ABSTRACT

LU, YAO. Preparation and Characterization of LiF/Fe/C Composite and NaVPO.F as
Potential Cathode Materials for Li-lon and Na-lon Batteries. (Under the direction of Dr.
Xiangwu Zhang).

Nowadays, Li-ion batteries are widely used in portable electronic devices because of their
appropriate operating voltage, high energy and power density, low self-discharge rate, no
memory effect, and long cycle life. However, current Li-ion batteries can’t fulfill the
requirements for electric vehicles and plug-in hybrid electric vehicles. Cathode performance
is one of the key factors that impede the large-scale application of Li-ion batteries. In this
study, LiF/Fe/C composite nanofiber cathode was fabricated by electrospinning and heat
treatment method and achieved high capacity (484.8 mAh/g for the initial cycle) with good

capacity retention (89% after 50 cycles).

Although Li-ion battery technology is quite mature, concerns still exist for its safety issue
and high cost. Na-ion batteries are promising alternative for Li-ion batteries in applications
that focus on low-cost energy storage. In this study, NaVPO4F with different ratios of carbon
coating were prepared by high temperature solid-state reaction method. The highest capacity
achieved for this material was 97.8 mAh/g and the best capacity retention was 89% at 20"
cycle. NaVPO4F/C composite nanofibers were also prepared through the combined
electrospinning and heat treatment method. Compared with the NaVPO4F powder, the
NaVPO4F/C composite nanofibers showed significantly improved cycling performance with

an initial discharge capacity of 63.6 mAh/g and capacity retention of 98% after 20 cycles.
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Chapter 1 Introduction

Energy conversion and storage systems are considered to be key issues concerning our
welfare in daily life. The utilization of renewable and clean energy sources, such as solar,
tidal, wind powers is one of the hottest topics in this area. However, these energy sources
have limited applications since people have problems in modulating and storing these
variable-in-time and diffuse-in-space sources. Hence, the wide-scale implementation of
renewable energy sources requires growth in production of energy storage systems with low
cost and high efficiency and stability. One of the most appropriate forms of energy storage is
chemical energy and batteries are the device that can store the electricity in the form of
chemical energy. Compared with other intermittent renewable energy generating
technologies, battery technology is more suitable for the applications ranging from personal

electronic devices to large-scale electric grids.

Among various type of batteries, Li-ion batteries are of great interest due to their high energy
and power density, appropriate operating potential, good rate capability, no memory effect,
etc. However, cathode property is a limiting factor that influences the overall performance of
Li-ion batteries. In addition, safety issue and high cost also limit the extensive application of
Li-ion batteries. Based on the low cost of sodium compound and the similar chemical
property of sodium and lithium, Na-ion batteries are considered to be good alternative
chemistry for Li-ion batteries. However, the electrochemical performance of Na-ion batteries

needs to be significantly improved before their practical applications.



Since the overall performance of Li-ion batteries and Na-ion batteries are highly dependent
on the cathode materials, the motivation of this research is to develop advanced cathode
materials for both Li-ion batteries and Na-ion batteries with high capacity and good cycling
retention. Electrospinning method is a novel approach to fabricate nanofiber-based electrode
material and herein, it is introduced to prepare binder and additive free cathode materials
with a conductive carbon nanofiber matrix. Carbon coating method is also utilized to

improve the conductivity of cathode materials.

In this study, LiF/Fe/C composite nanofiber cathode was prepared by electrospinning and
heat treatment and used as Li-ion battery cathode. NaVPO4F powder and carbon-coated
NaVPO,F were synthesized through the high-temperature solid-state reaction method.
NaVPO4F/C composite nanofiber cathode was fabricated by combined electrospinning and
heat treatment method. Uncoated NaVPO,F powder, carbon-coated NaVPO,F and
NaVPO4F/C composite nanofibers were used as Na-ion battery cathodes. The structure,
morphology and electrochemical performance of these cathode materials were evaluated by
X-ray diffraction, energy-dispersive X-ray spectroscopy, scanning electron microscopy,

charge-discharge tests, cyclic voltammetry, electrochemical impedance spectroscopy, etc.



Chapter 2 Literature Review

2.1 Li-ion Batteries

2.1.1 Energy Sources and Storages

Long time ago, when the ancestors of human beings successfully learned how to generate
and use fire, they stepped into a totally new era. Since then, they began to use fire to heat,
cook, illuminate, defend themselves from wild animals, etc. Utilizing fire is actually the
conversion of chemical energy to heat and light and of course this is the point of view from
us descendants, not our ancestors. Nowadays, people commonly consider the ability to
generate and use fire as one of the most remarkable signs of civilizations, probably because
this skill did have an influence on almost all aspects of human lives. But at old times, humans
can only use natural fires which came from lightning and volcano eruptions. When talking
about the time much closer, people started to know more about fire and energy and they
mastered more effective methods to generate fire. Meanwhile, they found the fact that many
things can be ignited and combusted besides woods and animal fats. These materials are the
so-called fossil fuels and coal, oil, natural gas are all in this category. For the following
centuries, people began to consume fossil fuels at dramatically increasing scale, which is
accompanied with more and more global issues on world’s economics and ecology. [1]
Specifically speaking, the continually increasing price of oil, the political sensitivity of the

countries that possess most large shares of oil, and the long-term greenhouse effect caused by



massive emission of carbon dioxide generated by fossil fuels together constitute the great

challenge of the 21% century for human beings. [2]

The debate of what we have gained through the combustion-based fuels and what we have
paid for the price of sacrificing our environment and human beings’ health has never been
stopped. At first, some people insisted that the profits of searching new energy sources and
replacing current energy sources will be not worthwhile in the opinion of economics but
gradually more and more people think it is definitely necessary and urgent to find alternatives
of fossil fuels for the sake of our future generations. Because this worldwide issue can’t
remain unsolved for too long, researchers from all over the world are keeping searching for

other approaches of energy conversion and storage.

People are sparing no effort to develop new energy sources and storages in several directions.
One of the directions is to harness energy from clean and natural sources such as solar, tidal,
wind, and geothermal powers. Through all these sources, people could complete the
conversion from one kind of energy to another, electricity mostly. This option is attractive
because it doesn’t exchange energy in the price of damaging our environment. But on the
other side, these methods all suffer from low efficiency of energy harnessing and strong
location dependency due to immature technologies and their intrinsic properties. As a
comparison, nuclear power is a relatively developed technology and has the ability of
generating massive power through fission and fusion reactions but the disadvantages are
obvious, too. Generating energy from nuclear route is dangerous, which is indicated by

several worldwide nuclear leak incidents. In addition, only very few countries possess the



ability and are allowed to use and manipulate nuclear power. For these reasons, all the energy
sources mentioned above can only be complimentary approaches but not the sole solution for
generating energy. Besides finding a better source to generate powers, energy storage is
another direction. People are looking at energy storage in both large scale and small scale
applications. For large scale applications, for example, the electrical energy storage for the
grid, there are four main types of technologies available, namely mechanical, electrical,
chemical and electrochemical. [3] Each type has its own features, but among them
electrochemical energy storage system is considered to be the best option due to the fact that
this approach is much more sustainable and environmental friendly compared to others. [1]
Several representative electrochemical energy storage systems include batteries and
capacitors. Batteries can be divided into primary battery and secondary battery. Primary
battery means the battery is not rechargeable and secondary battery is also called
rechargeable battery. There are a lot of materials that have been studied in battery
applications. Figure 2.1 compares several representative rechargeable batteries and their
volumetric and gravimetric energy densities. From this figure, it is seen that except the Li-
metal batteries which have safety issues, Li-ion batteries possess gravimetric energy density
two times higher than Ni-Cd batteries and one time higher than Ni-MH batteries and almost
five times higher than that of Lead-acid batteries. When comparing the volumetric energy
densities, Li-ion batteries are also much better than any other battery technologies shown
here. The Lead-acid batteries and the Ni-Cd batteries are both restricted to particular
applications including automobiles and power tools while because Li-ion batteries have

higher energy densities with relatively small size, they can be used for various applications



from personal electrical device including cell phones, laptops, cameras to automobiles and
even larger applications, for example, electrical grids. In addition to the high energy and
power densities, Li-ion batteries also possess advantages of high operating potential, long
cycle life, low self-discharge, no memory effect, etc. As a result of their characteristics and
wide range of applications, Li-ion batteries are accounted for 63% share of world’s sales of

portable batteries while Ni-Cd and Ni-MH contribute 37% together. [4]

400 ‘T
@
= N
il a
= 300 5
= ©
z 5
%)
S
© 200
s
2
QL
ot
L
100
Lighter weight e
0

T J I J
0 50 100 150 200 250
Energy density (W h kg'")

Figure 2.1 Comparison of different battery technologies in terms of volumetric and

gravimetric energy densities. [4]



2.1.2 Development of Li-ion Batteries

Li-ion batteries were developed from Li primary batteries which are disposable and not
rechargeable using lithium metal as anode material. Li primary batteries were firstly
proposed by an American chemist, M. Stanley Whittingham in 1970s. [5] The reason of
choosing Li as the anode to construct batteries is based on the fact that in the periodic table,
Li is the most electropositive (-3.04V verses standard hydrogen electrode) and the lightest
(density 0.534 g cm™ near room temperature) element. Therefore, fabricating light weight
and high energy devices are possible with such element. [4] But one major issue of Li
primary battery is the safety problem caused by the lithium dendrite and in order to solve this
problem, efforts had been made to substitute other compounds with lithium metal. [6], [7]
These demonstrations were the very beginning of Li-ion battery technology at late 1980s and
early 1990s. [4] Sony Corporation was the first company commercialized Li-ion batteries in
1991 [8] and since then, the research and commercialization of Li-ion batteries became an
expected trend and continues up to today. Nowadays, Li-ion batteries have been the leader
of rechargeable batteries and the market is continuously increasing resulting from the
demand growth of mobile information technology (IT) devices. [9] The Li-ion battery market
demands due to mobile IT devices can be seen from Figure 2.2. In addition to mobile IT
devices, people have more and more demands on the electrical vehicles (EVs) or hybrid
electrical vehicles (HEVs) and Li-ion batteries have been long investigated as a suitable

candidate for these applications. [2], [10-13] To better fulfill the requirements of EV and



HEV, new materials and structures are being studied. There will be more challenges and

problems, but researchers will never stop to make better Li-ion batteries.
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Figure 2.2 The Li-ion market demands due to mobile IT devices. [9]

2.1.3 Structure and Working Principles of Li-ion Batteries

According to various shapes and configurations, Li-ion batteries can be divided in to four
categories, namely cylindrical, prismatic, coin and thin and flat Li-ion batteries. Among them,
cylindrical and prismatic batteries are most commonly seen in our daily life. Generally

speaking, these two types of batteries are pretty similar in structure. Both of them are



constructed with anode, cathode, separator, copper/aluminum current collectors and liquid
electrolyte. All the components are wrapped up and packed compactly into either a
cylindrical steel case or a semi-hard plastic case. Coin-type Li-ion batteries are often seen in
laboratories for research and development purposes. Compared to cylindrical and prismatic
batteries, coin-type batteries are in more compact configuration and much easier to assemble.
The last type is the thin and flat battery. This type of battery is invented by Bellcore
researchers aiming to combining polymer technology with liquid Li-ion batteries by
introducing polymeric electrolytes into a liquid Li-ion system. [14] In Figure 2.3, the
schematics of shape and components of various Li-ion battery configurations are showed and
one thing to notice is the thin and flat Li-ion battery differs from the other three in terms of

its unique flexibility as well as not containing liquid electrolyte.
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Figure 2.3 Schematic drawing showing the shape and components of various Li-ion

battery configurations. (a) cylindrical; (b) coin; (c) prismatic; and (d) thin and flat. [4]

Although the shapes and configurations of different types of Li-ion batteries vary from each
other, the basic working principles are exactly the same. Figure 2.4 shows the schematic of a
Li-ion battery. In a typical Li-ion battery, anode (negative electrode) and cathode (positive
electrode) are partitioned by the separator which is filled with liquid electrolyte and can only
allow ions but not electrons to penetrate. In commercialized Li-ion batteries, the anode is
generally a carbonaceous material and the cathode is a Li-hosting material like LiCoO..
During the charging process, Li ions are extracted from the cathode and intercalated into the
anode. During discharging, Li ions are extracted from anode and get back to cathode through
the electrolyte. As the battery is repeatedly cycled, Li ions are extracted and inserted from

one electrode to the counter electrode again and again and this is why Li-ion batteries are

10



also called “Rocking chair” batteries. Accompanied with this repeated process, the battery
can complete the conversion of chemical energy and storage of electrochemical energy
simultaneously. [15-20] The chemical reactions occurred at the anode and cathode in a

commercial Li-ion battery can be described as: [17]

Negative: C + xLi* + xe” & LixC

Positive: LIMO, & Li; MO, + xLi* + xe’

Overall: LIMO, + C & LiyC + Li1xMO,
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Figure 2.4 Schematic of a Li-ion battery. [3]
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2.1.4 Components of Li-ion Batteries

2.1.4.1 Anode

Anode is the electrode that has the relatively low redox potential versus Li/Li* and where Li-
ions are intercalated in during the charging process. Materials that can be used as anodes

include carbonaceous materials, Li alloys and metal oxides, etc.

Carbonaceous materials are the prime and favorable anode material for Li-ion batteries in
terms of cost, availability and electrochemical properties. [15] Graphite is the most
commercialized anode material delivering a theoretical capacity of 372 mAh/g with a
potential plateau lower than 0.5 V versus Li/Li* (for a stoichiometry of LiCg). [21] On the
other hand, disordered carbon or non-graphitized carbon has been reported that can provide a
capacity exceeding the theoretical capacity. [15], [22] Hard carbon shows a high capacity
between 200 to 600 mAh/g in the voltage range of 0-1.5 V versus Li/Li*. Soft carbon also
has a high reversible Li storage capacity about 300 mAh/g but with a problem of voltage
hysteresis during the process of delithiation. [23-25] One major drawback of carbon anodes
is the significant irreversible capacity loss during the first cycle of charge-discharge due to
undesirable and irreversible side reactions between the electrode and the electrolyte. [11]
These reactions will form a solid electrolyte interfacial (SEI) layer that could prevent the
further decompositions of the electrolyte and the side reactions but may also lead to safety
issues. Moreover, another safety concern is related to the fact that the operating potential of

carbon anodes is close to that of metallic lithium.
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Although carbonaceous anodes are most widely used in Li-ion batteries for applications in
portable electronic devices, people continue to look for their substitutes partially due to the
safety concerns mentioned above. Thus, lithium titanate (LisTisO12) with a spinel structure
began to attract researchers’ attentions. The working potential of Li,TisO1; is around 1.5 V
versus Li/Li* and has a very flat charge-discharge plateau. [26] Besides the safety concern,
people are interested in this material as a result of its structural stability and long cycle life.
Compared with Si and Sn based materials, Lithium Titanate suffers from less dimension
change during cycling. [27] In short, lithium titanate is a good candidate to replace graphite
to make safe and long life batteries especially if the batteries are designed to be operated at
elevated temperatures. [28] However, this material also has some drawbacks that need to be
addressed with. First, the capacity of this material is only around 160 mAh/g, which is only a
half of that of graphite. Second, lithium titanate is an inherent insulating material with a low
electronic conductivity of 10° S cm™. Both of these two disadvantages limit its application,
especially when high energy density and high rate capability are required. In order to solve
these problems, carbon coating method and metallic doping such as AI**, Ru**, zn*",Cr®",

Co** La**, etc are deployed. [27], [29-31]

Besides the safety concerns, anode studies are also focused on high capacity materials.
Alloys of lithium with other elements such as Si, Sn, Ge, etc are promising anode materials
since these alloys exhibit high theoretical capacities. [32-35] Among these materials, Si is
probably the most attractive one because of its low discharge plateau of 0.06 V versus

Li/Li+ and its high theoretical capacity of 4200 mAh/g (corresponding to a fully lithiated
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state of Li,,Sis). [36] Also, Si is the second most abundant element on earth’s crust. However,
Si anodes face huge volume changes (as high as 400%) during charge-discharge and this
leads to damage of particle contact and severe capacity fading. Besides, the coulombic
efficiency of Si at first cycle is low. [37], [38] In order to solve these problems and improve
the cycling performance of Si anodes, many efforts have been done. Generally speaking, the
solutions and methodologies include but not limited to using micro- and nano-scale Si
powders, dispersing Si into active or inactive matrix and using different binders. [39] The
representative work of preparing nano-sized Si anodes can be seen in References [11], [35],
[40]. Researchers also improved the cycling performance of Si anodes through fabricating
nano-composites of Si and carbon to strengthen the structural stability. [41-51] Recently,
Zhang’s Group had successfully fabricated carbon nanofiber-based anode materials by
electrospinning the solution of polyacrylonitrile (PAN) in dimethylformamide (DMF)
containing Si nano-particles, followed by heat-treatment. Through this low cost and
relatively easy approach, Si/carbon composite anodes were obtained combining the
advantages of both high capacity and long cycle life. [52-54] One thing needs to be noticed
is, accompanying with the use of nano-powders, other problems raised such as the high
production cost and the flammable tendency of nano-powders. Before the industrial
production and commercialization of these anode materials, people still need to address all

the possible problems mentioned above.

Since all being group 1V elements in the periodic table, Sn and Ge are very similar to Si in

nature and their ability of binding Li. Sn and Ge have theoretical capacity of 990 mAh/g and
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1600 mAh/g corresponding to the form of Lis4Sn and Lis4Ge, respectively. [32], [33] Both
Sn and Ge are facing with the same problem with Si, which is the significant volume change
during cycles. Similar methods that have been utilized on Si have also been adopted to
improve the cycling performance of Sn and Ge. In addition to Si, Ge and Sn, Li can also be
alloyed with other elements including Mg, Al, Ga, In, Ag, Au, Zn, Cd, and some group V
elements such as P, As, Sh, and Bi. [55] Figure 2.5 shows several representative elements

that can be alloyed with Li and their gravimetric and volumetric capacity values. [56]

Transition metal oxides (MO, where M is Co, Ni, Fe or Cu) are also promising anode
candidate material and deliver high capacities. For instance, Tarascon’s group made nano-
sized transition metal oxide anode (CoO) and demonstrated a high capacity of 700 mAh/g
with high charge rate and excellent capacity retention. [57] Other metal oxides, such as
C0304, Fes04, Fes03, Mn,0g3, etc, might play roles in anode field as well. The volume
expansion is a big issue for metal anodes but not for most metal oxides. For example, the
volume of Co304 and Mn,0O3 are reduced by 13% and 6% after conversions of MO and Li to
M and Li,O (where M is the metal). [58] Although the theoretical capacity of metal oxides is
not higher than metals, they still draw attentions since they show high capacity with good
rate capability. The disadvantages of metal oxides are found to be low coulombic efficiency
for the initial cycle and higher voltages versus Li/Li* compared to carbon anodes resulting in

lower energy density and cell voltage. [57]
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Figure 2.5 Theoretical gravimetric and volumetric capacity values of several potential

anode elements.

2.1.4.2 Cathode

To meet the demanding requirements of energy storage for EV/HEVs, the overall
performance of Li-ion batteries needs to be improved. One of the challenges is to develop
suitable cathode materials that could match up with the current and advanced anode materials
that have much higher specific capacities. Since LiCoO, had been successfully introduced
and commercialized as cathode for Li-ion batteries in 1991, people have been attempted to
study many other cathode candidate materials that can fall into several categories. The first
group is lithium transition metal oxides with layered structure such as LiMO, (M=Co, Ni,

Mn or other compositional variations of Co, Ni, Mn). The second group is the 3D spinel
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structures such as LiMn,0O,4 and the derived forms of LiMn,O4. Next group is transition metal
phosphate with olivine structures such as LiFePO,. Last but not least, some metal oxides like

V205 and MoO3 have also been studies as potential cathode materials. [19], [59]
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Figure 2.6 Crystal structure of LiCoO.. (Blue: CoO; slab; red: Li ions) [60]

LiCoO, is one of the most commonly used cathodes for Li-ion batteries. [61] Currently, more
than 70% of Li-ion batteries in mobile phones and notebook PCs are using LiCoO; as the
cathode owing to its high operating potential (3.75 V versus graphite) and high electrode
density (3.3-3.6 g/cm®). [62] LiCoO, forms the a-NaFeO, structure, which is a distorted rock-
salt structure and the cations are ordered on (1 1 1) planes. This layered plane structure
makes it possible for lithiation and delithiation to occur. [63] The crystal structure of layered
LiCoO, can be seen in Figure 2.6 and LiMnO, and LiNiO, also share the same structure.
During charge-discharge, the actual conversion reaction occurs at the electrode can be

written as: CoO,+Li"+e” & LiCoO,. Although it seems to be the dominate cathode option for
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Li-ion batteries, the specific capacity of LiCoO, is limited from 137 to 140 mAh/g while its
theoretical capacity is 273 mAh/g. [64] This situation comes from the intrinsic limitations of
lithium metal oxides. For LiCoO, particularly, it has a decent lithium diffusion coefficient of
5. 10° cm?S™ but conductivity as low as 10 Scm™. [59] Several groups had studied this
material at nano-scale to provide small particle size and large surface area so as to
accommodate more electrode/electrolyte contact and shortened lithium diffusion distance.
[62], [65] For an example, Zhu’s group made nano-sized LiCoO, cathode using sol-gel
method and the capacity they achieved was up to 143 mAh/g at 1000 mA/g and still 133
mAh/g at 10,000 mA/g at about 70 C. [66] The SEM image of the nano-particles of LiCoO,

can be seen from Figure 2.7.
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Figure 2.7 SEM of LiCoO, nano-particles prepared by sol-gel method. [66]

Although researchers have improved the electrochemical performance of LiCoO, to some
extent, several factors limit the further development of this cathode material and people are
positively looking for other substitutes. The limiting factors include relatively low reversible
capacity, high cost with low availability and high toxicity. [59] On the other hand, LiCoO; is
not very stable compared to other electrode materials and will undergo performance
degradation or failure if overcharged. [67-69] Among other potential materials, LiNiO, and
LiMnO; were regarded as suitable supplant cathode for LiCoO,. LiNiO,, compared with
LiCoOg, is lower in cost but higher in energy density (15% higher in volumetric energy
density and 20% in gravimetric energy density). But LiNiO; is less stable and less ordered in

crystal structure and this less ordered structure leads to the fact that nickel ions will occupy
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sites in the lithium planes and impede the process of lithiation/delithiation. This also results
in difficulty to synthesize pure LiNiO, with appropriate composition. [70-73] Still, another
lithium transition metal oxide, LiMnO,, also suffers from structural transition from layered to
spinel during cycling at high potential (4 V). [74], [75] The substituted form of LiMO, (M =
Co, Ni, Mn) could be more promising cathode materials compared with pure LiCoO,, LiNiO,
or LIMnO, because this system combines together the individual advantageous
characteristics of Co, Ni and Mn in terms of performance, thermal stability, non-toxicity, cost,
etc. [76-79] To be more specific, Co is important for its contribution to capacity retention
and high rate capability, Mn provides the stability to host the structure and Ni is the major
electrochemical reactive element. [80-82] For an example, Aurbach’s group conducted a
comparative study of the electrochemical performance sub-micron and nano-metric electrode
of LiNips50Mno 5002, LiNig33Mng33C003302, and LiNig40Mng.40C00 2002 layered compounds
and their cycling behaviors at different C-rates are shown in Figure 2.8. [83] From this figure,
it is seen that although LiNigs50Mng 5002 can provide high capacity (about 180 mAh/g) at low
C-rate (C/5), LiNip33Mng33C00 330, can be charged at high rate (3C) and still have preferable
capacity (110 mAh/g). This fast charge capability is one of the key factors that decide
whether a material can be used in EV/HEV application. For the overall capacity and rate
capability, the LiNip33Mng33C00 330, material with a equal ratio of Ni, Co and Mn draws
more attentions and has been already used into commercial Li-ion batteries by companies

like 3M.
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Figure 2.8 Cycling behaviors at various rates of discharge (as indicated) of electrodes

comprising submicron LiNigsMnos0, and LiNig33Mng33C00330- particles. [83]

People have concerns about the high cost and toxicity of Co and the difficulty in synthesizing
phase-pure LiNiO,, hence, LiMn,O, become another promising cathode material. LiMn,O,
has a spinel structure in which Mn occupies the octahedral sites while Li possesses the
tetrahedral sites. [84] The crystal structure of spinel LiMn,Oqis shown in Figure 2.9. In this
structure, the paths for lithiation and delithiation are 3-D networks rather than the planes in

the layered LiMO; structures. This material can be produced with low cost and it also offers
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other outstanding features including high thermal threshold and excellent rate capability as
well as low health and environmental impacts. [15] The properties mentioned above are
preferable for cathode materials, but the main issues are about the electrochemically active
Mn® ions. In LiPFe-based electrolyte system, the presence of HF is inevitable. When the H'
ions are present, the disproporationation of Mn** occurs and it will form Mn?* and Mn*".
This structural instability can cause the capacity fading upon repeated cycling. In addition,
the Mn*" ions can be leached from the cathode lattice into the electrolyte. [85-87] These
facts limit the accessible capacity of LiMn,O,4 to 120-125 mAh/g at an operating voltage of
greater than 3.5 V. [88] To mitigate the drawbacks of LiMn;O4, several approaches are used.
The first one is to make Li-rich compositions like Li; 1,Mn; ggO4 SO as to increase the content
of Mn®*". The second approach is to dope other metal ions such as Al, Cr, Co, Ni, Fe, Mg, Zn,
etc to improve the structural stability. [89-95] It is reported that the introduction of Fe ion
brings an extra discharge plateau and the introduction of Co can improve the capacity
retention; however, the most widely studied material is Ni-doped LiMn,O, with a particular
composition of Ni:Mn=1:3 (LiNigsMn1504). The introduction of Ni ions helps stabilize the
octahedral sites and the transition from Ni** to Ni** makes it a 5-V cathode. [96-98] Because
of its high working voltage, this 5-V cathode is a excellent matchup with the Li;TisO1, anode

to construct a high power Li-ion battery. [99]
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Figure 2.9 Crystal structure of spinel LiMn;O,. [39]

Another important and promising cathode material is the phosphate (LiMPQO,4, where M = Fe,
Mn, Co or Ni). People began to be interested in this type of material since Goodenough and
his coworkers firstly identified and reported LiFePO, and other phospho-olivines as cathodes.
LiFePO, has the olivine structure in which phosphorous occupies the tetrahedral sites and
iron possesses the octahedral sites. Meanwhile, lithium is distributed one-dimensionally
along the (0 1 0) direction. [100] The crystal structure of LiFePO,4 with an olivine structure is
shown in Figure 2.10. This material has become a popular cathode for Li-ion batteries due to
its low cost with high abundance of raw materials, environmental benign nature and good
thermal stability. [101] Besides, LiFePO, has a very flat discharge plateau at around 3.4 V
versus Li/Li*. The theoretical capacity of this material is 170 mAh/g, which is higher than

that obtained for LiCoO; (140 mAh/qg).
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Figure 2.10 Crystal structure of LiFePO, with olivine structure. [102]

Since LiFePO,4 has so many good features, many research groups tried to optimize its
performance. Generally three methods are used to synthesize LiFePO, namely high-
temperature reactions, hydrothermal methods or sol-gel methods. [19] The major challenge
for this material is the poor conductivity at room temperature, which is only 10° S/cm. [103]
Due to the low conductivity, capacities close to its theoretical value can only be obtained at
low current densities or at elevated temperatures, which highly limit its application for
EV/HEVs. In order to solve this problem, strategies introduced include but not limited to
doping LiFePO,4 with supervalent ions or conductive agents to enhance the conductivity and
decreasing the particle size of LiFePO, to shorten the diffusion path of lithium. [103-105]

Recently, Manthiram’s group has reported their progress in the preparation and
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electrochemical studies of LiFePO4 nano-rods and LiFePO,/C nano-composites. [106] In this
study, LiFePO, nano-rods have been synthesized through both a novel microwave-
solvothermal (MW-ST) method and microwave-hydrothermal (MS-HT) method within a
short reaction time of 5 - 15min at temperatures lower than 300 °C. After the nano-rods were
fabricated, in situ carbon coating was performed by the MW-HT process with glucose
followed with heat treatment at 700 °C. An ex-situ carbon coating was also obtained by heat
treatment of the as-prepared LiFePO, nano-rods with glucose at 700 °C. As it is shown in
Figure 2.11, the LiFePO,/C nano-composite exhibit high capacity of more than 160 mAh/g

for the initial cycle at C/10 rate, which is 94% of the theoretical value of LiFePQO,.

Voltage (V)

0 As-synthesized LiFePO, (MW-ST)
2.01—9— LiFePO,/C (ex situ carbon coating at 700°C for 1 h)

0 20 40 60 80 100 120 140 160
Capacity (mAh/g)

Figure 2.11 First charge-discharge profiles recorded at C/10 rate between 2.0 and 4.3 V
of as-prepared LiFePO,4 nano-rods obtained by the MW-ST process and the LiFePO,/C

nano-composite with an ex-situ carbon coating method. [106]
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Although the three main categories of cathode materials mentioned above are the most
popular ones, the choice of potential candidates is not so limited. Many other materials can
be used and already have been studied as cathode materials for Li-ion batteries. Table 2.1
lists several other well-known cathode materials and their characteristics. The future trend of
cathode research may focus on the nano-structured materials and combine several of the
candidates to make optimized cathode with the advantages of each of the components. For
example, work has been done to integrate Li,MnOs, which is a structurally compatible but
electrochemically inactive component, into the spinel structure to make the compound of

0.3LizMnO3; + 0.7LiMng5Nig50; to obtain high reversible capacity of 300-350 mAh/g, good

rate capability and thermal stability simultaneously. [107], [108]
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Table 2.1 Comparison of other potential cathode materials for Li-ion batteries.

Cathode

Operating
Voltage
(V)

Theoretical
Capacity
(mAh/qg)

Comments

Reference

LiMnPQO4

4.1

171

LiCoPO4

4.8

167

Higher open circuit
voltages than LiFePQOy;
lower capacities; low
conductivity. Thermal
stability not as good as
LiFePO,.

[19], [109],
[110]

[111], [112]

LiVPO4F

4.2

155

Good thermal stability
and cycling
performance.

[113], [114]

LisV2(POu)s

3.6-4.7

197

Li3V2(PO4)3 has a high
operating voltage and
good performance at

high discharge currents

[115], [116]

LizFESiO4

3.3

328

Li,MSiO,4

333

High working potential
with more than one
lithium per unit
formula; environmental
friendly and abundant;
safety; low conductivity
and poor capacity
retention.

[117]

[118]

V705

<3

1474

High capacities;
relatively low voltages
(typically 3V or less);
capacity fading during

cycles; toxic.

[119], [120]
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2.1.4.3 Separator

Another principal component of Li-ion batteries is the separator. There are many types of
separators in the market include microporous seperators, nonwovens, ion exchange
membranes, etc. [121] Separators for Li-ion battery applications typically have a
microporous structure and can only allow ions to pass through but not electrons. Separators
can physically prevent the direct contact of the anode and the cathode from resulting in short
circuits. Many materials have been studied for separators since Sony firstly commercialized
Li-ion batteries in the early 1990s. Although a variety of separators including cellulose, non
woven fabrics, etc are proved to be good separators for conventional batteries, new
requirements for Li-ion battery separators are precipitated that they should not only provide
good mechanical property and ion conductivity but also extra thermal stability with self-
shutdown mechanism, etc. In that background, many novel separators are developed. Up to
today, the most widely used Li-ion battery separators are microporous polyolefin membranes.
Current microporous polyolefin membranes are thin films (< 30um) made of polyethylene
(PE), polypropylene (PP), or the laminates of polyethylene and polypropylene. [121]
Polyolefin materials are used because of their excellent mechanical properties, low cost and
good chemical stability. The chemical stability means the separators could withstand
hundreds of cycles of charge-discharge of the batteries without significant degradation in
chemical or mechanical properties. Commercial separators provide pore size of 0.03 - 0.1um

with porosity of 30 — 50 %.
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Celgard Company has developed a trilayer separator composed of PP/PE/PP and in this
design, PE, which has a melting temperature of 135 °C is designated to act as a shutdown
switch while PP, which has a melting temperature of 165 °C is designed to sustain the
structure integrity. When the battery is heated up to 135 °C, the PE layer will lose its
porosity and ions can’t pass anymore, which is the so-called “shutdown”. When the
temperature is higher than 165 °C, the other two PP layers will melt, too, leading to a
complete shutdown of the trilayer separators. This kind of separator design combines the
excellent material properties with high level of safety concern and has already been proved to
be successful separators for Li-ion batteries. Besides PE and PP, other polymers such as
polyvinylidene fluoride (PVDF) are also being studied. With the rapid development of Li-ion
batteries, we believe more and more potential materials and structures will be used into the

field of separators.

2.1.4.4 Electrolyte

In addition to anode, cathode and separator, electrolyte is an important but often overlooked
component of Li-ion batteries. The electrolyte in a Li-ion battery is filled in the pores of the
separator between anode and cathode. The primary task of the electrolyte is to shuttle lithium
ions between the anode and cathode during the repeated charge and discharge process. In
addition to the primary task, reductive decomposition of the electrolyte is the major

contributor for the formation of solid electrolyte interface (SEI). [56] This SEI layer is
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generally formed at the anode site at the initial cycle and it leads to the irreversible capacity
loss. SEI layer forms because of the decomposition of the electrolyte, but it can also prevent

the further decomposition.

The composition of the electrolyte for Li-ion battery application is normally a solution
system containing lithium salt and organic solvents. Organic solvents are used based on the
fact that the cell voltages for Li-ion batteries are higher than that of the decomposition of
water and lithium is very reactive to water. Several requirements for the solvents include no
reactivity with lithium, high dielectric constant and salvation of lithium salts. The organic
solvents used are typically the combination of two or more of the following: ethylene
carbonate (EC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) and diethyl
carbonate (DEC). The options of lithium salts are mainly LiPFg, LiBF4, LiCIO,4, or lithium

bis(oxalato)borate (LiBOB).

Li-ion batteries have limited performance and cycle life at elevated temperatures. The safety
features of commercial Li-ion batteries are also not sufficient for large size applications. [122]
Therefore, in recent years, electrolyte research focused on developing and introducing new
solvents, salts and other additives. Some examples of new solvents include organo sulfur
compounds, such as propylene sulfite, fluorine-substituted compound (e.g., fluoro alkyl
carbonates) and organo phosphorous compound. An example of new lithium salts is
LiPF3(C,Fs)s (LIFAP). Besides the new solvents and salts, additives are also important to
improve the performance of the electrolyte in certain specific aspects. Novel additives

include but not limited to organo nitrates, sulfates, phosphates, active gases (e.g., SO, and
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CO,), organoboran complexes, surface polymerizable agents like olefins, vinylene carbonates,
aromatic compounds as over-charge protection agents (e.g., biphenyl), etc. [123] Moreover,
new systems are being studied, such as the polyethylene oxide (PEO) system and the ionic

liquid system. [56]

2.1.4.5 Other Component

In addition to the components mentioned above, there are other Li-ion battery components
that can’t be ignored. Traditionally, the electrodes (both anode and cathode) are prepared
with active materials, conductive agents (mostly carbon black) and polymer binders to make
slurry and then cast the slurry onto current collectors (aluminum foil for cathode and copper
foil for anode). The current collector is helpful in improving the transfer of electrons and the
polymer binder is needed to hold the active material together as well as maintain contact with
the current collector. The most widely used polymer binder for Li-ion batteries is
polyvinylidene fluoride (PVDF). [124] As mentioned in section 2.1.4.4, some additives also
play mportant roles in the electrolyte system such as helping form SEI layer, protect cell

over-charge, etc.
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2.2 Na-ion Batteries

2.2.10verview of Na-ion Batteries

Among various types of batteries, Li-ion batteries are of great interest due to their high
energy and power density, appropriate operating potential, good rate capability, etc. While
Li-ion battery technology is quite mature, concerns still exist for its safety, cycle life, weak
performance at low and elevated temperatures and high cost. To address the problems of Li-
ion batteries’ safety, cycle life and performance, researchers have spared no effort to develop
new materials and structures. Concerning the excellent performance, the cost of Li-ion
batteries is high and needs to be reduced. It is reported that the growing number of portable
electronic devices has led to skyrocketing sales of Li-ion batteries which is equivalent to US
$ 7 billion in the year of 2009 worldwidely and about one-quarter of the production of
lithium-containing precursors all over the world are consumed by Li-ion battery
manufacturers. [125] Because of the wide adoption of Li-ion batteries in our daily life, the
price of the raw materials, e.g., Li,COs, is rising dramatically for the recent decade. Besides
the increasing demands of lithium, the lithium reserves are highly geographically constrained.
Also, it is predicted that the lithium supplies will run out in the foreseeable future. In a word,

there is a urgent need to find suitable substitute for Li-ion batteries.

Sodium (Na) is located below Li in the elemental periodic table and they share similar
chemical properties with other alkali metals. Sodium has wide availability all over the world

and it is the 4" most abundant element in the earth crust. In addition, sodium is also the most
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commonly seen element in the sea. Based on such availability and similar chemical
properties, Na-ion batteries are proposed sharing the same concept and fundamental principle
with Li-ion batteries. In a Na-ion battery, sodium ion, instead of lithium ion, is shuttled
between the anode and cathode through the electrolyte during repeated charge and discharge
process. Some facts about lithium and sodium can be found in Table 2.2. Although the
working mechanisms of Li-ion and Na-ion batteries are similar, their electrochemical
properties and the overall performance are not exactly the same. First, because lithium is
lighter than sodium, there will be more lithium than sodium considering the weights of them
are same. Second, the ionic diameter of sodium is higher than that of lithium and this will
make it more difficult for the intercalation and deintercalation of the sodium ions. Thus, Na-

ion batteries will have lower energy density than Li-ion batteries.

Table 2.2 Main characteristics of Na versus Li.

Category Lithium (Li) Sodium (Na)
Atomic weight (g/mol) 6.9 23
Cation radius (A) 0.76 1.06
Voltage vs. SHE (V) -3 -2.7
Melting point (°C) 180.5 97.7
Capacity (metal) (mAh/g) 3829 1165
Cost (carbonates) ($/ton) 5000 150
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Although the electrochemical performance of Na-ion battery is not as great as Li-ion
batteries, they could still provide an alternative chemistry to Li-ion batteries and might be
competitive to Li-ion batteries in certain applications and markets. For example, based on the
wide availability and low cost, Na-ion batteries have the potential for meeting the
requirements of large-scale grid energy storages. As battery technologies extend to large-
scale storage like electric vehicle or stationary storage of renewable energy productions, high
energy density is not the most critical and dominant factor. Instead, the low cost of sodium
based materials and the abundance of sodium together become advantageous when
comparing with the high cost and less available lithium-based materials. These advantages of
Na-ion batteries provide compelling rationales for their large-scale applications. In addition,
because the standard reduction potential of sodium is 0.3 V, which is higher than that of
lithium, Na-ion batteries can use electrolyte system that has lower decomposition potential
and hence safer than Li-ion batteries. However, the Na-ion battery technology is more
immature than Li-ion battery technology, which means a lot more research should be done

before they can replace Li-ion batteries.

2.2.2 Candidate Materials for Na-ion Battery Components

2.2.2.1 Anode

Graphite is the most commonly used Li-ion battery anode material. However, it is found that

graphite doesn’t intercalate sodium to any appreciable extent and is electrochemically
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irreversible. [126] Many other non-graphitic carbonaceous anodes have been demonstrated to
have sodium insertion capability such as petroleum cokes, carbon black, pitch-based carbon
fibers, etc. [127-130] Unfortunately, most of the research indicated low capacity of
carbonaceous materials for sodium insertion. Dahn’s group reported high capacity of 300
mANh/g for sodium insertion by using hard carbon obtained from pyrolyzed glucose and this

value is very close to that of lithium insertion into same type of carbon. [131]

Non-carbon compound anode materials include sodium metal oxides, metal alloys and
phosphates.  Representative sodium metal oxide anodes are Ti-based intercalation
compounds such as Na,TizO7, Na,TigO13 and NasTisO1,. For example, recently, reversible
reactions in Na,Ti;O has been reported at significant low voltage versus Na/Na* (0.3 V) and
two sodium ions could be intercalated into Na,TizO7 delivering a specific capacity of 200
mANh/g. [132] Another example of non-carbon anode is titanium phosphate which has also
been reported to be a good anode material in agueous Na-ion batteries. The NASICON
structured NaTi,(PO,)s showed a specific capacity of 130 mAh/g with a 2.1 V plateau in an
organic electrolyte. [133] Figure 2.12 shows a plot of working potential versus capacity for

several already reported materials for Na-ion battery anodes and cathodes.
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Figure 2.12 Working potential versus capacity plot of materials having been reported to

exhibit reversible sodium insertion and hence being potential electrode materials for

Na-ion batteries. [132]

2.2.2.2 Cathode

Cathode materials for Na-ion batteries are generally metal oxides, transition metal fluorides,

sulfides, phosphates, etc. Compared with the choice of anode materials, more potential

cathode materials are available. For metal oxides, NayMnO,, Na,Co0O,, NaVgO15, NaVO,,
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NayV20s, etc can be used. Among these oxides, vanadium oxide (V,0s) is considered to have
high capacity with relatively low potential. Tepavcevic et al. prepared nanostructured V;0s
nanowire through electrodeposition and achieved a high capacity of 250 mAh/g for more
than 300 cycles. [134] Transition metal fluorides, NaMF; (M = Fe, Mn, V, Ni) also shows
reversible sodium insertion capacities. For example, nanosized NaFeF; electrode could
deliver 180 mAh/g between 1.5 and 4.5 V. [135] The most widely studied cathode material
for Na-ion batteries is probably phosphate. Analogous to LiFePO,, NaFePO,, which has a
theoretical capacity of 154 mAh/g is also proposed to be a promising cathode candidate. The
NASICON Na3V,(PO,4)s/C composite exhibits a capacity of 90 mAh/g. [136] However, more
attentions are focused on a species of sodium fluorophosphates materials. Firstly reported
and identified by Barker in 2003, sodium vanadium fluorophosphates (NaVPO4F) is one of
the promising cathode materials since it possesses high operating potential, good cyclability
and moderate capacity (80 mAh/g) compared to other cathode candidates as well as easy
synthesis. [137] Researchers also tried to use Al, Cr, Fe or other metal ion to dope NaVPO4F
to improve its cycling performance. [138], [139] Other sodium vanadium fluorophosphates
also show good capacity performance, such as Na; sVOPQO4Fq5/C composite (87 mAh/g) and

NazV2(POs)oF3 (117 mAh/g). [140], [141]

2.2.2.3 Electrolyte

The most commonly used electrolyte for Na-ion batteries is composed of either NaPFg or
NaClQ, as the salt and carbonate ester, especially propylene carbonate (PC), as the solvent.

Unlike Li-ion battery electrolyte, the electrolyte system of Na-ion batteries is still in the stage
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of early study and many mechanisms remain uncertain. For instance, metallic sodium anodes
corrode gradually in the presence of most commonly used organic solvents instead of
forming a solid electrolyte interface (SEI) in the case of the reaction with Li-ion battery
anodes. [125] New electrolyte systems are being studied such as gel polymer electrolytes and
ceramic electrolytes. The future work related with Na-ion battery electrolytes should be
focused on the choice of solvents, salts and additives, understanding the reaction mechanism

and enabling stable cycling properties.

2.3 Electrospinning and Nanofiber-based Electrodes
2.3.1 Overview of Electrospinning

The origin of electrospinning can be dated back to the late 16" century when William Gilbert
observed and described the phenomenon of electrospraying. From the beginning of the 20™
century to early 1990s, only several publications came out and they were focused on basic
research including studies on mathematically modeling the behavior of electrospinning,
electrospinning from a melt rather than solution, electrospinning of natural compounds like
cellulose, etc. One important work that had been done by Taylor from 1964 to 1969 was his
contribution to build theoretical and mathematical models of the shape of the cone formed by
the fluid droplet in electric field and this cone is the well-known “Taylor Cone”. [142-144]

Up until early 1990s, several research groups had given this process a name, “electrospinning”
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and since then this name became popular. [145] In addition to its contribution to the
nonwoven industry, more work and publications about electrospinning can be found since
1990s. Researchers started to be interested in this technology in fabricating all kinds of thin
fibers with a wide range of materials from natural polymers to synthetic polymers, from one
polymer to polymer blends and alloys, and from polymer itself to polymers containing many

inorganic particles.

In recent years, synthesis, characterization and application of nano-sized materials is one of
the hot topics in scientific field. Among them, one-dimensional nanostructures, such as
nanotubes, nanowires, and nanofibers have gained most intensive attentions due to their easy
synthesis and multiple applications. Many approaches have been deployed to prepare these
materials and electrospinning method is regarded as the most versatile and promising one
because of its capability of producing large quantity of nanofibers of submicron to tens of
nanometers with well-defined surface topologies in relatively low cost. [146-150]
Electrospun nanofibers also exhibit unique characteristics such as large surface area, porous
structure and extremely long fiber length, etc, which result in various applications include

reinforced nanocomposites, tissue engineering, and energy storage devices. [151-154]
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2.3.2 Device Set-up and Working Mechanism

Polymer Solution

-

B e

Taylof Cone I

Collector

Figure 2.13 Schematic of a conventional electrospinning setup. [155]

Figure 2.13 shows a schematic of a conventional setup for the electrospinning device. The
device mainly composes of a syringe with a metallic needle, a metallic collector and a high
voltage supplier. A syringe pump is used to hold and push the syringe which contains the
polymer solution that will be electrospun. A metallic collector, which is used to collect the
electrospun fibers, is located at a certain distance from the needle of the syringe. A high
voltage is applied between the needle and the metallic collector. Three types of forces are
applied to the droplet: the gravity of the droplet, the surface tension and the electrostatic
force due to the external electric field. Under the competing and balancing of these forces,
the liquid droplet will form the well-known “Taylor” cone. When the voltage reaches a

critical value, the electrostatic force will overcome the surface tension of the polymer
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solution and a liquid jet will eject from the metallic needle. The jet is charged in the presence
of the electric field between the metallic needle and the metallic collector and undergoes a
stretching and accelerating process and finally become a long and thin thread. Meanwhile,
the solvents are completely evaporated in the process so that the diameter of the final
electrospun fibers will decrease from hundreds of microns to as small as tens of nanometers.
Eventually the fibers will be collected on the surface of the metallic collector in the form of a
nonwoven fiber mat. The structure of the final electrospun nanofiber mat is influenced and
can be adjusted through several parameters list in Table 2.3. For example, the fiber diameter
can be adjusted by varying the applied voltage or the viscosity of the polymer solution; the

thickness of the fiber mat can be changed by controlling the deposition time, etc.

Table 2.3 Important parameters influcing the structure of electrospun nanofibers.

Viscosity

Solution Properties Conductivity

Surface tension

Electric field strength

Solution flow rate

Operational conditions Spinneret-collector distance

Nozzle diameter

Motion of collector
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2.3.3 Electrospun Carbon Nanofibers Using PAN as Precursor

In addition to polymer nanofibers, carbon and ceramic nanofibers can be produced using the
same setup, and heat treatment should be followed after the electrospun precursor nanofibers
are obtained. The polymer precursors for carbon nanofibers usually are polyacrylonitrile
(PAN), polyimide (P1), pitch, polyvinylidene fluoride (PVVDF), polyvinyl alcohol (PVA), etc.
[156] Among all these precursors, PAN is considered to be the most popular one to produce
carbon fibers mainly because its high yield and low cost. The molecular structure of PAN can

be seen in Figure 2.14.

C=N C=N C=N

Figure 2.14 Molecular structure of PAN.

PAN-based carbon fibers are produced with the heat treatment of electrospun PAN
nanofibers. The heat treatment involves two steps, namely stabilization process and
carbonization process. The first step, stabilization, is achieved at 250 — 300 °C in air
environment. During the stabilization, PAN is involved in many complicated reactions
including cyclization, dehydrogenation, aromatization, oxidation and crosslinking and finally
forms a ladder structure from the originally linear structure. The stabilization process makes

the polymer thermally stable to withstand the subsequent high temperature reactions. Recent
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study also proved that this process plays a vital role in transforming PAN fibers into non-
fusible and stable ladder polymer as well as developing crosslinked molecules. [157]
Followed with the stabilization, the process of carbonization takes place in an inert gas
atmosphere such as argon or nitrogen at a temperature ranging from 600 — 1300 °C and holds
for several hours. During the carbonization, aromatic growth and polymerization occur and
generally all non-carbon elements will be removed in the forms of methane, hydrogen,
hydrogen cyanide, water, carbon dioxide, ammonia, etc. [157], [158] After the carbonization,
the fiber diameters decrease and the yield weight is approximately 40 — 50 %. The carbon
fibers can directly be used after the carbonization, but still it can be processed under higher
temperature up to 3000 °C to obtain graphitic structures. [159] Figures 2.15 and 2.16 show
the structure changes of PAN fibers during the stabilization and the carbonization. In our
work, PAN was used as carbon fiber precursor and combined with other active material
precursors to fabricate composite nanofibers. After heat treatment, we will synthesize the
active material/carbon nanofiber composites and direct use them as cathode materials for Li-

ion and Na-ion batteries.
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Chapter 3 Research Objectives

The objective of this work is to prepare LiF/Fe/C composite and NaVPO4F and explore their
potential applications as cathode materials for rechargeable Li-ion and Na-ion batteries. The

main research work includes:

3.1 Fabrication of LiF/Fe/C Composite Nanofibers through Electrospinning and Heat

Treatment and Their Application as Cathode Materials for Li-lon Batteries.

Many candidate materials such as LiCoO;, LiMn,O,4, LiFePO4 have been studied as
rechargeable Li-ion battery cathodes but they suffer from problems including but not limited
to low theoretical capacity, low electronic conductivity, high cost, etc. Due to these limiting
factors, these materials are promising but do not meet the requirements for EV/HEV batteries.
Therefore, alternative cathode materials with higher capacity, better conductivity, longer

cycle life and lower cost are highly demanded.

In order to enhance the electrochemical performance of cathode materials, many research
groups have done work on decreasing the particle size and making carbon-coated active
materials. Particle size is an essential issue for the electrochemical performance because
small particle size and shortened lithium diffusion path lead to better electrochemical
utilization of the electrode material, which can eventually contribute to better overall cell
performance. Besides, making nanosized material could result in large specific surface area
accommodating more contact sites between the electrode and electrolyte which can also help

improve the electrochemical performance. Besides, carbon-coating method is an effective
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way to improve the electrochemical performance by enhancing the electronic conductivity of
the electrode materials with low intrinsic electronic conductivity and poor cycling

performance.

In addition to the traditional electrode preparation methods, some novel processing
technologies, such as nanofiber-based electrode through electrospinning, present a promising
opportunity to fabricate rechargeable Li-ion battery cathode materials with good overall
performance and low cost. In this work, we proposed a synthesis method for producing
LiF/Fe/C composite cathode material through combining electrospinning and heat treatment.
PAN was used as the carbon nanofiber precursor and LiF and Ferrocene were precursors for
the active material. By electrospinning, LiF/Fe/PAN composite nanofibers were obtained.
The as-spun nanofibers underwent heat treatment at 700 °C, during which LiF, Fe and the
carbon nanofiber matrix are obtained simultaneously. With this approach, the particle size of
synthesized active material LiF/Fe can be restricted at nanoscale. Also, the carbon nanofibers
act as a conductive matrix which has good mechanical properties and can enhance the
electronic conductivity of the cathode. Hence, we achieved a promising cathode material
with improved capacity and cycle life resulting from shortened lithium diffusion pathway and
better conductivity. Moreover, traditional cathode material also has other components such as
polymer binder, conductive additive and current collector, which are electrochemically
inactive and lead to lower energy density. The LiF/Fe/C nanofibers can be directly used as
the cathode after heat treatment and the elimination of non-active materials contributes to the

increased energy density of the electrode.
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3.2 Preparation of NaVPO,F and NaVPO4F/C Materials through Two-Step Solid-State

Reactions and Their Application as Cathode Materials for Na-lon Batteries.

Na-ion batteries is a promising alternative for Li-ion batteries in applications that do not
emphasize on high energy density but require low cost, e.g., electric grids. However, most of
the candidate materials for Na-ion battery cathode possess poor electrochemical performance
that needs to be improved urgently. Sodium vanadium fluorophosphates (NaVPO4F) was
firstly reported by Barker in 2003.[161] Through a proprietary two-step solid-state reaction
method, VPO, intermediate precursor and the final product NaVPO4F were produced in each
step. It was reported that NaVPO4F was used in conjunction with commercially available
hard carbon material to form Na-ion batteries and an average discharge voltage of about 3.7
V was achieved, which is comparable with that of commercial Li-ion batteries. However, the
discharge capacity of this material fades very rapidly during cycling. Although NaVPO4F is
considered to be one of the most helpful cathode materials for Na-ion batteries, its

electrochemical performance should be improved.

It is well-known that doping technology and carbon-coating method can be used to improve
the structural stability and conductivity and finally enhance the capacity retention. In this
work, we used the carbon thermal reduction (CTR) method to prepare NaVPO4F material,
characterized this material with X-ray diffraction (XRD) and Scanning Electron Microscopy
(SEM) and examined the electrochemical performance by charge-discharge tests, Cyclic
Voltammetry (CV), and Electrochemical Impedance Spectroscopy (EIS). Also, we used

glucose as a carbon source combining with the two-step solid-state reaction method to study
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the influence of different carbon-coating contents (0, 5, 10, and 15%) on the structure and

electrochemical performance of NaVPO,F.

3.3 Fabrication of NaVPO,F/C Composite Nanofibers through Electrospinning and

Heat Treatment and Their Application as Cathode Materials for Na-lon Batteries.

Based on the preliminary work on NaVPO4F powder with no further carbon-coating and the
concept for the LiF/Fe/C composite nanofiber cathode, we decided to combine
electrospinning and heat treatment methods to fabricate NaVPO4F/C nanofiber cathode for
Na-ion batteries. The aim of this work was to improve the capacity and cyclic performance of
NaVPO4F with carbon nanofibers as the conductive matrix. Pristine NaVPO4F powder was
synthesized and showed low capacity with poor capacity retention. In this work, we added
NaVPO,F powder into a PAN/DMF solution and used electrospinning to form
NaVPO,F/PAN composite nanofibers. After heat treatment, NaVPO4F/C nanofibers were
obtained and directly used as the cathode material. The structure and electrochemical

performance of NaVPO,F powder and NaVPO4F/C nanofibers were evaluated.
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Chapter 4 Fabrication of LiF/Fe/C Composite Nanofibers through
Electrospinning and Heat Treatment and Their Application as Cathode

Materials for Li-lon Batteries

Abstract

The key to develop better Li-ion batteries is the preparation of cathode material with
enhanced electrochemical performance. LiF/Fe/C composite nanofibers were prepared from
electrospinning and heat treatment of precursor solutions of ferrocene and PAN. The
structure and morphology of LiF/Fe/C composite nanofibers were characterized by scanning
electron microscopy, energy-dispersive X-ray spectroscopy and X-ray diffraction. The
electrochemical performance was evaluated by using prepared composite nanofibers as the
cathode in lithium half-cells. The achieved highest initial discharge capacity was 484.8
mAh/g and the capacity retention was 89% after 50 cycles. In addition, the relationship

between the structure and performance of LiF/Fe/C composite nanofibers was also discussed.

Keywords: LiF, Fe, composite, nanofiber, cathode, Li-ion battery.
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4.1 Introduction

Nowadays, Li-ion batteries are widely used in portable electronic devices because of their
high operating voltage, high energy density, low self-discharge rate and long cycle life.
However, current Li-ion batteries can’t fulfill the requirements for applications such as
electric vehicles (EV) and plug-in hybrid electric vehicles (PHEV). Cathode performance is
one of the limiting factors that impede the large-scale application of Li-ion batteries in
EV/PHEVs. Many materials have been studied and commercially used as cathodes for Li-ion
batteries, such as LiCoO,, LiMn,04, LiFePO,, etc. However, they all suffer from different
issues in terms of low capacity, poor conductivity, unsatisfactory cycle life, and/or high cost.
In order to be competent for EV/PHEV applications, new cathode materials with high

capacity, good conductivity, long cycle life and low cost are urgently needed.

To construct high-energy Li-ion batteries, cathode materials with high capacities are of great
interest. One fundamental route to obtain high specific capacity for the cathode is to utilize
all the possible oxidation states during the redox cycle. [162] This could be done through a

reversible conversion reaction: [163]

nLi* +ne’ + MX, © nLiXpn+M (1)

(M =Co, Ni, Fe, Cu,etc.; m=nfor X=F, N;m=n/2for X=0,9S)

Due to the high ionic nature of M-F bond, metal fluorides (MFy) possess high theoretical
capacities (e.g., FeFs: 712 mAh/g; TiF3: 767 mAh/g; CoFs: 694 mAh/g; MnF;: 719 mAh/g;

VF3: 745 mAh/g). [163], [164] Iron trifluoride (FeFs3) is the first MF3 that has been used as a
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cathode material for Li-ion batteries. [165] Yet, early research on FeFs; only delivered a
reversible capacity of 80 mAh/g, which was only 34% of the theoretical capacity
corresponding to one electron transfer reaction of Fe**/Fe?* redox species from about 4.5V to
2V. [165] The theoretical capacity of FeFs that fully utilizes all the three electron transfer is
712 mAh/g, however, only a small part of that value has been achieved. The low capacity
results from the ionic characteristic of metal/halogen bond which leads to poor electronic
conductivity with wide energy gap. [166] To be more specific, because fluorine has high
electronegetivity, the iron-fluoride bonds in FeFs are highly polarized. Hence, the electrons

are localized in FeFs, leading to very poor electronic conductivity. [167]

To improve the performance of FeFs, attempts have been taken focusing on decreasing
particle size, introducing conductive additives, and constructing nanostructures. For example,
Kim et al. successfully fabricated FeF; nanoflowers on carbon nanotube (CNT) branches and
achieved a high specific capacity of 210 mAh/g at 20 mA/g and 150 mAh/g at 500 mA/g at
room temperature. [168] Wang’s group prepared FeFs/MoS, and FeFs/VV,Os composites
aiming at enhancing the electronic conductivity with the addition of conductive MoS, and
V05 and obtained higher capacities of 170 mAh/g and 210 mAh/g, respectively. [169], [170]
Badway and coworkers synthesized a FeFs: C-based carbon metal fluoride nanocomposite by
high-energy mechanical ballmilling and this material exhibited reversible capacity of

approximately 600 mAh/g from 4.5V to 1.5V at 70 °C. [162], [171]

Although FeF; has achieved high capacity after structure modification, it does not contain

lithium and cannot be directly used with carbonaceous or other non-lithium anodes.
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Therefore, it is preferable to use LiF/Fe composite based cathode material rather than FeFs.
When the mixture of LiF and Fe is used as the cathode in Li-ion batteries, the following

displacement reaction occurs: [172]

3LiF + Fe © FeFs + 3Li" + 3¢’ (2)

During the charge process, iron (Fe) is oxidized to form iron trifluoride (FeFs3) and lithium
ions are extracted from the cathode. During discharge, lithium ions are inserted into the
cathode again to form LiF/Fe composite. Besides, the high capacity of this composite
material also comes from the interface sites between LiF and Fe that are capable of storing
lithium. [173] Several methods have been adopted to prepare heterogeneous LiF/Fe
composite such as combinatorial co-sputtering and pulsed laser deposition (PLD). [172],
[174] However, these methods are expensive and complicated, hence, an easy-processing,

low cost approach needs to be developed.

Herein, we proposed a novel and simple synthesis method based on the thermal
decomposition of a LiF/ferrocene mixture and the electrospinning of carbon nanofibers to
produce an inexpensive LiF/Fe/C composite nanofiber cathode with high capacity and good
cyclic stability. With this approach, carbon nanofiber mats containing LiF/Fe active materials
were obtained and directly used as binder-free cathode in Li-ion batteries. In this work, the
composition and morphology of the as-synthesized composite nanofiber material were
examined by X-ray diffraction (XRD) and scanning electron microscopy (SEM) while the

electrochemical performance was evaluated through galvanostatic charge/discharge test.
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4.2 Experimental

4.2.1 Chemicals

N,N-dimethylformaamide (DMF), ferrocene (Fe(CsHs),, 98%), lithium  fluoride
(LiF, >99.98%), lithium ribbon were purchased from Sigma-Aldrich Chemical Company
(USA). Polyacrylonitrile (PAN, Mw = 150,000) was purchased from Pfaltz & Bauer Inc. The
electrolyte composited of 1 M of lithium hexafluorophosphate (LiPFg) in a mixture solvent of
ethylene carbonate (EC), diethyl carbonate (DEC), and dimethyl carbonate (DMC) (volume
ratio of 1:1:1) was purchased from MTI corporation. All chemicals were used as-received

without further purification.

4.2.2 Sample Preparation

Electrospun LiF/Fe/C composite nanofibers were produced as the cathode material for Li-ion
batteries. The electrospinning solutions consist of polyacrylonitrile (PAN) and LiF/Fe
precursors in DMF. Two precursor-to-PAN ratios were used: 5:1 and 7.5:1. During the
solution preparation, PAN powder was first dissolved into the DMF solvent and
mechanically stirred at room temperature for 24 hours. Ferrocene and LiF (molar ratio of 3:1)
were then added to make the final electrospinning solutions, which were stirred for 24 hours

before electrospinning.

A power supply system (Gamma ES40P-20W/DAM) was used to provide the high voltage

(18kV) during electrospinning. The electrospinning solutions were placed in a 10 ml syringe
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with a metal needle of 0.012 inch in diameter. The needle-to-collector distance was set to be
15 cm and the flow rate was 1 ml/h. The electrospun LiF/Ferrocene/PAN nanofibers were

collected on an aluminum foil.

The heat treatment of LiF/Ferrocene/PAN nanofibers was performed in an atmosphere-
controlled furnace (Model 7AM-C12, LUCIFER, Pennsylvania). First, the composite
nanofibers were stabilized at 280 °C under air with a heating rate of 5 °C/min and kept for 5
hours. Then the stabilized composite nanofibers underwent further heat treatment at 700 °C

in argon atmosphere with a heating rate of 2 °C/min for 8 hours.

4.2.3 Structure Characterization

The morphology of LiF/Fe/C composite nanofibers was evaluated by field emission scanning
electron microscope (FESEM-JEOL 6400F SEM at 5 kV). The diameter distributions of the
nanofibers were obtained with the help of Revolution 1.6.0 software. For each sample, the
diameters of 100 randomly selected fibers were measured and collected. The weight ratios of
active material to carbon were determined by CHN elemental analysis. The elemental
distribution of LiF/Fe/C composite nanofibers was confirmed by energy-dispersive X-ray
spectroscopy (EDX, JEOL 6400 FESEM at 5kV) with element mapping. The structural
characterization of LiF/Fe/C composite nanofibers was carried out by X-ray diffraction
(Rigaku Smartlab XRD, Cu Ka, 4 =1.544 A) in a 26 range of 10-90°, with 20 step-scan

interval of 0.1°.
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4.2 .4 Electrochemical Evaluation

The electrochemical performance of LiF/Fe/C composite nanofibers was evaluated using
CR2032-type coin cells (diameter = 20 mm and height = 3.2 mm) fabricated in an argon-
filled glove box. The composite nanofibers were punched from the fiber mat to form the
working electrodes in diameter of 0.5 inch without adding any polymer binder or conductive
additive. Metallic lithium ribbon and Celgard 2400 were used as the counter electrode and
separator, respectively. The electrolyte used consisted of a 1 M solution of LiPFg in EC, DEC,
and DMC (1:1:1 by volume). All the battery assembling components, namely the working
electrodes, separators, springs, spacers, cases, etc were dried in a vacuum oven at 120 °C
overnight. Prior to testing, the assembled batteries were rested for 24 hours for the separators
to be thoroughly soaked with electrolyte. Galvanostatic charge/discharge tests were
conducted with a LAND battery-testing system in the range of 0.5-4.5 V with a current
density of 20 mA/g. All electrochemical experiments were performed at room temperature
and all capacity values were calculated based on the total weight of the LiF/Fe/C composite

nanofiber electrodes.

4.3 Results and Discussion

4.3.1 Morphology of LiF/Fe/C Composite Nanofibers

Elemental analysis was performed to determine the weight ratios of the active material to

carbon. When precursor-PAN ratios were 5:1 and 7.5:1 in the spinning solutions, the carbon

55



contents of the resultant LiF/Fe/C composite nanofibers were 40% and 20%, respectively.

The LiF: Fe: C weight ratios were 9:6:10 and 12:8:5, respectively.

The electrochemical performance of cathode materials is largely dependent on the material
structure. The SEM images of LiF/Fe/C composite nanofibers with 40% and 20% carbon are
shown in Figure 4.1. It is seen that the fiber morphology greatly depends on the
concentration of the precursor solutions and the network structure is formed. With a higher
precursor concentration, the average fiber diameter of LiF/Fe/C composite nanofibers
decreases. With the lower precursor concentration, LiF/Fe/C (40% C) composite nanofibers
show more uniform fiber morphology and the particles are held within the fibers and this
contributes to the formation of beads. However, with higher precursor concentration, the
active material particles tend to form large aggregates outside LiF/Fe/C (20% C) composite
nanofibers. Although these large aggregations are not encapsulated by the conductive carbon
nanofiber matrix, they are actually connected by the nanofibers and the resultant electrode

could still have enhanced conductivity.
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Figure 4.1 SEM images of LiF/Fe/C composite nanofibers with different carbon

contents of 40% (a, b) and 20% (c, d).

The diameter distributions of the LiF/Fe/C composite nanofibers with 40% and 20% C are
presented in Figure 4.2. It is displayed from Figure 4.2 the average diameters of the LiF/Fe/C

composite nanofibers with 40% and 20% C are 208 nm and 164 nm, respectively.
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Figure 4.2 Diameter distributions of LiF/Fe/C composite nanofibers with different

carbon contents of 40% (a) and 20% (b).

Figure 4.3 is the SEM images of LiF/Fe/C (40% C) composite nanofibers from back-
scattered electrons (BSE) and secondary electrons (SE) signal sources, respectively. SE
imaging results from the interactions between the electron beam and the atoms at or near the
surface of the sample. BSE imaging is based on the characteristic X-rays generated when the
electron beam removes an electron in the inner shell of the sample which will cause the
electrons of higher-energy level to fill the shell. BSE imaging is preferred when there is a
need to identify the composition and measure the abundance of certain elements in a sample.
The signal intensity of this imaging method is related with the atomic number of the sample,
so information of different elements can be provided with this technique. Since the atoms
with higher atomic number, for example, Fe, can scatter electrons stronger than the lighter
atoms, these atoms can be seen easily from these SEM images. In this case, Figure 4.3 (b)

(SE imaging) shows the nanofiber morphology, while in Figure 4.3 (a) (BSE imaging), the
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dark areas indicate the carbon nanofiber matrix and the iron particles appear with bright
contrasts. It can be concluded from these two images that the active material particles are

well distributed and contained in some of the carbon nanofibers for the sample prepared from

S1 precursor solution.

Figure 4.3 Back-scattered electron (a) and secondary electron (b) SEM images of

LiF/Fe/C (40% C) composite nanofibers.
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Figure 4.4 Energy-dispersive X-ray spectrum of LiF/Fe/C (40% C) composite

nanofibers.

To further confirm the elemental information of the composite nanofibers we prepared,
energy-dispersive X-ray spectroscopy (EDX) was utilized to help identify and quantify the
compositional elements. Figure 4.4 demonstrates the EDX spectrum of LiF/Fe/C (40% C)
composite nanofibers. It is seen that elements C, F, and Fe can be identified by EDX
spectrum. Generally, hydrogen (H), helium (He) and lithium (Li) cannot be detected through
EDX test because they are too light and this is the reason for the absence of lithium in Figure
4.4. The trace amount of oxygen (O) may come from the stabilization process which took

place under air during the synthesis of the LiF/Fe/C composite nanofibers.
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4.3.2 Structure Characteristics of LiF/Fe/C Composite Nanofibers

X-ray diffraction patterns of the LiF/Fe/C composite nanofibers were obtained and showed in
Figure 4.5. It is seen from Figure 4.5 that both samples share the same XRD patterns and the
major components of the samples are LiF (JCPDS#:04-0857) and Fe (JCPDS#:06-0696). The
XRD patterns reveals after the heat treatment, ferrocene was decomposed to form metallic
iron. No carbon peaks can be observed mainly because the heat-treatment temperature is low
and the carbon structure is amorphous. Also, there are no obvious peaks of impurities,

indicating a phase-pure product.

A+ A Fe
+ LiF

o e
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(a) L ]L L
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Figure 4.5 X-ray diffraction patterns of LiF/Fe/C composite nanofibers with different

carbon contents of 40% (a) and 20% (b).
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4.3.3 Electrochemical Performance of LiF/Fe/C Composite Nanofibers

To evaluate the electrochemical performance of LiF/Fe/C composite nanofibers, the charge-
discharge tests were performed in the voltage range of 0.5 — 4.5 V with a current density of
20 mA/g at room temperature. Figure 4.6 displays the 1%, 10", and 25" cycle of the LiF/Fe/C
composite nanofiber cathodes. The initial discharge specific capacities (calculated according
to the total weight of the electrodes) achieved for the samples with carbon contents of 40%
and 20% are 366.1 mAh/g and 484.8 mAh/g, respectively. These capacity values are greater
than those state-of-art LiF/Fe based cathode materials. For example, Prakash and co-workers
has reported an LiF/Fe/C composite cathode exhibiting an initial discharge capacity of 324

mANh/g (based on the active mass of FeFs3) at a current density of 20.83 mA/g. [175]

Voltage (V)
Voltage (V)

1 1 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500
Specific Capacity (mAh/g) Specific Capacity (mAh/g)

Figure 4.6 Charge-discharge curves of LiF/Fe/C composite nanofiber cathodes with
different carbon contents of 40% (a) and 20% (b). Data was collected with a current

density of 20 mAh/g in the voltage range of 0.5 - 4.5V.
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The cycling performances of LiF/Fe/C composite nanofiber cathodes is shown in Figure 4.7.

For the LiF/Fe/C with 40% carbon, the initial discharge capacity and the capacity after 50

cycles are determined to be 366.1 and 245.7 mAh/g, respectively. For the LiF/Fe/C with 20%

carbon, the discharge capacity fades from 484.8 to 430.2 mAh/g in 50 cycles. Because the

specific capacity related with one electron transfer of the LiF/Fe and FeF3 conversion is about

270 mAh/g, both of the two samples deliver more than one electron transfer. The capacity

retentions after 50 cycles for LiF/Fe/C composite nanofibers with 40% and 20% carbon are

67% and 89%, respectively. Comparing these two nanofibers, LiF/Fe/C nanofibers with 20%

carbon present higher discharge capacity as well as better cycling performance than LiF/Fe/C

nanofibers with 40% carbon mainly because the more appropriate ratio of LiF/Fe (active

material) and C (conductive matrix).
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Figure 4.7 Cycling performances of LiF/Fe/C composite nanofiber cathodes at a current

density of 20 mAh/g.

The good electrochemical performance of LiF/Fe/C composite nanofibers is highly
dependent on its unique morphology and structure. The carbon nanofiber matrix structure
provides a conductive network to hold the active material particles. With this network
structure, the electronic conductivity of the electrode is greatly improved. In addition, the
electrospinning technique accommodates a structure of fibers as fine as several hundreds of
nanometers with high surface-to-volume ratio and decreased particle sizes, which can
effectively enhance the interaction between the electrolyte and the electrode and provide a

shortened diffusion pathway for fast lithiations and delithiarions. [176-182]

However, the electrochemical performance of LiF/Fe/C is not sufficient to be used as a
cathode material in practical Li-ion batteries. It is seen from Figure 4.6, the discharge
potential for this material is low and the majority of the capacity is related with the low
voltage region. The theoretical working potential of FeFs; is 2.74 V. [163] The work of
Prakash et al. also reported the low potential problem. [175], [183] This problem can be
ascribed to the slow kinetics of the LiF/Fe material and in order to solve this, new material
preparation method should be developed to achieve better morphology and structure with
more homogeneously distributed particles and faster kinetics. If the operating potential could
be improved, this material should be a promising candidate for high-capacity Li-ion battery
cathodes and this combining approach of electrospinning and heat-treatment will become a

novel and excellent way of fabricating electrode materials.
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4.4 Conclusions

LiF/Fe/C composite nanofibers with different structures and morphologies were successfully
prepared from the electrospinning and heat treatment of LiF/ferrocene/PAN precursor
solutions. The composite nanofibers formed a network structure with active material particles
either encapsulated or connected by the carbon nanofiber matrix. The charge-discharge
curves and cycling behavior indicated that LiF/Fe/C composite nanofibers possessed good
electrochemical performance of high capacity (484.8 mAh/g for the initial cycle) with good
capacity retention (89% after 50 cycles). Although this material suffers from the low working
potential, LiF/Fe/C nanofibers are a promising candidate material for Li-ion battery cathodes

if the low-potential problem can be properly addressed.
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Chapter 5 Preparation of NaVPO4F and NaVPO,F/C Materials through
Two-Step Solid-State Reactions and Their Application as Cathode

Materials for Na-ion Batteries

Abstract

Na-ion cathode materials NaVPO4F with different carbon coating ratios were synthesized by
a two-step solid-state reaction method. The structure of the as-synthesized active materials
was examined by scanning electron microscopy and X-ray diffraction. Electrochemical
performance was evaluated with cyclic voltammetry, electrochemical impedance
spectroscopy and charge-discharge tests. The highest capacity achieved for this material was
97.8 mAh/g and the best capacity retention was 89% at 20™ cycle. It was also found that
appropriate amount of carbon coating could effectively improve the electrochemical
performance of NaVPO,F. Results demonstrated that carbon-coated NaVPO4F could offer

promising future for Na-ion battery cathode materials.

Keywords: Na-ion battery, NaVPO4F, cathode, carbon coating, capacity, capacity retention.
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5.1 Introduction

Li-ion batteries have become important energy storage devices for portable electronic
equipments such as cell phones, laptop computers and hybrid electric vehicles as they can
provide higher energy density, compared with other rechargeable systems. However, the
extensive applications of current Li-ion batteries are limited by the cathodes with toxicity,
low reversible capacity and structural instability. In addition, the cost of raw material should
also be taken into consideration to meet the rapid demands of Li-ion battery
commercialization. Based on the fact that sodium shares very similar properties with lithium,
researchers proposed to develop Na-ion batteries which could offer lower cost compared to
their Li-ion battery counterparts. Also, the Na-ion system could utilize electrolyte of lower
decomposition potential due to the +0.3 V higher half-reaction potential of Na*/Na relative to
Li*/Li. Therefore, if rechargeable Na-ion batteries with good electrochemical performance
can be developed, they are still promising Li-ion battery alternatives in applications that
focus on low cost energy storage rather than high energy density such as large-scale electric

grid applications.

Efforts on developing Na-ion anode materials focus on hard carbon, petroleum coke,
NiC0,04, (M00O,) ,P,0;, MnCo oxide, etc. [184-188] In an important work, Dahn and co-
workers showed sodium ions could be reversibly cycled in hard carbon material made from
pyrolyzed glucose and demonstrated a reversible specific capacity around 300 mAh/g, which
is very close to that for lithium ion insertion into graphitic materials. [184] However, the

research on potential candidate materials for Na-ion battery cathodes has not obtained
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breakthrough. Hence, the key to develop practical Na-ion batteries is the preparation of
cathodes with good electrochemical performance. Up to date, several Na-ion battery cathodes
have been studied, including metal oxides (Nag4MnO,, V,0s5, NaCrO,), metal fluorides
(MF3, M = Fe, V, Ti, Mn, Ni, Co, etc.) and so on. [134], [135], [189], [190] For example,
Barker recently reported a novel Na-ion battery based on a hard carbon/sodium vanadium
fluorophosphates (NaVPO4F) chemistry. [161] Other sodium vanadium phosphates and
fluorophosphates were also reported with reversible sodium intercalation such as
NazV2(POy)2F3, NaisVOPO4Fo 5 and NazV2(POy)s. In the hard carbon/NaVPO4F system, the
reversible specific capacities for the cathode and anode were determined to be 82 and 202
mANh/g, respectively. The cell cycled more than 30 times before the discharge capacity faded.
Although the NaVPO4F material shows high capacity, its cycling performance needs to be

enhanced.

Carbon coating is an effective approach to increase the electronic conductivity of the cathode
material, which can enhance the cycling performance. In this work, we prepared carbon-
coated NaVPO,F materials. NaVPO4F was synthesized through a high temperature solid-
state reaction method and carbon coating was introduced into the pure NaVPO4F material (5,
10, and 15%). The effects of carbon coating on this material were investigated by using X-
ray diffraction (XRD), scanning electron microscopy (SEM), galvanostatic charge/discharge

test, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).

68



5.2 Experimental

5.2.1 Chemicals

Ammonium dihydrogenphosphate (NHzH2PO4, 99.999%), o-D-glucose (CgH120s, 96%),
dimethyl carbonate ((CH30),CO, >99%), ethylene carbonate (C3H4O3, 98%), sodium (Na,
dry stick packed in nitrogen), sodium fluoride (NaF, 99.99%), sodium perchlorate (NaClOy,
98%), vanadium (V) oxide (V.0s, >99.6%) were purchased from Sigma-Aldrich Chemical

Company (USA). All materials were used as-received without further purification.

5.2.2 Sample Preparation

NaVPO,F and carbon-coated NaVPO4F were all prepared with a two-step solid-state carbon
thermal reduction (CTR) method proposed by Barker. [161] This method utilized VPO, as a
reaction intermediate precursor for the final product. The precise CTR reaction condition for
the synthesis of VPO, intermediate precursor was determined by a semi-empirical

thermodynamic requirement for the transition from V°* to V**. [139]

The first step was the preparation of VPO,. In this step, V,0s, NH4H,PO, and glucose
(CeH1206) were weighed with a molar ratio of 3:6:1 and were thoroughly ground and mixed
with agate mortar and pestle. The precursor was then calcinated in an atmosphere-controlled
furnace (Model 7TAM-C12, LUCIFER, Pennsylvania) under argon at 750 °C for 8 hours with
a heating rate of 5 °C/min. To ensure the complete vanadium reduction from V°* to V**, a 20%

mass excess of glucose was introduced over the stoichiometric ratio in this step. The
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mechanism of VPO, synthesis can be summarized as the following reaction:

3V,05 + 6NH4H,PO, + C¢H1206 = 6VPO,4 + 6NH3 + 15H,0 + 6CO (1)

The second step was to synthesize NaVPO4F with the as-prepared VPO, intermediate
precursor and NaF. VPO, and NaF were weighed with a molar ratio of 1:1 and were mixed
before heat-treatment. The mixture was calcinated under argon at 750 °C for 4 hours with a
heating rate of 5 °C/min and the final product NaVPO4F was synthesized. The mechanism of

the second stage reaction can be summarized as:

NaF + VPO, = NaVPOF  (2)

After these two steps of heat treatments, Na-ion battery cathode material NaVPO4F was
successfully synthesized and used as control sample in the following experiments. However,
after CHN elemental analysis, there actually existed 2.5% carbon in this sample mainly due
to the excessive amount of glucose in step one which was used to ensure the complete

reduction of V°*to V*".

To make carbon-coated samples with different carbon contents, additional glucose was
introduced to the mixture of VPO, and NaF during the second stage reaction. Three samples

with different carbon contents were prepared and the contents were determined to be 5%, 8%

and 12%, respectively.
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Figure 5.1 Synthesis process of NaVPO,F.

5.2.3 Structure Characterization

The morphology of NaVPO4F with various carbon contents (2.5, 5, 8, and 12%) were
evaluated by field emission scanning electron microscope (FESEM-JEOL 6400F SEM at
5 kV). The structural characterizations of VPO, and NaVPO,4F with various carbon contents

(2.5, 5, 8, and 12%) were carried out by X-ray diffraction (Rigaku Smartlab XRD, Cu Ka,
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2 =1.544 A) in a 20 range of 10-60°.

5.2.4 Electrochemical Evaluation

To evaluate to the electrochemical performance, CR2032-type coin cells were fabricated in
an argon-filled glove box. The cathode was prepared by mixing the active material (75 wt %)
with carbon black (15 wt %) and polyvinylidene fluoride (PVDF) (10 wt %) dissolved in N-
methylpyrrolidinone (NMP) solvent. The mixture slurry was then spread onto an aluminum
foil (as the current collector) and dried in vacuum oven at 120 °C for 24 hours. The
electrodes were punched out from the aluminum foil with a hole puncher of 0.5 inch in
diameter. Sodium foil, directly cut from the pure sodium dry stick, was used as the counter
electrode and the separator used in this work was Celgard 2400. The electrolyte was prepared
by dissolving 1 M NaClO, into the mixed solvent of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1 by volume). The assembled batteries were rested for 24 hours prior to

further testing.

Charge/discharge tests were performed between 2.5 and 4.2V versus Na*/Na at a rates of
0.1C (14.3 mA/g) at room temperature with a LAND battery-testing system. The specific
capacity values were all calculated based on the weight of the active material. Cyclic
voltammograms  (CVs) were measured using a Gamry reference 600
Potentiostat/Galvanostat/ZRA system at various scan rate (0.1, 0.2, 0.5, 1.0 mV/s) for
NaVPO,F/C with 2.5% carbon content and 0.1 mV/s for carbon-coated NaVPO,F material

with different carbon contents. Electrochemical impedance spectroscopy (EIS) data was
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obtained with a Gamry reference 600 Potentiostat/Galvanostat/ZRA system in a 10.0 mV AC

voltage signal with the frequency range of 1 MHz — 10 mHz.

5.3 Results and Discussion

5.3.1 Morphology and Structure Characterization of VPO, Intermediate Precursor

VPO, was first synthesized through the carbon thermal reduction (CTR) method. After the
heat-treatment, the VPO, powder was ground and analyzed by scanning electron microscopy
(SEM) and X-ray diffraction (XRD). Figure 5.2 shows the SEM images of VPO, produced
from the heat treatment of the precursor mixture. It can be seen that the size of primary
particles is about 200 - 300 nm. Large aggregations can be observed and the size of

secondary particles is tens of microns.

S um

Figure 5.2 SEM images of VPO, produced by heat-treating the mixture of V,Os,
NHsH,PO, and glucose at 750 °C under argon. The magnification of (a) and (b) are

5000X and 20000X, respectively.

73



Figure 5.3 shows the XRD pattern of the VPO, powder after the first heat treatment step. The
major phase of the powder is assigned to VPO, (JCPDS#34-1336). Extra peaks can also be
observed in addition to the main Bragg peaks (labeled with [h k I] values), which were

identified as the V(POs)s impurity (JCPDS#33-1442). It was reported that this impurity

mainly came from the incomplete reduction of V°* to V**. [139]
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Figure 5.3 X-ray diffraction pattern of VPO,4. The major impurities came from V(PO3);3

phase.
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5.3.2 Morphology and Structure Characterization of NaVPO,F/C

NaVPO,F was synthesized after the second heat treatment step. Carbon-coated samples were
prepared by adding different amount of glucose. SEM images of NaVPO,4F powders with 2.5,
5, 8, 12 % carbon coatings are given in Figure 5.4. The NaVPO4F powder with 2.5% carbon
content (Figure 5.4 b) shows the particle size of 1.5 — 2um. With the carbon coating content
increased to 5% (Figure 5.4 d), the average particle size also increases to 2 — 3um. With
further increasing carbon contents (Figure 5.4 f and h), the average particle sizes become

even larger with a wider distribution of particle sizes.
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Figure 5.4 SEM images of NaVPO4F/C with different carbon contents of 2.5% (a, b), 5%

(c, d), 8% (e, f) and 12% (g, h).
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To confirm the NaVPO4F phase, XRD analysis was conducted. The XRD patterns from 26
angle of 10 — 60 degrees for NaVPO4F with 2.5%, 5%, 8%, and 12% carbon coatings are
shown in Figure 5.5. In the XRD patterns, typical peaks at 20.0°, 23.7°, 28.7°, 32.0°, 35.6°,

etc. can be found for monoclinic NaVPO4F structure and no obvious impurity is observed.

[139][191]
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Figure 5.5 X-ray diffraction patterns of NaVPO4F/C composites with different carbon

contents: (a) 2.5 %; (b) 5 %; (c) 8 %; (d) 12 %.
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5.3.3 Cyclic Voltammetry of NaVPO,F/C

Figure 5.6 shows the cyclic voltammograms of NaVPO4F with 2.5% carbon at different scan
rates of 0.1, 0.2, 0.5 and 1.0 mV/s in the voltage range of 2.5 — 4.2 V. It can be seen that all
the four cyclic voltamograms share the similar shape and there appear two couples of peaks
in anodic sweep and cathodic sweep. For all four samples, the two pairs of redox current
peaks are at about 3.3 VV/ 3.5 V and 3.6 V/ 3.8 V, respectively. This suggests that the
intercalation and deintercalation of sodium ions in the NaVPO,4F cathode were carried out in
two steps. It can also be seen that as the scanning rate increases, the peak current values
increase. In addition, the potential separation between the two peaks increases, mainly due to

the slow kinetics.
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Figure 5.6 Cyclic Voltammograms of NaVPO,F/C with 2.5% carbon content at

different scan rates: (a) 0.1 mV/s; (b) 0.2 mV/s; (c) 0.5 mV/s; (d) 1.0 mV/s.

Cyclic voltammetry tests were also conducted at the same scanning rate (0.1 mV/s) for the
NaVPO4F/C powders with 5%, 8% and 12% carbon. From Figure 5.7, it can be seen that the
addition of carbon coating changes the shape of the CV curves. The NaVPO4F/C with 5%
carbon shows the most sharp peaks and the two redox couples are at around 3.2 VV/ 3.6 V and
3.6 V/ 3.8 V, respectively. Only one major redox couple (3.2 V/ 3.5 V) can be observed for
the 8% carbon-coated NaVPO,F. For the 12% carbon-coated NaVPO,F, two redox couples at

3.0V/ 3.5V and 3.6 V/ 3.8 V could be identified.
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Figure 5.7 Cyclic Voltammograms of NaVPO,F with different carbon contents: (a)

2.5 %:; (b) 5 %; (c) 8 %:; (d) 12 %.

5.3.4 Charge-discharge Curves of NaVPO,4F/C with different carbon contents

In order to evaluate the electrochemical performance of NaVPO,F/C cathode material and
study the influence of carbon contents, CR2032 coin-type cells were fabricated using Na foil
as the counter electrode and 1 M NaClO, in EC/DMC (1:1 by volume) as the electrolyte.

Figure 5.8 presents the cell voltage versus specific capacity curves for the 1%, 2" and 5"
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cycles of NaVPO4F/C different carbon contents between 2.5 V to 4.2 V. The cells were
galvanostatically charged and discharged repeatedly at a current density of 14.3 mA/g
(corresponds to 0.1 C) at room temperature. The NaVPO4F/C with 2.5% carbon exhibits the
lowest initial discharge capacity of 63.6 mAh/g and the capacity fades to 40.8 mAh/g after 20
cycles. From Figure 5.8 a, it is seen that there are two charge plateaus at 3.5 V and 3.8 V as
well as two discharge plateaus at 3.3 V and 3.6 V, which agree with the cyclic
voltammograms results (Figure 5.7). The NaVPO4F/C with 5% carbon can deliver an initial
capacity as high as 97.8 mAh/g and after 20 cycles, it still maintains 80 mAh/g. However,
with higher carbon contents of 8 and 12 %, the initial capacities decrease to 81 and 85 mAh/g,

respectively.
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Figure 5.8 Charge-discharge curves of NaVPO,F with different carbon contents: (a)

2.5 %:; (b) 5 %; (c) 8 %:; (d) 12 %.

5.3.5 Cycling Performance of NaVPO,F/C

Figure 5.9 illustrates the cycling performance for NaVPO4F with 2.5, 5, 8 and 12 % carbon
coatings. The capacity retention for the NaVPO4F/C with 2.5% carbon is 64%. The capacity
retention for the 12% carbon-coated NaVPO4F is even lower, which is only 56%. The 5%
and 8% carbon-coated NaVPO4F show much better capacity retentions of 81% and 89%,
respectively, after 20 cycles. Barker et.al prepared NaVPO,F material and achieved an initial

discharge capacity of 82 mAh/g, but this cathode material only sustained half of the initial
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capacity after 20 cycles. [161] The initial capacity and cyclic performance achieved for the 5%
and 8% carbon-coated NaVPO,F are better than the reported work, mainly because the
appropriate amount of carbon can increase the electronic conductivity and decrease the
impedance of the cathode material. The introduction of carbon can also restrain the growing
of the particles and ensure better distribution of particles, which altogether contribute to the
better utilization of all the active materials. Moreover, during the sodium intercalation and
deintercalation, the existence of proper amount of carbon can stabilize the structure of
NaVPO.F material and hence improve the capacity retention. However, too much carbon
will lower the specific capacity due to the electrochemical inactivity of carbon. Also, too
much carbon causes large particle size and lengthens the sodium diffusion pathway, which
makes it more difficult for sodium to insert and extract from the cathode material so that the
utilization of the cathode material inside the large particles will be insufficient. Combining
these factors, the NaVPO,F/C cathodes with 5% and 10% carbon contents show better

performances.
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Figure 5.9 Cycling performance of NaVPO4F with different carbon contents of 2.5%,

5%, 8% and 12%.

5.3.6 Electrochemical Impedance Spectroscopy of NaVPO4F/C

To demonstrate the role of carbon in NaVPO4F/C cathode, electrochemical impedance
spectroscopy (EIS) was performed. Figure 5.10 shows the Nyquist Plots collected in a 10.0
mV AC voltage signal with the frequency range of 1 MHz — 10 mHz. It is seen that both AC
impedance plots compose of a semi-circle indicating the high frequency component and a

sloping straight line representing the low frequency component. The semi-circle in the high
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frequency region is due to the interfacial resistance between the electrode and the electrolyte
while the sloping line corresponds with the diffusion of sodium ions in the electrode bulk,
namely the Warburg impedance. From Figure 5.11, it is seen that the semi-circle of the
NaVPO,F/C with 5% carbon content is much smaller than that of the sample with 2.5%
carbon, suggesting that the addition of carbon leads to the reduced electrochemical reaction

impedance.
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Figure 5.10 Nyquist Plots of NaVPO,4F/C with 2.5 % and 5 % carbon contents at the

discharge potential of 1st cycle.

The AC impedance results were also analyzed with Zsimpwin software. Figure 5.12
illustrates the equivalent circuit model for the NaVPO4F/C with 2.5% and 5 % carbon

contents. This equivalent circuit model describes the electrochemical reaction process
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between the two electrodes (anode and cathode) and the electrolyte system. In Figure 5.12,
Rs is the solution resistance; CPE represents the constant phase element; and Rcr is the
charge transfer resistance. The calculated and fitted results for the 2.5% and 5 % carbon-
coated NaVPO,F are listed in Table 5.1. It is seen that with the addition of carbon content,
the charge transfer resistance (Rct) decreases significantly. The Warburg impedance
admittance becomes larger, suggesting the Warburg impedance decreases. The reduced
charge transfer resistance and the Warburg impedance together result in decreased
electrochemical reaction impedance and easier process for sodium intercalation and
deintercalation; hence an enhanced electrochemical performance for the NaVPO4F/C with 5 %

carbon content than that of the NaVVPO4F/C with 2.5% carbon.

R, CPE

W | ©

Figure 5.11 Equivalent circuit model for NaVPO,F/C with 2.5% and 5% carbon

contents.

86


app:ds:admittance�

Table 5.1 AC impedance results for NaVPO,4F/C with 2.5% and 5 % carbon contents.

Re Re CPE,Yo | Free | Warburg,
Sample : (S- power, | Yo (S-
(ohm) | (ohm) sec”n) n sec”0.5)
NaVPO4F
W/2.5% C 4.527 299.5 |0.001612 | 0.8014 | 0.001158
NaVPOF | 2058 | 48.79 | 5.36E-04 | 0.8967 | 0.002251
w/5%C

5.4 Conclusions

Na-ion cathode materials NaVPO4F/C with monoclinic structure was synthesized by the two-
step solid-state reaction method and the effect of carbon contents on the structure,
morphology and electrochemical performance were investigated by XRD, SEM, CV, EIS and
charge-discharge tests. The cyclic voltammograms showed two couples of peaks in anodic
and cathodic sweeps, which agrees with the two voltage plateaus in the charge-discharge
curves. The charge-discharge tests also confirmed that high capacity with good capacity
retention could be achieved with appropriate amount of carbon. The highest initial discharge
capacity obtained was 97.8 mAh/g for the NaVPO4F/C with 5% carbon while the best
capacity retention achieved was 89% from the NaVPO4F/C with 8% carbon. EIS data also
proved that the addition of carbon could effectively decrease the impedance of the cathode
material. Results demonstrated that NaVPO4F/C with appropriate amount of carbon could

offer promising future for Na-ion battery cathode materials.
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Chapter 6 Fabrication of NaVPO4F/Carbon Composite Nanofibers
through Electrospinning and Heat Treatment and Their Application as

Cathode Materials for Na-lon Batteries

Abstract

Na-ion chemistry is promising alternative for Li-ion batteries. The key to develop better Na-
ion batteries is to synthesize cathode material with advanced electrochemical performance.
Na-ion cathode material NaVPO4F was synthesized by the two-step solid-state reaction
method and NaVPO,F/C composite nanofibers were fabricated through the combined
electrospinning and heat treatment method. The structure and morphology were investigated
by X-ray diffraction and scanning electron microscopy. Cyclic voltammetry and
galvanostatic charge-discharge test were conducted to evaluate the electrochemical
performance. The as-prepared NaVPO4F/C composite nanofibers showed significantly
improved cycling performance with an initial discharge capacity of 63.6 mAh/g and capacity
retention of 98% after 20 cycles. It is therefore demonstrated that NaVPO4F/C composite

nanofibers are a promising candidate cathode material for Na-ion batteries.

Keywords: Na-ion battery, NaVPO,F, cathode, carbon, nanofiber, capacity, capacity

retention.
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6.1 Introduction

Li-ion batteries have become important energy storage devices for portable electronic
equipments such as cell phones, laptop computers and hybrid electric vehicles as they can
provide higher energy density compare with other rechargeable systems. However,
commercialized Li-ion batteries are facing with some safety problems as well as high cost for
raw materials. Na-ion batteries are drawing more and more attentions due to their high safety
and low-cost. [125], [192] If rechargeable Na-ion batteries with good electrochemical
performance can be developed, they can replace Li-ion batteries in applications that focus on
low-cost energy storage rather than high energy density, such as large-scale electric grid

applications.

Many materials have been studied as Na-ion battery electrodes. Similar to the case for Li-ion
batteries, cathode performance is one of the limiting factors that influence the practical
application of Na-ion batteries. Efforts have been taken to develop better cathodes that could
match up with the anode materials. Sodium vanadium phosphates and fluorophosphates were
reported to have good reversible sodium insertion properties and hence become promising
cathode candidates for Na-ion batteries. [161] However, the pure NaVPO,4F material shows
low capacity with poor cyclic performance. In order to improve the electrochemical
performance of NaVPO,F, researchers doped this material with Cr, Fe, Al and other elements.

[138], [139] However, the capacity retentions of these doped materials were still low.
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In this work, NaVPO4F was synthesized through a high temperature two-step solid-state
reaction method, and was incorporated into a carbon nanofiber matrix to form a new
NaVPO4F/C composite nanofiber cathode material through electrospinning and subsequent
heat treatment. These NaVPO4F/C composite nanofibers can be directly used as binder-free
cathode in Na-ion batteries. Comparative studies of NaVPO,F powder and NaVPO4F/C
composite nanofibers were carried out by using X-ray diffraction (XRD), scanning electron

microscopy (SEM), galvanostatic charge/discharge test, and cyclic voltammetry (CV).

6.2 Experimental

6.2.1 Chemicals

Ammonium dihydrogenphosphate (NH4H2PO,4, 99.999%), a-D-glucose (CgHi12.06, 96%),
dimethyl carbonate ((CH30),CO, >99%), ethylene carbonate (C3H4O3, 98%), N,N-
dimethylformaamide (DMF), N-methylpyrrolidinone (NMP), sodium (Na, dry stick packed
in nitrogen), sodium fluoride (NaF, 99.99%), sodium perchlorate (NaClO,, 98%), vanadium
(V) oxide (V20s, >99.6%) were purchased from Sigma-Aldrich Chemical Company (USA).
Polyacrylonitrile (PAN, Mw = 150,000) was purchased from Pfaltz & Bauer Inc. All

materials were used as-received without further purification.

6.2.2 Sample Preparation

The NaVPO4F powder was prepared with a two-step solid-state carbon thermal reduction

(CTR) method. First, the VPO, intermediate precursor was synthesized through heat-
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treatment for the mixture of V,0s, NH4H,PO, and glucose (CgH1,06) in an atmosphere-
controlled furnace (Model 7TAM-C12, LUCIFER, Pennsylvania) under argon at 750 °C for 8
hours with a heating rate of 5 °C/min and then it was calcinated with NaF under argon at
750 °C for another 4 hours with a heating rate of 5 °C/min to get the final product of

NaVPO4F.

Electrospun NaVPO4F/C composite nanofibers were fabricated as the cathode material for
Na-ion batteries. The electrospinning solution consisted of PAN, as-synthesized NaVPO,F
powder and DMF solvent. In this work, 8% PAN solution was firstly prepared by dissolving
PAN into DMF solvent and mechanically stirring at room temperature for 24 hours.
NaVPO4F powder was then ground and added into the 8% PAN solution and stirred for 24
hours to make the final electrospinning solution, in which the weight ratio of NaVPO4F :
PAN was 2:1. A Gamma ES40P-20W/DAM power supply system was used to provide high
voltage (18 kV) during electrospinning. The needle-to-collector distance was set to be 15 cm
and the flow rate was 1 ml/h. The electrospun NaVPO,F/PAN nanofibers were collected onto
an aluminum foil. To form NaVPO4F/C nanofibers, the as-spun NaVPO.F/PAN nanofibers
were stabilized at 280 °C under air with a heating rate of 5 °C/min for 5 hours, followed by
further carbonization at 700 °C in argon atmosphere with a heating rate of 2 °C/min for 8

hours.

6.2.3 Structure Characterization and Electrochemical Evaluation

The morphology of NaVPO4F powder, NaVPO4F/PAN nanofibers and NaVPO4F/C
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nanofibers were examined by field emission scanning electron microscope (FESEM-JEOL
6400F SEM at 5 kV). For both NaVPO4F/PAN and NaVPO4F/C composite nanofibers, the
diameters of 100 randomly selected fibers were measured with Revolution 1.6.0 software.
The structural characterizations of NaVPO4F powder and NaVPO4F/C nanofibers were
carried out by X-ray diffraction (Rigaku Smartlab XRD, Cu Ko, 4 = 1.544 A) in a 20 range

of 10-60°.

To evaluate the electrochemical performance, CR2032-type coin cells were fabricated in an
argon-filled glove box. The NaVPO4F cathode was prepared by mixing the active material
(75 wt %) with carbon black (15 wt %) and polyvinylidene fluoride (PVDF) (10 wt %)
dissolved in NMP solvent, which was spread onto an aluminum foil (as the current collector).
After dried in vacuum oven at 120 °C for 24 hours, electrodes were punched out from the
aluminum foil with a hole puncher of 0.5 inch in diameter. For NaVPO4F/C composite
nanofiber cathodes, the fiber mats were punched directly into working electrodes in diameter
of 0.5 inch without adding any polymer binder or conductive additive. Sodium foil was used
as the counter electrode and the separator used was Celgard 2400. The electrolyte was 1 M
NaClO,4 in EC/DMC (1:1 in volume). The assembled batteries were rested for 24 hours prior

to further testing.

Charge/discharge tests were performed between 2.5 and 4.2V at a rate of 0.1C (14.3 mA/qg) at
room temperature with a LAND battery-testing system. The specific capacity values were
calculated based on the total weight of the electrodes. Cyclic voltammograms (CVs) were

measured using a Gamry reference 600 Potentiostat/Galvanostat/ZRA system at 0.1 mV/s for
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both NaVPO,F powder and NaVPO4F/C composite nanofibers.

6.3 Results and Discussion

6.3.1 Morphology of NaVPO,F/PAN and NaVPO,4F/C Composite Nanofibers

The electrochemical performance of Na-ion battery cathode material greatly depends on its
morphology and structure. Figure 6.1 shows SEM images of the NaVPO4F powder. It is seen
that the average particle size is 1.5 — 2 microns. SEM images of NaVPO,F/PAN and
NaVPO,F/C composite nanofibers are shown in Figure 6.2. It is seen that both
NaVPO4F/PAN and NaVPO4F/C composite nanofibers show long and fine fibrous
morphology. No large aggregations are observed. However, for both nanofibers, the bead-on-
string structure can be observed due to the presence of active NaVPO4F particles
encapsulated inside the nanofibers. Heat treatment has influence on the morphology of the
electrospun nanofibers. From Figure 6.2, it is seen that after heat treatment, more beads are

observed although the fiber structure is still maintained.

5) um

Figure 6.1 SEM images of NaVPO4F powders.
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Figure 6.2 SEM images of NaVPO,F/PAN composite nanofibers (a, b) and NaVPO,F/C

composite nanofibers (c, d).

The fiber diameter distributions are illustrated in Figure 6.3. Figure 6.3 demonstrates that
after the heat treatment, the nanofibers show decreased average fiber diameters due to the
removal of some species (such as CO;, NHs;, HCN, etc.) from the fibers. The average
diameters of the NaVPO4F/PAN and NaVPO,4F/C composite nanofibers are 375 and 214 nm,

respectively.
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Figure 6.3 Diameter distributions of NaVPO,F/PAN (a) and NaVPO,F/C composite

nanofibers.

6.3.2 Structure Characterization of NaVPO,F Powder and NaVPO,F/C Composite

Nanofibers

The XRD patterns of NaVPO4F powder and NaVPO4F/C composite nanofibers are shown in
Figure 6.4. It is seen that both NaVPO4F powder and NaVPO4F/C composite nanofibers
show major peaks at 20.0°, 23.7°, 28.7°, 32.0°, 35.6°, etc., which can be assigned to the
monoclinic NaVPO4F structure. [139][191] No obvious impurity is identified. In addition, no
carbon peaks can be observed mainly because the heat treatment temperature is low and the

carbon structure is largely amorphous.
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Figure 6.4 X-ray diffraction patterns of NaVPO,F powder and NaVPO4F/C composite

nanofibers.

6.3.3 Electrochemical Evaluation of NaVPO4F Powder and NaVPO,F/C Composite

Nanofibers

Cyclic voltammetry tests were conducted for NaVPO4F powder and NaVPO4F/C composite
nanofibers at a scan rate of 0.1 mV/s in the voltage range of 2.5 — 4.2 V and the results were
shown in Figure 6.5. The cyclic voltammogram for the NaVPO4F powder indicates there are

two couples of cathodic and anodic peaks at about 3.3 V/ 3.45 V and 3.6 V/ 3.8 V. For
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NaVPO4F/C composite nanofibers, there also appear two pairs of cathodic and anodic peaks
at about 3.26 VV/ 3.5 V and 3.9 V/ 4.0 V. The observed two couples of cathodic/anodic peaks
suggest that the intercalation and deintercalation of sodium ions in the NaVPO,F cathode

were carried out in two steps.

0.10

0.10 -
0.08 |-

0.06 0.05

0.04 |-

0.00
0.02

Current (mA)
Current (mA)

0.00 | -0.05

-0.02 -
-0.10 -

-0.04 1 I I 1 I I 1 1 I PR R RPN I S [ B B |
24 26 28 3.0 32 3.4 36 38 4.0 42 24 26 28 3.0 3.2 3.4 36 3.8 4.0 4.2

Cell Voltage (V) Cell Voltage (V)

Figure 6.5 Cyclic voltammograms of NaVPO,F powder (a) and NaVPO4F/C composite

nanofibers at a scan rate of 0.1 mV/s.

Comparative study was conducted to evaluate the charge-discharge behaviors for NaVPO4F
powder and NaVPO,F/C composite nanofibers. CR2032 coin-type cells were fabricated
using sodium foil as the counter electrode and 1 M NaClO, in EC/DMC (1:1 by volume) as
the electrolyte. Figure 6.6 presents the charge-discharge curves for NaVPO4F powder and
NaVPO,4F/C composite nanofibers with a current density of 14.3 mAh/g at room temperature.
The NaVPO4F powder exhibits initial discharge capacity of 63.6 mAh/g and the capacity
fades to 51.6 mAh/g at the 5™ cycles. Two charge plateaus at 3.5 V and 3.8 V and two

discharge plateaus at 3.3 V and 3.6 V can be clearly observed for the NaVPO,4F powder. The
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NaVPO,F/C composite nanofiber cathode also shows an initial discharge capacity of 63.6
mADh/g, however, at the 5t cycles the capacity maintains at 66.1 mAh/g. It is seen from
Figure 6.6 that there are two charge plateaus at 3.4 V and 4 V and two discharge plateaus at
3.35 V and 3.9 V. The charge and discharge plateaus of both samples correspond with their
redox peaks in cyclic voltammograms. From Figure 6.6, it is also seen that the polarization of
charge and discharge plateaus for NaVPO,F/C composite nanofibers is smaller than that of
NaVPO4F powder, indicating a better kinetics of the sodium ion intercalation and

deintercalation process.
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Figure 6.6 Charge-discharge curves of NaVPO4F powder (a) and NaVPO,F/C

Composite Nanofibers (b) at a charge rate of 0.1 C (14.3 mA/qg).

Figure 6.7 illustrates the cycling performance for the NaVPO4F powder and NaVPO4F/C
composite nanofibers at a current density of 14.3 mAh/g. It is seen that after 20 cycles, the
discharge capacity of the NaVPO4F powder decreases from 63.6 mAh/g to 40.8 mAh/g,

corresponding to a capacity retention of 64%. The NaVPO,F/C composite nanofibers show
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much higher capacity retention. The initial capacity and the capacity at the 20" cycle are 63.6
mAh/g and 62.1 mAh/g, respectively. The capacity retention is determined to be as high as
98%, which is a great improvement comparing with the NaVPO,4F powder. Barker prepared
NaVPO4F material and it was found the initial discharge capacity was around 80 mAh/g but

only half of the capacity could be maintained after 20 cycles. [137]

Compared with the literature results, the NaVPO,F/C composite nanofibers show
substantially enhanced electrochemical performance due to its unique structure and
morphology. The carbon nanofibers matrix can provide a conductive network to hold the
active material particles. [176-182] With this network structure, the electronic conductivity
of the cathode is significantly improved. Moreover, the nanoscale electrospun fibers possess
high surface-to volume ratio, which could accommodate large quantities of contact sites
between the electrode and electrolyte. The nanofiber structure could also restrict the growth
of the active particle size and provide a shortened sodium diffusion pathway, which
contribute to the better utilization of the cathode material. Therefore, combining the active
material powder with the carbon nanofiber matrix is an effective way to improve the overall

electrochemical performance of NaVPO.F based cathodes.
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Figure 6.7 Cycling performances of NaVPO,F and NaVPO,F/C Composite Nanofibers

at a current density of 14.3 mA/g (0.1C).

6.4 Conclusions

Na-ion cathode material NaVPO4F was synthesized by the two-step solid-state reaction
method and NaVPO,F/C composite nanofibers were fabricated through a combined
electrospinning and heat treatment approach. Their structure, morphology and
electrochemical performance were investigated by XRD, SEM, CV, EIS and charge-

discharge tests. XRD analysis revealed that the electrospinning and heat treatment process
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did not change the structure of NaVPO4F. SEM images indicated the formation of long and
uniform fiber morphology with active material particles encapsulated. The cyclic
voltammograms showed two couples of peaks in cathodic and anodic sweeps, which agrees
with the two voltage plateaus in the charge-discharge curves. The charge-discharge tests
showed NaVPO4F/C composite nanofibers delivered an initial discharge capacity (63.6
mANh/g) and excellent capacity retention of 98% after 20 cycles. It is therefore demonstrated
that combining NaVPO4F with carbon nanofibers can lead to a promising cathode material

candidate for Na-ion batteries.
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Chapter 7 Summary

Among various type of batteries, Li-ion batteries are of great interest due to their high energy
and power density, appropriate operating potential, good rate capability, no memory effect,
etc. Cathode is one of the key factors that limit the overall performance of Li-ion batteries.
Traditional cathode materials suffer from the drawbacks including low specific capacity, high
cost, toxicity, structural instability, etc. Electrospinning is a novel processing technology to
prepare nanofiber-based electrode with good overall performance and low cost. Therefore,
LiF/Fe/C composite nanofiber cathode was prepared from the electrospinning and heat
treatment of LiF/ferrocene/PAN precursor solutions. The LiF/Fe/C composite nanofibers
showed network structure with active material particles either encapsulated or connected by
the carbon nanofiber matrix. The charge-discharge tests and cycling behavior suggested that
LiF/Fe/C composite nanofibers possessed good electrochemical performance of high
capacity (484.8 mAh/g for the initial cycle) with good capacity retention (89% after 50

cycles).

Although Li-ion battery technology is quite mature, concerns still exist for its poor safety and
high cost. Based on the low cost of sodium compounds and the similar chemical property of
sodium and lithium, Na-ion batteries were proposed. Because sodium has larger atomic
radius and atomic weight than lithium, the energy density of Na-ion batteries is lower than
their Li-ion counterparts. However, Na-ion batteries could replace Li-ion batteries in
applications that focus on low cost energy storage rather than high energy density such as

large-scale electric grid applications. Similar to the case of Li-ion batteries, cathode
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performance is also important to develop practical Na-ion batteries. Therefore, Na-ion
battery cathode material NaVPO4F with different carbon contents were prepared through
high temperature solid-state reaction method. The highest capacity achieved for this material
was 97.8 mAh/g and the best capacity retention was 89% at the 20" cycle. It was confirmed
that appropriate amount of carbon coating could effectively improve the electrochemical

performance of NaVPO,F.

In addition to carbon coating method, NaVPO4F/C composite nanofibers were also prepared
through the combined electrospinning and heat treatment approach. Compared with the
NaVPO4F powder, the as-prepared NaVPO4F/C composite nanofibers showed significantly
improved cycling performance with an initial discharge capacity of 63.6 mAh/g and capacity

retention of 98% after 20 cycles.

Based on the available data, it can be concluded that the LiF/Fe/C composite nanofibers are a
promising candidate for Li-ion battery cathode materials. Carbon-coated NaVPO.F and
NaVPO,4F/C composite nanofibers could offer promising future for Na-ion battery cathode

materials.
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Chapter 8 Future Work

The recommended future work can include but not limited to:

(1) Continue the work of NaVPO,4F/C composite nanofiber cathode by varying the weight
ratios of NaVPO4F and PAN in the precursor solutions and find an optimized ratio by
comparing the structure, morphology and electrochemical performance;

(2) Doping method is widely used in the modification of cathode materials. Work can be
done to dope NaVPO,F with Fe, Al, Cr, etc. and then add them into PAN solution. By
combined electrospinning and heat treatment method, doped NaVPO4F/C composite
nanofiber cathodes combining the advantages of both doping and carbon nanofiber
matrix could be achieved. The structure, morphology and electrochemical performance
will be evaluated.

(3) Vanadium oxide (V.0s) has high theoretical capacity and is a promising cathode
candidate for both Li-ion and Na-ion batteries. Future work will be done to fabricate
V,0s5 nanofiber cathode through the electrospinning and heat treatment of V,0s precursor

in PVP or PVA solution.
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