)%, Al2: 61(2)%

The sample at point E contains:
•

31(1) wt.-% AlxMo6S8 (Mo3S4-type, 𝑅3̅, no. 148) with a = b = 9.202(2) Å and c =
10.888(3) Å; RBragg = 2.21 and Rf = 2.31

•

68(2) wt.-% AlxMo6S8 (Ga2Mo6S8-type, 𝑅3̅, no. 148) with a = b = 9.642(1) Å and c =
10.009(2) Å; RBragg = 2.56 and Rf = 2.27

•

1.1(1) wt.-% MoO2 (𝑃1

21
𝑐

1, no. 14) with a = 5.58 Å, b = 4.88 Å, c = 5.59 Å, γ = 120.9°;

RBragg = 10.9 and Rf = 6.97

65

For the Mo3S4-type structure: x = 7.2(3) => the overall chemical formula is Al7.2(3)Mo6S8.
The populations of the Al-sites are:
•

Al1: 78(5)%, Al2: 42(3)%

For the Ga2Mo6S8-type structure: x = 6.3(2) => the overall chemical formula is
Al6.3(2)Mo6S8. The populations of the Al-sites are:
•

Al1: 59(2)%, Al2: 47(2)%

The sample at point F contains:
•

32(1) wt.-% AlxMo6S8 (Mo3S4-type, 𝑅3̅, no. 148) with a = b = 9.201(2) Å and c =
10.886(3) Å; RBragg = 2.72 and Rf = 3.02

•

67(2) wt.-% AlxMo6S8 (Ga2Mo6S8-type, 𝑅3̅, no. 148) with a = b = 9.634(1) Å and c =
10.015(2) Å; RBragg = 2.05 and Rf = 2.31

•

0.9(1) wt.-% MoO2 (𝑃1

21
𝑐

1, no. 14) with a = 5.58(1) Å, b = 4.88(1) Å, c = 5.59(1) Å,

γ = 120.9(2)°; RBragg = 8.98 and Rf = 6.81
For the Mo3S4-type structure: x = 9.5(3) => the overall chemical formula is Al9.5(3)Mo6S8.
The populations of the Al-sites are:
•

Al1: 96(4)%, Al2: 62(4)%

For the Ga2Mo6S8-type structure: x = 6.6(2) => the overall chemical formula is
Al6.6(2)Mo6S8. The populations of the Al-sites are:
•

Al1: 48(3)%, Al2: 61(2)%

The sample at point G contains:
•

99(1) wt.-% AlxMo6S8 (Mo3S4-type, 𝑅3̅, no. 148) with a = b = 9.1996(7) Å and c =
10.8926(9) Å; RBragg = 2.76 and Rf = 2.63
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•

0.8(1) wt.-% MoO2 (𝑃1

21
𝑐

1, no. 14) with a = 5.58(1) Å, b = 4.88(1) Å, c = 5.59(1) Å,

γ = 120.9(2)°; RBragg = 16.0 and Rf = 10.5
•

6

0.3(1) wt.-% MoS2 (𝑃 𝑚3 𝑚𝑐, no. 194) with a = b = 3.169(2) Å and c = 12.22(2) Å;
RBragg = 19.6 and Rf = 12.3

For the Mo3S4-type structure: x = 5.35(9) => the overall chemical formula is Al5.35(9)Mo6S8.
The populations of the Al-sites are:
•

Al1: 49(1)%, Al2: 42.8(9)%

In summary, we observe Al intercalation into the Mo3S4-type Mo6S8 between Point A and
C. There is a weak site preference for the Al1-site, but both sites are occupied simultaneous.
(The difference at point C is not meaningful since refining the occupancy in the Mo3S4type structure is very sensitive to the occupancy of the Ga2Mo6S8-type structure. Moreover,
the Al1-site showed a higher occupancy for point B and D).
Between point C and E, we observe an incomplete phase transformation from the Mo 3S4type structure to the Ga2Mo6S8-type structure. The weight fraction of the newly formed
Ga2Mo6S8-type structure is limited to 67 wt.-%. Additionally, we find that the occupancy
for both Al-sites in the Ga2Mo6S8-type structure is limited to ca. 55 at.-%.
Simultaneous to the phase transformation the occupancy of both Al-sites in the initial
Mo3S4-type structure increases. However, the Al1-site is preferred for high Alconcentrations in the initial Mo3S4-type structure.
During deintercalation the entire Ga2Mo6S8-type structure turns back into the initial Mo3S4type structure. Interestingly, approximately 50% of the Al-sites are still occupied after the
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deintercalation, which means that Al is mainly removed from the Al1-site. This explains
the capacity irreversibility in the chronopotentiometry.

Figure 3.11 Crystal structure of a) Mo3S4 type and b) Ga2Mo6S8 type.

The main difference between the Ga2Mo6S8-type structure and the initial Mo3S4-type
structure is that the clusters have a different orientation. Moreover, the clusters in the
Ga2Mo6S8-type structure are closer to the cubic symmetry. The distortion of the clusters in
the Mo3S4-type structure in more pronounced. Consequently, the trigonal anti-prism
formed by the Al1-sites is clinched along the c-axis in the Ga2Mo6S8-type structure. The
distortion is severe making the anti-prism almost a flat hexagon. This causes extremely
short Al1-Al1 and Al2-Al2 distances in the Ga2Mo6S8-type structure, which prevent both
sites from being fully occupied. In fact, both sites are ca. 50% occupied which indicates
that every second site is vacant maximizing the distance between the Al3+-cations.
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3.3.5 TEM analysis of aluminum intercalated Mo6S8
We then utilized high resolution TEM to further provide solid evidence for aluminum
intercalation as well shed light on species of the intercalation ion. Figure 3.12 is the high
resolution TEM picture and energy-dispersive X-ray spectroscopy results of the aluminum
intercalated Mo6S8 sample obtained at the end of the first discharge (point E in Figure 3.9a).
Since high resolution TEM electron beam is very sensitive to impurities in the sample,
especially organic based impurities. A unique electrode fabrication and sample preparation
method was developed to meet the criteria for a high quality TEM operation. The detailed
information can be found in the experimental section. Figure 3.12a shows the HAADF
TEM picture of aluminum intercalated Mo6S8 single particle. We can see that the surface
is free from the contamination of conductive carbon additives or organic binder residues.
Figure 3.12b, c and d depict the EDS elemental mapping of Al, Mo and S respectively.
Uniform and apparent aluminum incorporation in the particle can be clearly observed. The
integrated elemental mapping of Al, Mo and S as shown in Figure 3.12e also proves the
uniform aluminum distribution throughout the particle. By analyzing the EDS spectrum as
demonstrated in Figure 3.12f, two important information can be obtained: The first one is
that the intercalation ion in Chevrel phase Mo6S8 is Al3+ instead of AlCl4- since no
considerable chloride intensities can be spotted in the EDS spectrum.
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Figure 3.12 a) HAADF TEM image of aluminum intercalated Mo6S8 obtained from end of
the first chronopotentiometry discharge. Elemental mapping of b) Al, c) Mo and d) S. e)
integrated elemental mapping of Al, Mo and S.

Figure 3.13 a) TEM diffraction pattern of Ga2Mo6S8 phase AlxMo6S8 along the [1-12]
zone axis. b) TEM diffraction pattern of Mo3S4 phase along the [1-10] zone axis.
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We also performed TEM diffraction experiment on the sample collected after the
chronopotentiometry discharge (point E). Figure 3.13a shows the diffraction pattern along
the [1-12] zone axis of AlxMo6S8 particle at point E. Indices are provided for the main
reflections. The distances in reciprocal space correspond to 6.41 Å and 4.8 Å in real space
for (1-1-1) and (110) respectively. The distances are in good agreement with the lattice
spacing expected for the Ga2Mo6S8-type structure. As a comparison shown in Figure 3.13b
which is the TEM diffraction pattern of the Mo3S4 type particle along the [1-10] zone axis,
the distances in reciprocal space correspond to 6.4 Å and 4.49 Å in real space for (001) and
(110) respectively. The diffraction pattern clearly shows the crystal phase transformation
induced by aluminum intercalation.
3.3.6 Cycling performance
Constant current constant voltage (CCCV) charge and galvanostatic discharge was applied
to improve the electrochemical performance of Al/Mo6S8 battery. There are two advantages
of using CCCV technique: The first is to enhance the reversibility of aluminum
intercalation and extraction in the Chevrel phase Mo6S8. Based on the aluminum
intercalation mechanism revealed in this study, the reversibility of the battery cell highly
relies upon the reversible aluminum intercalation in the A1 site. As a result, CCCV can
help to achieve higher level extraction of aluminum ion from A1 site without applying for
a higher overpotential. The second advantage is the CCCV will also reduce the risk of
corrosion when we are trying to improve the electrochemical capability. By maintaining
the charge potential onset point at a safe level, longer cycle life can be achieved. As we can
see in Figure 3.14a, 1st, 40th and 80th cycle of CCCV galvanostatic discharge and charge

71

curves at 50 °C are presented. The current density used is 40 mA g-1. The first discharge
curve is in a very good agreement with the chronopotentiometry curve. However, the first
charge capacity was enhanced to about 96 mAh/g with the help of CCCV. Moreover,
CCCV galvanostatic discharge and charge will also greatly enhance the cycle ability as
shown in Figure 3.14b. The discharge capacity even slightly increases in the first 20 cycles.
After stabilization, a capacity of about 105 mAh/g can be achieved without any sign of
fading at a high current density of 40 mA/g. At a comparison, the cycle stability without
CCCV as demonstrated in the Figure 2.5c can only reach to 70 mA g-1 even at a much
lower current density of 12 mA g-1 at 50 °C.15

Figure 3.14 a) 1st, 40th and 80th CCCV galvanostatic discharge charge curves. b) CCCV
galvanostatic cycle stability
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3.4 Conclusions
In this chapter, we have unambiguously demonstrated the electrochemical aluminum
intercalation mechanism in Chevrel phase Mo6S8 as well as proved the intercalation ion in
transition metal sulfides to be Al3+. Electrochemical experiments including cyclic
voltammetry and galvanostatic intermittent titration technique shows that the first
aluminum intercalation process is a three-step process. Then aluminum intercalated Mo6S8
with different aluminum concentrations were prepared by chronopotentiometry. High
resolution XRD on the aluminum intercalated Mo6S8 and Rietveld refinement reveal the
detailed aluminum intercalation process: Point A to B: simultaneous Al-intercalation on
both sites in the Mo3S4-type; Point B to D: incomplete phase transformation into the
Ga2Mo6S4-type; Point D to E: preferential intercalation on the Al2 site in the remaining
Mo3S4-type; Point F to G: reversal of phase transformation and deintercalation on the Al2site. High resolution TEM also provides solid evidence for aluminum intercalation and
determines the intercalation species to be Al3+ instead of AlCl4-. The formation of an
ordered superstructure upon aluminum intercalation was also observed by TEM diffraction
pattern. Finally, CCCV was utilized to enhance the electrochemical performance of
Al/Mo6S8 battery prototype. A capacity of 105 mAh/g at a current density of 40 mA/g was
demonstrated for 90 cycles with no signs of decay. Current investigation includes the
reason of the incomplete phase transformation, why no intercalation site difference and
how the cation order in the formed superstructure.
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Chapter 4: Titanium Sulfides as Intercalation-Type Cathode Materials for
Rechargeable Aluminum Batteries
4.1 Introduction
The rechargeable aluminum-ion (Al-ion) battery is an intriguing electrochemical energy
storage technology based on the most abundant metal in the earth’s crust. It can be a
potentially interruptive technology for large scale energy storage applications.1 However,
reversible electrochemical processes involving Al are inherently difficult. One challenge
is the lack of feasible electrolytes for Al deposition-dissolution at the anode. The most
commonly adopted Al electrolytes to date are Lewis acidic mixtures of aluminum halides
(AlX3, X = Cl and Br) and halide-containing ionic liquids (ILs), such as 1-butylpyridinium
chloride and 1-ethyl-3-methylimidazolium chloride, with molar ratio >1.2,3 Halide-free IL
electrolyte4 and aqueous AlCl3 electrolytes5,6 have also been reported. Another challenge
comes from the lack of understanding of cathode materials. With increasing interest, a few
potential cathode materials have been proposed based on different reaction mechnisms.7-17
Transition metal oxides, particularly vanadium(V)-oxide (V2O5), were studied as
intercalation-type cathode materials.10-14 Lin and coworkers proposed graphitic carbon as
a possible cathode material based on an anion intercalation mechnism.15 Archer’s and
Wang’s groups also presented the possibility of sulfur as a cathode material based on a
redox conversion reaction.8,9
We previously reported the Chevrel phase molybdenum sulfide (Mo6S8) as an
intercalation-type metal sulfide cathode material in a prior study.16 An independent
investigation by Lee and coworkers further confirmed the reversible electrochemical Al-
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intercalation in Mo6S8.17 Our selection of transition metal sulfides in place of oxides as Alion cathode materials is crucial: Due to the strong coulombic effect, the energy barrier for
multivalent ion transport in the oxide crystal structure is high.18 Therefore, a more
polarizable (softer) anionic framework is needed for facile Al3+ ion intercalation-extraction,
making transition metal sulfides promising candidates as Al-ion cathode materials.
Although Mo6S8 showed unambiguous electrochemical Al intercalation-extraction
properties, its specific capacity was not ideal due to its high molecular mass. We herein
report the Al intercalation-extraction properties of two titanium sulfides, layered TiS2 and
spinel-based, cubic Cu0.31Ti2S4 as potential intercalation-type cathode materials for Al-ion
batteries.
4.2 Experimental methods
4.2.1 Synthesis of layered TiS2
Layered TiS2 was synthesized via solid state reaction by heating stoichiometric mixtures
of the elements (Ti and S).19 Stoichiometric amounts of Ti powder (Alfa Aesar, 325mesh,
99.5%) and S powder (Sigma Aldrich 99.5-100.5%) were thoroughly mixed and then
sealed in an evacuated quartz tube, which was subsequently heated in a muffle furnace.
The temperature was first ramped up to 450 °C at a rate of 0.3 °C min-1 then held at 450
°C for 24 hours, after which the temperature was ramped up to 640 °C in 24 hours and held
at 640°C for 3 days. The synthesized TiS2 was collected in an argon-filled glove box to
prevent oxidization and hydrolysis. Mechanical ball milling was employed to reduce the
particle size of TiS2 with a Fritsch Pulverisette® 23 Mini-Mill. The entire ball milling
process was performed in the argon-filled glove box. In a typical ball milling process, two
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10mm diameter and eighteen 5mm diameter tempered steel grinding balls along with 0.346
g TiS2 (weight ratio 50:1) were put into a tempered steel grinding bowl with 3 ml anhydrous
toluene. To prevent overheating, the milling was performed in 10 sessions of 5 minutes,
each separated by 10 minutes of idling. After the ball milling, the TiS2 particles were
washed with anhydrous acetonitrile 3 times then collected with a centrifuge. The scanning
electron microscopy (SEM) image and the powder X-ray diffraction (XRD) pattern of the
pristine TiS2 are shown in the Figure 4.1 with the energy dispersive X-ray spectroscopy
(EDS) elemental mapping of the TiS2 after ball milling (Figure 4.2 and Table 4.1).

Figure 4.1. (a) XRD comparison between the bulk layered TiS2 (red line), ball-milled TiS2
(blue line) and the reference (black line);25 (b) SEM image of the bulk layered TiS2 prior
to ball milling.
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Figure 4.2. (a) SEM image of the layered TiS2 after ball milling; (b) EDS spectrum of ballmilled TiS2 on the selected area.
Table 4.1. Chemical composition of the ball-milled layered TiS2 from EDS.
Element

Line Type

Wt.%

Wt.% Sigma

Atomic%

S

K series

54.47

0.21

64.12

Ti

K series

45.53

0.21

35.88

Total:

100.00

100.00

From the EDS analysis, the ball-milled layered TiS2 has the chemical composition as
TiS1.79. The sulfur deficit may be due to the surface oxidation during the sample processing
and measurement.
4.2.2 Synthesis of cubic Cu0.31Ti2S4
Thiospinel CuTi2S4 was first synthesized using a similar solid state method to that
described above.20 Stoichiometric amounts of Cu (Sigma Aldrich, 14-25 μm, 99%), Ti and
S powders were thoroughly mixed and sealed in an evacuated quartz tube. The quartz tube
was heated in a muffle furnace at 700 °C (ramp rate 0.3 °C min-1) for 3 days. The
synthesized CuTi2S4 was collected in the argon-filled glove box to prevent oxidization and
hydrolysis. The particle size of CuTi2S4 was reduced via mechanical ball milling as
described above. Cu was leached from the CuTi2S4 product by reaction with bromine. In a
typical leaching process, 300 mg CuTi2S4 was suspended in 100 ml anhydrous acetonitrile.
Then, 94 μl of pure bromine was added to the suspension. The mixture was stirred for 24
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hours. After the reaction, the product was washed twice with both acetonitrile and carbon
disulfide and collected with a centrifuge. The chemical formula of the product was
determined to be Cu0.31Ti2S4 via XRD and Rietveld and was confirmed by EDS elemental
mapping. The SEM images and the XRD patterns of CuTi2S4 before and after ball milling
are shown in Figure 4.3 with the EDS element analysis of the synthesized Cu0.31Ti2S4
(Figure 4.4 and Table 4.2).

81

Figure 4.3. (a) XRD comparison between bulk cubic CuTi2S4 (red line), ball-milled cubic
CuTi2S4 (blue line) and CuTi2S4 reference (black line);26 SEM images of (b) the bulk cubic
CuTi2S4 before ball milling and (c) the ball-milled CuTi2S4.
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Figure 4.4. (a) SEM image of the synthesized cubic Cu0.31Ti2S4; (b) EDS spectrum of
Cu0.31Ti2S4 on the selected area. The Br signal in the spectrum is contributed from copper
bromide which was generated in the leaching process. 27

Table 4.2. Chemical composition of the cubic Cu0.31Ti2S4 from EDS.
Element

Line Type

Wt.%

Wt.% Sigma

Atomic%

S

K series

51.07

0.32

61.89

Ti

K series

40.90

0.31

33.20

Cu

K series

8.03

0.35

4.91

Total:

100.00

100.00

From the EDS analysis, the cubic Cu0.31Ti2S4 synthesized in this study has the chemical
composition of Cu0.30Ti2S3.73 which is in good agreement with the result from XRD
Rietveld refinement (Cu0.31Ti2S4). The sulfur deficit may be due to the surface oxidation
during the sample processing and measurement.
4.2.3 Electrochemical analysis
CR2016 coin cells were assembled in an argon-filled glovebox using Al foil (0.2 mm
thickness, Alfa Aesar 99.9999%) as the anode. The cathode was fabricated by coating TiS2
or Cu0.31Ti2S4 slurry onto a carbon fiber paper current collector (Spectracarb 2050A-0550,
Fuel Cell Store). The carbon paper current collector was demonstrated to be
electrochemically inert in the applied potential window as shown Figure 4.5. The slurry
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was made by mixing 80 wt.% TiS2 or Cu0.31Ti2S4, 10 wt.% carbon black, and 10 wt.%
polystyrene in N-Methyl-2-pyrrolidone via a mechanical mixer for 5 min. A single
Whitman® glass fiber filter was used as the separator. The electrolyte was prepared by
slowly

adding

anhydrous

AlCl3

(Sigma

Aldrich

99.99%)

into

1-butyl-3-

methylimidazolium chloride (Sigma Aldrich 98%) with a molar ratio of 1.5:1 while stirring
in the argon-filled glovebox. It is worth noting that polystyrene was selected as the binder
due to its inertness in the Lewis acidic ionic liquid electrolyte compared to conventional
binders such as polyvinylidene fluoride (Figure 4.6). To prevent corrosion from the acidic
electrolyte, titanium foil (Strem, 0.025mm thickness, 99.6%) and pyrolytic graphite sheet
(MTI, 0.017mm thickness, 99.90%) were punched into discs of an appropriate size to be
used as linings in the stainless-steel coin cell case. The schematic of the coin cell
construction is shown in Figure 4.7. Cyclic voltammetry (CV) with a scan rate of 0.1 mV
s-1 was performed with Gamry potentiostat interface 1000. Galvanostatic discharging and
constant-current-constant-voltage (CCCV) charging and galvanostatic intermittent
titration technique (GITT) were performed on Arbin battery test station. In GITT, the
batteries were discharged at 10 mA g-1 for 15 minutes and rested for 2 hours. The dischargerest process was repeated until the potential reached the cut-off limit. The diffusion
coefficient of Al3+ was calculated according to the following equation:
2

𝑑𝐸
( )
4 𝐼𝑉𝑀
𝐷= (
) [ 𝑑𝑥 ]
𝑑𝐸
𝜏 𝑍𝐴 𝐹𝑆
(
)
𝑑 √𝑡
ion diffusion coefficient, I is the current used in titration, 𝑉𝑀 is the
2

where D is the Al3+

molar volume of the titanium sulfides, 𝑍𝐴 is the number of charge of the ionic species (𝑍𝐴 =
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3 for Al3+), F is the Faraday constant, S is the surface area of the active materials (layered
TiS2: 53.1 m2 g-1 and cubic Cu0.31Ti2S4: 27.2 m2 g-1, determined by N2 adsorptiondesorption experiment), 𝑥 is the content of Al in the electrode materials (AlxTiS2 and
AlxCu0.31Ti2S4), 𝜏 is the current pulse time. The value of 𝑑𝐸/𝑑 √𝑡 is determined from the
plot of the voltage response vs. the square root of the time during each current pulse, and
𝑑𝐸/𝑑𝑥 is obtained by plotting the equilibrium potential vs. the electrode material
composition after each current pulse.21

Figure 4.5. Experiments to demonstrate the inertness of the background electrode. The
background electrode was prepared by coating mixture of carbon black and polystyrene
binder (with 1:1 weight ratio) on the carbon paper current collector. (a) The CV (0.1 mV
s-1 scan rate) of the background electrode displays minimal redox current and no distinct
reversible redox pairs; (b) Galvanostatic charge-discharge (with same current used in
testing active materials) shows there is minimal capacity contributed from the non-active
electrode materials, indicating carbon black, polystyrene binder and carbon paper current
collector are electrochemically inactive.
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Figure 4.6. CV (0.1 mV s-1 scan rate) comparison of the electrochemical inertness of
polystyrene (PS) and polyvinylidene fluoride (PVDF) in the electrochemical window from
0.1 V to 1.2 V vs Al in the Lewis acidic ionic liquid electrolyte used in this study. It is clear
PVDF shows reversible electrochemical activity and possibly narrower stable window. On
the contrary, PS is more electrochemical inert and stable, which may be attributed to its
backbone composed of only carbon and hydrogen.

Figure 4.7. Schematic of coin cell configuration used in this study.
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4.2.4 Materials characterizations
The XRD was conducted using a PANalytical EMPYREAN instrument (45 kV/40 mA)
with a Cu-Kα source. SEM was performed with a FEI XL30-FEG. The N2 adsorptiondesorption isotherms for surface area measurements were obtained with Micromeritics
ASAP 2020.
4.3 Results and discussion
4.3.1 Structure and morphology of synthesized titanium sulfides
As shown in Figure 4.8a, the XRD pattern of the synthesized TiS2 matched the reference
very well. As the XRD and the Rietveld refinement data show in Figure 4.8b, the final
product of chemically leached CuTi2S4 had a formula of Cu0.31Ti2S4. The particle size of
TiS2 (diameter of the plate-like particle) and Cu0.31Ti2S4 obtained from SEM images
(Figure 4.8c and 4.8d) was mostly smaller than 1 µm.
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Figure 4.8. XRD and Rietveld refinement of layered TiS2 (a) and cubic Cu0.31Ti2S4 (b);
SEM image of layered TiS2 (c) and cubic Cu0.31Ti2S4 (d).
4.3.2 Electrochemical analysis of titanium sulfides as cathode materials for Al-ion
battery
The electrochemical Al intercalation-extraction in these two titanium sulfides were
characterized with discharge-charge experiments at both room temperature (RT) and 50 °C
considering the slow intercalation kinetics observed in the Chevrel Phase Mo6S8 at RT.16,22
Galvanostatic discharge (Al intercalation) was carried out by applying 5 mA g-1 current
density; and the same current density was applied first for the galvanostatic charge (Al
extraction), followed by holding a constant potential of 1.35 V (RT) and 1.3 V (50 °C) vs.
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Al, respectively, for 3 hours. This constant-current-constant-voltage (CCCV) charge
protocol was used to prevent the corrosion (electrochemical oxidation) of the linings and
the stainless-steel cell case from the acidic IL electrolyte. CCCV charging is also a common
practice to overcome the kinetic voltage polarization to achieve more complete ion
extraction. Figure 4.9 shows the galvanostatic discharge and CCCV charge curves of TiS2
and Cu0.31Ti2S4 at the 1st, 2nd, 10th and 20th cycles at RT and 50 °C. It is clear that the Al
interaction-extraction behaviors of either titanium sulfide are inherently the same at the
different temperatures used. However, higher capacity and more distinct discharge-charge
characteristics are demonstrated at 50 °C due to the improved reaction kinetics at higher
temperature. As shown in Figure 4.9b, the first discharge curve of TiS2 at 50 °C displays a
plateau at 0.75 V followed by a slope from 0.6 V to 0.2 V with a total capacity of 70 mAh
g-1. However, the first charge capacity is only 40 mAh g-1, indicating a high irreversibility
in the first cycle. During the following cycles, the discharge-charge potential profile
gradually evolves with increasing capacity. Two discharge stages can still be observed in
the stabilized discharge curve with a plateau around 0.95 V and a slope from 0.6 V to 0.2
V. We hypothesize that the Al intercalation-extraction process in the initial cycles slightly
altered the crystal structure of TiS2, thus facilitating the Al intercalation-extraction in the
subsequent cycles. Figure 4.9d shows the galvanostatic discharge and CCCV charge
curves of cubic Cu0.31Ti2S4 at 50 °C. One can observe a slope-like discharge curve from
the first discharge with a capacity around 80 mAh g-1. The first charge also displays a slopelike potential curve with a capacity of 45 mAh g-1. Unlike layered TiS2, the dischargecharge capacity of Cu0.31Ti2S4 does not recover during the following cycles. Instead, the
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discharge-charge potential profile of Cu0.31Ti2S4 stabilizes after 10 cycles with a modest
reversible capacity of 25 mAh g-1.

Figure 4.9. The 1st, 2nd, 10th and 20th galvanostatic discharge and CCCV charge curves of
layered TiS2 (a and b) and cubic Cu0.31Ti2S4 (c and d) at RT and 50 C.
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The cycle stability of layered TiS2 and cubic Cu0.31Ti2S4 are shown in Figure 4.10a and
4.10b. The reversible capacity of layered TiS2 at 50 °C is significantly higher than that at
RT: the capacity gradually increases after the first few cycles and stabilizes at
approximately 70 mAh g-1. On the other hand, the reversible capacity of cubic Cu0.31Ti2S4
at 50 °C is only about 25 mAh g-1. From the capacity comparison of these two titanium
sulfides, it can be speculated that more Al can be reversibly intercalated in layered TiS 2
than in cubic Cu0.31Ti2S4. This hypothesis can be attributed to the fact that the channels in
the spinel structure are more rigid and less open than those of the layered structure, thus
making the material less adaptive to accommodating the intercalated Al3+ ions. The high
irreversible capacity in the first cycle of both titanium sulfides may be due to the
irreversible Al intercalation (Al3+ ions trapped in the crystal structures). It is also worth
noting that the coulombic efficiency at 50 °C for both sulfides is higher than 100%, which
may be caused by the gradual electrochemical or chemical corrosion of the Al anode during
discharge, while the protective linings and the coin cell case remain corrosion-free (see
later session: post-mortem analysis). The SEM and EDS analysis of the electrodes after 50
cycles demonstrates the consistent chemical composition with the initial materials (see later
session: post-mortem analysis). Electrolyte decomposition, i.e. possible solid electrolyte
interphase formation, was not observed on either titanium sulfide using X-ray
photoelectron spectroscopy (XPS) analysis (see later session: post-mortem analysis). It is
also worth mentioning that exposure to the ambient environment can quickly form an oxide
layer on the surface of both titanium sulfides, which is detrimental to Al intercalation. The
surface XPS analysis of the air exposed titanium sulfides and the resulting capacity tests
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are described in Figure 4.11. Even just being exposed to ambient air for a short period of
time, the surface of both layered TiS2 and cubic Cu0.31Ti2S4 particles will quickly be
oxidized due to oxidization and/or hydrolysis, significantly reducing the Al intercalation
properties. Figure 4.11a shows the comparison of the pristine layered TiS2 XPS (black line)
with the XPS of TiS2 exposed to ambient air (red line). The XPS samples were loaded
though a sample loading chamber enclosed in an argon filled glovebox. The binding energy
associated with Ti 2p doublets from the Ti-S bond is at 456.0 eV and 462 eV.28 However,
even in the pristine TiS2 that was kept all the time in the glovebox, XPS spectrum still
shows peaks associated with Ti 2p doublets from Ti-O bonding at 458.6 eV and 464.5 eV,
which matches TiO2. For the TiS2 exposed to ambient air, the Ti 2p signals from TiO2
become much more pronounced. As shown in Figure 4.11c and 4.11e, the Al intercalation
capacity of the exposed TiS2 at 50 °C is only about 20 mAg-1, which is 1/3 of the capacity
of the unexposed TiS2 at 50 C. We believe that due to the stronger coulombic attraction
between Al ion and the oxide anion, the surface oxide layer imposes an additional energy
barrier for the Al3+ intercalation. Similarly, the XPS spectrum of exposed Cu0.31Ti2S4
shows increased Ti-O bonding than the unexposed Cu0.31Ti2S4. As the result, the exposed
Cu0.31Ti2S4 suffers from a low capacity about 10 mAh g-1.
To identify the Al intercalation-extraction potential, the differential capacity curves
(dQ/dV) of TiS2 and Cu0.31Ti2S4 at 50 °C are plotted in Figure 4.10c and 4.10d alongside
the corresponding CV curves (complete CV cycles are shown Figure 4.12). The dQ/dV
and CV curves agree strongly with each other. Figure 4.10c clearly displays two
pronounced cathodic (intercalation) peaks for layered TiS2 at approximately 0.98 V and
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0.3 V and two anodic (extraction) peaks at 0.97 V and 1.15 V. On the other hand,
Cu0.31Ti2S4 (Figure 4.10d) displays two broad and less pronounced cathodic peaks at 1.0 V
and 0.5 V; two broad anodic peaks with very low peak-currents can barely be distinguished
at 0.6 V and 1.2 V, indicating the inferior intercalation-extraction kinetics of cubic
Cu0.31Ti2S4.

Figure 4.10. Cycle stability of layered TiS2 (a) and cubic Cu0.31Ti2S4 (b) at room
temperature and 50 °C with 5mA g-1 current density; Cyclic voltammetry and differential
capacity curve of TiS2 (c) and Cu0.31Ti2S4 (d) at 50 °C.
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Figure 4.11. (a) XPS spectra comparison of pristine TiS2 and TiS2 exposed to ambient air,
(b) XPS spectra comparison of pristine Cu0.31Ti2S4 and Cu0.31Ti2S4 exposed to ambient air,
(c) the 1st, 2nd, 10th and 20th galvanostatic discharge-charge curves of exposed TiS2, (d)
the 1st, 2nd, 10th and 20th galvanostatic discharge charge curves of exposed Cu0.31Ti2S4,
and cycling performance of (e) exposed TiS2 and (f) exposed Cu0.31Ti2S4.
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Figure 4.12. Complete CV cycles of layered TiS2 (a, b) and cubic Cu0.31Ti2S4 (c, d) at RT
and 50C.
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4.3.3 Rietveld refinement of Al-intercalated titanium sulfides
To confirm the intercalation of Al into the crystal structure of layered TiS 2 and cubic
Cu0.31Ti2S4, Rietveld refinements were performed on the powder XRD data of the Al
intercalated titanium sulfides, which were obtained from chronopotentiometry with a small
current density of 2 mA g-1 at 50 °C. The chronopotentiometry curve is shown in Figure
4.13. After the chronopotentiometry, the Al intercalated material will be collected from the
coin cells in the argon-filled glovebox. The collected material was washed by 1-Methyl-2pyrrolidone first and followed by washing with tetrahydrofuran for 3 times. In the entire
process, the materials were either in the glove box or in a sealed centrifuge tube with argon
inside. The materials were dried in the argon-filled glovebox, then sealed for XRD analysis.
Figure 4.14a shows the refinement result of Al intercalated TiS2. TiS2 and Al intercalated
TiS2 crystallized in space group P3̅m1. The unit cell parameters of Al intercalated TiS2,
a=b=3.4106(8) Å and c=5.703(2) Å, are, surprisingly, smaller than those for pristine TiS2.
Consequently, the volume of the unit cell decreases upon intercalation, and there is an
additional reflection at 18.2°. We hypothesize that this additional reflection could indicate
Al-ordering and consequently an ordered superstructure. The decreased lattice parameter
could be caused by the very small, highly charged Al3+ ions in the Van-der-Waals gap
reducing the repulsion between the S-layers in TiS2. The position of Al3+ in the unit cell
used for the refinement is (0, 0, 0.5), which is the position 1b with octahedral coordination
between the S-layers. We also attempted to refine Al3+ on the tetrahedral site 2d. This
increased the Al3+ concentration, but the quality of the refinement did not improve
significantly. Due to short S-Al distances and the limited available space, whether Al
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occupies the tetrahedral site remains questionable. Thus, the final result of the refinement
is that Al occupies 11% of the octahedral intercalation positions 1b which corresponds to
a composition of Al0.11(1)TiS2. Upon calculating the electrochemical capacity from the
composition information, we derive a capacity of about 79 mAh g-1, which is in good
agreement with the electrochemical experimental results. The Rietveld refinement of Al
intercalated cubic Cu0.31Ti2S4 is shown in Figure 4.14b. The spinel-type structure has the
space group structure Fd3̅m. The unit cell parameters of Al intercalated cubic Cu0.31Ti2S4
are a=b=c=9.855(1) Å, which is approximately 1% smaller than CuTi2S4 but larger than
Cu0.31Ti2S4 (a=b=c=9.834(2) Å). In order to perform the refinement on aluminum
intercalated Cu0.31Ti2S4, the following assumptions are made: (1) Al3+ occupies the same
position as Cu+; (2) the amount of Cu+ does not change during the intercalation process.
The refinement yields that aluminum occupies 9% of the intercalation positions, resulting
in a composition of Al0.09(1)Cu0.31Ti2S4. This yields a capacity of about 32 mAh g-1 based
on composition, which is also in good agreement with the electrochemical experimental
results.
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Figure 4.13. Chronopotentiometry of (a) cubic Cu0.31Ti2S4 and (b) layered TiS2. The
current density in chronopotentiometry is 2 mA g-1.

Figure 4.14. XRD and Rietveld refinement of (a) Al-intercalated layered TiS2 and (b) Alintercalated cubic Cu0.31Ti2S4.
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4.3.4 Aluminum diffusion coefficient in the crystal structures of titanium sulfides
Based on the findings described above, we speculate that the difficulty of Al interaction in
both titanium sulfides is imposed by the kinetic limitation: The energy barrier for Al
intercalation in both titanium sulfides comes from the strong coulombic attraction between
the Al-ion and the sulfide anion framework. Thus, the near-equilibrium Al intercalation
properties of these two titanium sulfides were studied with GITT at 50 °C. The GITT curve
of the first Al intercalation in layered TiS2 (Figure 4.15a) shows a much higher capacity
than the one obtained by galvanostatic discharge (Figure 4.9b) due to the relaxation of
potential to equilibrium after pulse titration. The GITT capacity of 235 mAh g-1 in the first
intercalation indicates one electron transfer per TiS2 (Al1/3TiS2). However, the capacity
GITT demonstrates in the 2nd Al intercalation is significantly reduced to 140 mAh g-1,
which suggests large irreversibility of Al3+ trapped in the TiS2 crystal structure. The
equilibrium Al intercalation potential curve displays solid solution type of behavior.
Therefore, the Al3+ ion diffusion coefficient in layered TiS2 at 50 °C can be calculated from
the GITT data as a function of intercalation capacity (i.e. Al content in the intercalated
TiS2). The Al3+ ion diffusion coefficient is in the range of 10-18 to 10-19 cm2 s-1 in the 1st
intercalation cycle. Interestingly, the Al3+ ion diffusion coefficient increases by one order
of magnitude in the 2nd intercalation cycle, which may be due to the structural change of
TiS2 induced by the initial Al intercalation. Figure 4.15b shows the GITT data of Al
intercalation in cubic Cu0.31Ti2S4 at 50 °C. The achievable capacity is approximately 180
mAh g-1 in the 1st intercalation, and the Al3+ ion diffusion coefficient in cubic Cu0.31Ti2S4
at 50 °C varies from ~10-18 cm2 s-1 to 10-20 cm2 s-1 as Al content increasing in the first Al
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intercalation cycle. In general, the Al3+ ion diffusion coefficient in cubic Cu0.31Ti2S4 is
lower than that in the layered TiS2. The Al intercalation capacity in the 2nd cycle is also
significantly lower than that in the 1st cycle. However, the Al3+ diffusivity in the 2nd cycle
is very consistent with that in the 1st, which is different from what was observed in layered
TiS2. Another difference between the behaviors of layered TiS2 and cubic Cu0.31Ti2S4 is
that the overpotential (difference between equilibrium potential and working potential) is
greatly reduced in the 2nd cycle for TiS2 while the overpotential of Cu0.31Ti2S4 does not
change in the second Al intercalation. We hypothesize that this may also be due to the more
rigid and less open crystal structure of the cubic Cu0.31Ti2S4. Nevertheless, Al3+ ions have
very high diffusivity in both titanium sulfides, which is the obstacle to facile Al
intercalation-extraction. For comparison, the Li+ ion diffusivity in layered TiS2 and cubic
Ti2S4 is approximately 10-9 cm2 s-1 and 10-10 cm2 s-1 at RT23, 24 respectively, which are
several orders of magnitude higher than the Al3+ ion diffusivity in those materials at 50 °C.
This comparison illustrates the high-energy barrier for Al transport in these two titanium
sulfide materials. Room temperature GITT and diffusion coefficient calculation are also
undertaken and is shown in Figure 4.16. We speculate that at lower temperature (RT
comparing to 50 C) Al3+ ion intercalation is superficial thus showing relatively higher
diffusivities.29
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Figure 4.15. Galvanostatic intermittent titration technique (GITT) curve of layered TiS2
(a) and cubic Cu0.31Ti2S4 (b) at 50 C.

Figure 4.16. GITT data of (a) layered TiS2 and (b) cubic Cu0.31Ti2S4 at RT.

101

4.4 Spectroscopic analysis of electrode materials after battery cycling
Post-mortem analysis is very important for battery research because it will give a lot of
useful information including electrode cycling stability, electrolyte stability, anode
dendrite formation, solid electrolyte interface (SEI), etc. As previously stated, ionic liquid
electrolyte has a lot of problems. One of the biggest problems is that it is very corrosive
because of the high chloride concentration. So it is very important to check the corrosion
effect on the protective linings and battery cases. In addition, it is very necessary to check
if there is dendrite formation on the aluminum anode because it determines the long-term
cycle performance of the battery. Last but not least, the titanium sulfide cathode materials
need to be thoroughly examined to make sure there is no undergoing degradation of the
active materials. In this section, batteries are disassembled after cycling and post-mortem
analysis of electrode materials is undertaken by scanning electron microscope (SEM) and
energy-dispersion spectroscopy (EDS) except X-ray photoelectron spectroscopy (XPS) is
used to investigate SEI formation.
4.4.1 SEM and EDS analysis of aluminum anode after battery cycling
The cycled batteries were disassembled in the glovebox. Aluminum metal anode was
washed with tetrahydrofuran several times to get rid of the electrolyte residue. The SEM
images of different areas on the cycled Al anode indicate that the Al stripping and
deposition process is not homogeneous across the surface. Figure 4.17 indicates pitting
corrosion of the Al either chemically or electrochemically. The exact mechanism for this
observation is currently under investigation. The elemental analysis demonstrates that Al
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anode after cycling is not contaminated with other elements except trace amount of Cl, C,
O, and Fe (from battery casing).

Figure 4.17. (a and b) SEM images of different area, (c) EDS elemental mapping, and (d)
EDS spectrum of the Al anode after 50 cycles.
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4.4.2 Spectroscopic analysis on titanium sulfide cathode materials after battery
cycling
It is important to examine the titanium sulfides cathode materials after cycling. By
checking the morphology and composition of the electrode, we can get an idea that whether
the materials have undertaken degradation or whether the electrolyte has reacted with the
cathode materials to form SEI.
Figure 4.18 depicts the SEM and EDS analysis of layered TiS2 after battery cycling. From
Figure 4.18a, we can see that the electrode maintains great integrity. Pellet shaped TiS 2
sulfide active materials are embedded in the conductive carbon additives. Figure 4.18b
shows the EDS spectrum of the area in Figure 4.18a, elements of Ti, S, Al, and Cl are
observed in the spectrum. The Al and Cl elements may be contributed by the electrolyte
residue on the surface of the carbon additives. In addition, we can get the composition
information of the spectrum which is presented in Table 4.3. The atomic ratio of S to Ti is
very close to 2 according to the EDS spectrum which proves that the layered TiS 2 is very
stable during the battery cycling.
Similarly, Figure 4.19 depicts the SEM and EDS analysis of Cubic Cu0.31Ti2S4 after battery
cycling. From the EDS spectrum shown in Figure 4.19b, elements of Cu, Ti, S, Al, and Cl
are observed in the spectrum. The Al and Cl elements may be contributed by the electrolyte
residue on the surface of the carbon additives. Again, we can get the composition
information of the spectrum which is presented in Table 4.4.
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Figure 4.18. (a) SEM image, (b) EDS spectrum, (c-i) EDS elemental mapping of the
layered TiS2 cathode after 50 cycles.

Table 4.3. Chemical composition of the layered TiS2 after 50 cycles.
Element
Line Type
Wt%
Wt% Sigma
Atomic %
Al
K series
4.09
0.18
5.55
S
K series
52.77
0.40
60.27
Cl
K series
4.49
0.25
4.64
Ti
K series
38.65
0.40
29.54
Total:
100.00
100.00
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Figure 4.19. (a) SEM image, (b) EDS spectrum, (c-j) EDS elemental mapping of the cubic
Cu0.31Ti2S4 cathode after 50 cycles.

Table 4.4. Chemical composition of the cubic Cu0.31Ti2S4 after 50 cycles.
Element
Line Type
Wt%
Wt% Sigma
Atomic %
Al
K series
2.15
0.04
3.17
S
K series
44.04
0.14
54.70
Cl
K series
2.25
0.04
2.53
Ti
K series
35.50
0.13
29.54
Cu
L series
16.06
0.16
10.06
Total:
100.00
100.00
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XPS analysis on layered TiS2 and cubic Cu0.31Ti2S4 undertaken after 50 battery cycles is
shown in Figure 4.20. In both titanium sulfides, Al 2p spectra show the typical Al 2p3/2
and Al 2p1/2 twin peaks at 74.5 eV representing the oxidized Al (Al3+); Cl 2p spectra also
show the typical Cl 2p3/2 and Cl 2p1/2 twin peaks at 199 eV representing the reduced Cl
(Cl-). No organic Cl is observed. Both Al and Cl are believed from the electrolyte residue.
The majority of the C 1s peak (at 285 eV) can be attributed to the elemental carbon from
the carbon components in the electrode (current collector and carbon additives). The C 1s
peak at 286 eV represents ether linkage (C-O-C), which is consistent with the O 1s spectra.
The C-O-C can be either from the functional group on the carbon current collector or
formed due to the water residue in the electrolyte.
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Figure 4.20. (a) Al 2p, Cl 2p, C 1s, O 1s XPS spectra from the layered TiS2 after 50
cycles; (b) Al 2p, Cl 2p, C 1s, O 1s XPS spectra from the cubic Cu0.31Ti2S4 after 50
cycles
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4.4.1 SEM and EDS analysis of protective linings and battery case after battery
cycling
Protective linings were also examined after battery cycling. The fuction of linings is to
prevent the contact of the corrosive electrolyte with stainless steel battery case. Without
the protective linings, the stainless steel case would be corroded within the electrochemica
window of interest. The protective linings will expand the electrochemical test window.
So they have to be chemically stable and corrosion free in the voltage window of interest.
Figure 4.21 shows the SEM and EDS results of inner protective lining (pyrolytic graphitic
carbon sheet) before and after cycling. We can see that there is no corrosion observed.
Figure 4.22 shows the SEM and EDS results of outer protective lining (titanium foil)
before and after cycling. No corrosion is observed on the titanium foil after cycling.
The battery case analysis results are demonstrated in Figure 4.23. From e and f, we can
see the composition information summary of the elements from the spectrum. The
composition is almost identical before and after battery cycling. It is clear that the
protective linings function very well.
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Figure 4.21. (a) SEM image, (c) EDS elemental mapping, and (e) EDS spectrum of the
pristine graphitic carbon sheet lining on the cathode side; (b) SEM image, (d) EDS
elemental mapping, and (f) EDS spectrum of the graphitic carbon sheet lining on the
cathode side after cycling. No indication of corrosion is observed.
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Figure 4.22. (a) SEM image, (c) EDS elemental mapping, and (e) EDS spectrum of the
pristine Ti sheet lining on the cathode side; (b) SEM image, (d) EDS elemental mapping,
and (f) EDS spectrum of the Ti sheet lining on the cathode side after cycling. No indication
of corrosion is observed.
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Figure 4.23. (a) SEM image, (c) EDS elemental mapping, and (e) EDS spectrum of the
pristine stainless-steel casing on the cathode side; (b) SEM image, (d) EDS elemental
mapping, and (f) EDS spectrum of the stainless-steel casing on the cathode side after
cycling. No indication of corrosion is observed.
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4.5 Conclusions
In summary, we examined the electrochemical Al intercalation-extraction of layered TiS2
and cubic Cu0.31Ti2S4 as potential cathode materials for rechargeable Al-ion batteries. Both
titanium sulfides were evidenced to be electrochemically active towards Al intercalationextraction, although layered TiS2 appeared to possess better electrochemical properties
than cubic Cu0.31Ti2S4 as demonstrated by its higher specific capacity. Through
crystallographic studies, we identified that Al3+ ions occupy the octahedral sites in layered
TiS2. It is also clear through GITT analysis that the main obstacle to achieving high Al
intercalation capacity is the slow diffusion of Al through the titanium sulfide crystal
structures. Our future investigations will focus on shortening the Al3+ ion diffusion
pathway using the nanostructure of titanium sulfides and facilitating Al3+ ion transport via
anion doping at selected sites in the crystal structures.
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Chapter 5 Summary and future directions
In chapter 1, we started with the introduction of the basic concepts of rechargeable
batteries. We went further to demonstrate the motivation for developing Aluminum based
rechargeable batteries. Finally, we concluded the chapter 1 with the summary of the state
of the art of Al-ion battery research.
In chapter 2, we presented our discovery of Chevrel phase Mo6S8 as the first intercalation
type cathode material for rechargeable Al-ion battery. Since transportation of Al3+ in host
material structure will be inherently difficult (large coulombic force), we hypothesized that
transition metal sulfide will potentially be a feasible cathode material for rechargeable Alion battery due to its relatively soft anionic frameworks. Indeed, Chevrel phase Mo6S8
showed reversible electrochemical activity towards aluminum anode in an ionic liquid
electrolyte. Good battery cycling performance along with unambiguous evidence of
reversible aluminum interaction-extraction were presented. In chapter 3, we went further
to probe the detailed intercalation process of Al3+ in Chevrel phase Mo6S8. High quality
powder XRD data along with Rietveld refinements give a clear picture of the whole
aluminum intercalation induced phase transition process of Mo6S8. High resolution TEM
further provided strong evidence of Al3+ intercalation and phase transition of Mo6S8. In
light of the information gained from the Al3+ intercalation and deintercalation process,
CCCV galvanostatic charge discharge technique was used to improve the cycling
performance of Mo6S8. A 50% capacity increase was obtained with a high current density
of 40 mA g-1. In chapter 4, we further validated our hypothesis by applying it on other
transition metal sulfides. We presented layered TiS2 and cubic Cu0.31Ti2S4 to be potential
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cathode materials for rechargeable Al-ion batteries. Layered TiS2 showed better
electrochemical performance than Cubic Cu0.31Ti2S4. Moreover, we also demonstrated that
the slow diffusion of Al3+ in the titanium sulfides crystal structure is the main obstacle to
achieving high Al intercalation capacity through GITT analysis.
In summary, we have successfully demonstrated the reversible electrochemical
intercalation of aluminum in several transition metal sulfide materials and probed the
mechanism of reversible Al3+ intercalation by investigating the Al3+ intercalation process
in Chevrel phase Mo6S8. This thesis will lie the foundation of understanding the interaction
of Al3+ with the host material and the development of cathode materials with higher energy
capability.
Future directions are mainly on tackling the challenges of developing better electrolytes
and cathode materials:
Cheaper and stable electrolytes need to be developed for large-scale energy storage
applications. Understanding the coordination disproportionation chemistry of Al3+ with
solvent molecules is the key for this research. Deeper understanding of simple salt in
solvent electrolyte system is needed.
As for cathode materials, transition metal sulfides with higher-energy cationic redox
couples, aluminum intercalation mechanism in transition metal oxides and porous
materials (carbonaceous materials and metal-organic frameworks) with big vacancies in
crystal structure are the direction for Al-ion battery cathode research.
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