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Chapter 1

Preface
Lithium-ion batteries (LIBs) are rechargeable energy devices, which are in widespread use
as electric power supplies for portable electric devices and power tools, because of their high
volumetric energy density and high cycleability. In addition, LIBs are expected to be the
alternative electric power supplies for conventional nickel-hydride batteries used in hybrid
electric vehicles (HEVs) and pure electric vehicles (EVs). The newly released HEVs of BYD
Inc. (China) at the end of 2009 are announced to be equipped with the LIBs, and various
automakers are reported to release the LIB-equipped HEVs from 2010. Many investors expect
that the value of the LIB market is going to grow to 2 trillion yen in 2020, which is 4 times
higher than that of 2009 (50 billion yen). In actuality, however, the energy density and power
capability is still insufficient to meet the demands of customer electronics, and more
importantly, electronic automotive applications.
The main reason of these limitations is the active electrode materials in LIBs, namely anode
and cathode materials. For example, graphite is the most widely used anode material in
commercial LIBs. However, it cannot meet the requirements for high capacity LIBs because its
theoretical value is only 372 mAh g-1, which has already been nearly reached. On one hand,
commercial cells utilize the layer-structured LiCoO2 as a positive electrode, but the high cost
and toxicity of cobalt prohibit its use in large-scale. One of the cobalt-alternative materials for
high rate use is the spinel-type LiMn2O4. There are several reports on those materials for
high-rate usage, however, the reported discharged performance are limited within 50 - 150C,
which is not sufficient for the required power capability in automotive applications.
In my doctor’s thesis, tin dioxide (SnO2) was selected as an anode material with its
theoretical energy density of 1494 mAh g-1 which is close to the quadruple of the graphite, and
polyanion (phosphate) types such as lithium manganese iron phosphate (LiFexMnyPO4; x + y =
1) and lithium vanadium phosphate (Li3V2(PO4)3) were selected as a cathode material because
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of their safe nature and electrochemical stability. These three materials have been regarded as a
promising electrode material for LIB use. Unfortunately, none of them have so far fulfilled their
full potential due to several drawbacks such as poor cycleability, low ionic conductivity and low
electric conductivity.
To overcome such obstacles, three strategies were chosen; i) nanosizing of particle size of
the active materials (SnO2, LiFeMnPO4, and Li3V2(PO4)3) in order to reduce the stress of
particle volume change during charge-discharge and to reduce the ionic and electric path length
of the particles, ii) doping of other metal ion such as Mg a in order to enhance the ionic and
electic conductivity of the compounds itself, and iii) nanocompositing of these nano-sized
particles with nanocarbon such as carbon blacks (Ketjen Black (KB))and carbon nanotubes
(supergrowth carbon nanotube (SGCNT) and carbon nanofiber (CNF)) which are highly electric
conductive and possesses high specific surface area (> 200 m2 g-1) in order to assure fast electric
conduction from metal current collectors (Al and Cu) and stabilize the interface of nanoparticles
by accommodating of the particles within their hollow structure or interstices. These three
strategies were simultaneously achieved by using the ultracentrifugation (UC) treatment, which
is an original technique from our laboratory, using ultracentrifugation force of 75,000G.
In this thesis, one can see the data of SnO2/KB, LiMn0.792Fe0.198Mg0.010PO4/SGCNT, and
Li3V2(PO4)3/CNF, which not only overcame their drawbacks, but also overwhelmed the so-far
reported publications by years of 2014. In addition, detailed mechanism characterization was
devoted in the manuscript in order to explain the reasons of excellent electrochemical
performances for the UC-treated nanocompounds.
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1.1. General introduction and lithium ion battery
Energy storage devices are some of the most promising and important environmental
technologies that are highly influential in advancing our civilization's abilities and standard of
living.1 Among these energy storage devices, lithium-ion battery is currently the widest and
most promising electrochemical energy storage device for many important applications, such as
portable electronic consumer devices, electro vehicles (EVs), and a smart-grid. The common
concept of present lithium ion batteries, at the cathode side, on transition metals oxides or
phosphates active materials (LiCoO2,2 LiMn2O4,3 LiCo1/3Mn1/3Ni1/3O2,4 and LiFePO45), while
graphite6 or Li4Ti5O127 is commonly used as anode active material. Cathode and anode are
separated by a membrane made of polypropylene/polyethylene8 filled with electrolyte which
contains lithium salt (LiPF6,9 LiBF4,10 and LiTFSI11) in alkyl organic carbonate12 (EC, DEC,
DMC, PC) at different ratio. The separator prevents the electrical contact between both
electrodes and, at the same time, it allows the diffusion of lithium ion from cathode to anode
during the charging and the reverse discharging process. Fig. 1-1 illustrates the basic lithium ion
battery system that leads the current battery market, and serves as the starting point for
following doctoral thesis. For example, the chemical reactions occurring in typical lithium ion
battery based on LiCoO2 cathode and graphite anode are as follows;

Anode : Graphite
C + xLi+ + xe-

↔

LixC6

Cathode material : LiCoO2
LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe(0≤x≤1)

Figure 1-1. Schematic representation of lithium intercalation/deintercalation mechanism for current
rechargeable lithium ion battery based on graphite anode and LiCoO2 cathode.
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1.2. Next generation high performance lithium ion battery
High performance lithium ion batteries are now a direct requirement in the change to
renewable and sustainable energy applications such as vehicles, power tools, and UPS. In order
to replace the conventional gasoline powered vehicles with the EVs, however, there have
therefore been growing needs to build lithium ion batteries both with high energy densities and
high power densities. The optimization of both electrode of anode and cathode material is
effective in improving power densities without sacrificing their high energy densities. As
described in the previous section, the commercially used lithium ion batteries include graphite
anode and cathodes from the following list: LiCoO2, LiMn2O4, and LiFePO4. Active materials,
in order to be considered suitable candidates (Si metal, Sn metal, SnO2, MoS2 as anode material,
LiMnPO4, Li3V2(PO4)3, Li2FeSiO4, Li2MnSiO4 as cathode material as shown Fig. 1-2) for next
generation lithium ion batteries, should fulfill the requirements of reversible capacity, good
lithium ion and electrical conductivity, long term cycleability, high rate capability, low cost, and
low environmental impact. Many efforts have been done in the investigation of both electrodes
for high energy density and high power density. However, these candidates have not been able
to be more than conventional electrode materials because of intrinsic low electrical conductivity,
lithium ion conductivity, volume expansion leading to low cycleability, and safety. As the
solution for these problems, nano-size and tailored morphology represent the key feature
capable of leading these innovative materials from being theoretically relevant to an effective
technological breakthrough. The expected advantages from using nanotechnology in LIBs can
be listed13
i)

Realization of active materials with high surface to volume ratio, therefore
intensification of the presence of active sites for lithium storage. This would result in a
considerable in- crease of the specific capacity. Furthermore, the high surface area
would imply a high contact area with the electrolyte, hence leading to high lithium-ion
flux across the electrode/ electrolyte interface.

ii)

Considering that some of the electrochemical reactions are hard to be triggered in bulk
materials, shifting the anode research to the nanoscale would result in removing these
limitations.

iii)

Improved lithium diffusion due to the reduction of its path length, hence batteries with
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enhanced power capability.
iv)

Higher electron transfer rates.

Figure 1-2. Schematic illustration of active anode/cathode candidate for the next generation lithium ion
batteries. Potential vs. Li/Li+ and the corresponding capacity density are shown.

In addition, it is important to mention that safety considerations are not less important than
performance, since an accident with an EV due to battery failure may take the field many years
backwards. High energy density means high safety risks, and it is the responsibility of the
scientists who lead the research and developments efforts in these field not to allow the
commercialization of new lithium ion battery systems before it is clear that they meet all the
safety requirements.13

1.2.1. Conventional anode materials of graphite and the other carbon materials
Owing to lightest weight and lowest redox potential, lithium metal is the most desirable
anode material to obtain the high energy density. However, it is difficult to use as actual anode
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material for lithium ion secondary battery in point of safety and durability. Whereby, many
efforts have focused on investigation to fabricate the host materials which are able to possess
the lithium into itself. Among them, graphite, because of its ability to intercalate both rapidly
and reversibly one lithium per six carbons (leading to a capacity of 372 mAh g-1) at a potential <
0.5 V vs. Li/Li+, is presently used as the anode material in commercial lithium ion batteries.6
However, graphite also has a intrinsic problems such as volumetric and gravimetric capacity,
first irreversible capacity, super high rate capability, and safety. In an effort to get through the
further improvement of anode material, many researchers have generated a lot of candidates
which are contained the other carbon material such as hard carbon, lithium titanate oxide, an
alloying type such as silicon and tin metal, conversion type anode material, and so on.
A general feature of intercalation into graphite is the stepwise formation of a periodic array
of unoccupied layer gaps at low concentrations of guest species, called stage formation. This
stepwise process can be described by the stage index, which is equal to the number of graphene
layers between two nearest guest layers.

1.2.2. Alloying and conversion type anode material to improve the energy density
The current choice of anode materials for lithium-ion batteries is graphite due to its long
cycle life, abundant material supply and relatively low cost. However, Although graphite
remains the most widely used anode material in commercial LIBs, it cannot meet the
requirements for high-capacity LIBs, because its theoretical value is only 372 mAh g-1, which
has already nearly been reached. Thus, alternative high-capacity anode materials are required
and have been vigorously investigated. For example, metal oxides such as Mn3O4,14 Fe2O3,15
Fe3O4,16 CoO,17 Co3O4,18 NiO,19 CuO,20 ZnO,21 MoO3,22 SnO2,23 and SiO2,24 which act as anode
materials undergoing conversion reactions, have attracted intense interest because of their high
theoretical capacities (700-1500 mAh g-1), regardless of some issues such as inappropriate
voltage range (from 0 to 2~4 V vs. Li/Li+ ) and initial irreversible capacity for practical
application of LIBs.

1.2.3. Conventional cathode materials for lithium ion battery
Existing cathodes, namely LiCoO2 and LiMn2O4 have now been in widespread use for many
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years despite displaying relatively limited electrochemical performance. As the cathode material
for lithium ion secondary battery, required properties are high energy density ( = high reversible
capacity × high redox potential), improvement for cycleability, enhancement of rate capability,
high safety, environmental suitability, and so on. Among them, high reversible capacity relates
with the number of the lithium ion sites in the crystal, and high redox potential lilies on
electronic state of crystal. In order to improve the rate capability, it is necessary to possess the
lithium ion path within crystal structure, and high crystal stability is important factor for long
term cycleability too. All things such as lithium ion sites and path considered, the available
cathode materials are limited to three types; layered type (LiCoO2, LiNiO2,25 and so on), spinel
type (LiMn2O4, LiNi0.5Mn1.5O426), poly-anion type (LiFePO4,5 LiMnPO4,27 Li3V2(PO4)3,28
Li2FeSiO4,29 LiVPO4F,30 and so on).

1.2.4. Cathode material for high power lithium ion battery system
As for application of high energy and power Lithium ion batteries, there are many
candidates of cathode material. For example, the coating of LiCoO2 nanoparticles with CuO
have demonstrated significant improvement in performance owing to the advantages associated
with nanoscale cathode materials and the structural stability induced by coatings as discussed
earlier. One example is the coating of LiCoO2 nanoparticles with thin CuO coating.31 For
another example, Kim et. al. fabricated ultra-thin LiMn2O4 nanowires through solid state
reactions at relatively lower temperatures. Even at cycling rates as high as 150C, these ultra-thin
spinel LiMn2O4 nanowires provided capacities of 78 mAh g-1 with excellent stability over 100
cycles.32 However, these types of cathode materials has potential problems about inherent
stability by overheating, which is derived from the possibility of the oxygen loss. In this point of
view, the polyanion group was paid much attention because of its high inherent stability as it
can "delay or minimize the oxygen loss happening in traditional layer and spinel oxides".
Among the poly anion type cathode materials, in particular, the phosphate groups provides high
voltage electrode material attributed to the inductive effect PO4 moiety, with these qualities
exemplified by LiFePO4, LiMnPO4, and Li3V2(PO4)3.[ref] LiFePO4 has established its position
as one of the most promising cathode materials for high power density lithium ion batteries, and
it has been commercialized with near theoretical capacity and remarkable cycle performance,
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achieving through reducing the particle size, control structure, carbon coating, and carbon
composite.

1.3. Objectives
In this thesis, I have been attempted to design and create high-rate and electrochemically
stable electrode materials by nano-structuring of energy storage materials, such as SnO2,
LiMn0.8Fe0.2PO4 and Li3V2(PO4)3. In chapter 2, in order to obtain the high reversible SnO2 nano
particle, I prepared a novel UC-treated SnO2/KB composite that readily transforms into a
blended amorphous structure composed of LixSnO1.45 (x = 0-7.3). In chapter 3 and 4, as a higher
power density, composites of nano-crystalline LiMn0.792Fe0.198Mg0.010PO4 and Li3V2(PO4)3 with
carbon material such as single/multi-walled carbon nano tubes (S/MWCNT) were prepared by
UC method and subsequent flash annealing.
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2.1. Introduction
Lithium-ion batteries (LIBs) are the most widely used type of rechargeable electrochemical
energy storage device because of their high volumetric energy density and excellent service life.
However, their energy and power capabilities are still insufficient to meet the demands of
consumer electronics and, more importantly, electronic automotive applications.1 Although
graphite remains the most widely used anode material in commercial LIBs, it cannot meet the
requirements for high-capacity LIBs, because its theoretical value is only 372 mAh g-1, which
has already nearly been reached.2 Thus, alternative high-capacity anode materials are required
and have been vigorously investigated. For example, metal oxides such as V2O3,3 MnO,4
Mn3O4,5 Fe2O3,6 Fe3O4,7 CoO,8 Co3O4,9 NiO,10 CuO,11 ZnO,12 MoO3,13 SnO2,14 and SiO2,15 which
act as anode materials undergoing conversion reactions, have attracted intense interest because
of their high theoretical capacities (700-1500 mAh g-1), regardless of some issues such as
inappropriate voltage range (from 0 to 2~4 V vs. Li/Li+ ) and initial irreversible capacity for
practical application of LIBs. SnO2 is the one of the most well-characterized systems among
those conversion anodes because of its high theoretical capacity of 1494 mAh g-1 (quadruple of
the theoretical capacity of graphite) delivered in a relatively lower operation voltage range of
0-2 V.16 Furthermore, SnO2 is inexpensive, exhibits low toxicity, and is environmentally
benign.17
It is generally understood that SnO2 undergoes two types of redox reactions in which 8.4
electrons and Li+ are theoretically exchanged in total.18 First, the conversion reaction (SnO2 +
4Li+ + 4e-

Sn + Li2O) occurs at 1.54 V vs. Li/Li+ during the lithiation process. This

conversion reaction was considered as completely irreversible until early beginning of 200019-21,
while some of recent reports suggest that it is partially reversible22,23. The subsequent alloying
process (Sn + 4.4Li+ + 4.4e-

Li4.4Sn) occurs over a wider voltage range of 0.3-0.7 V and is

recognized to be more reversible.24 One serious problem with the alloying reaction is the drastic
volumetric expansion (max. 359%) occurring during the complete alloying from Sn(0) to the
fully lithiated state of Li4.4Sn.18 Such a large volume expansion19,24,25 induces surface cracking
and damage to the whole electrode, including both the tin (SnO2) and the carbon conductive
agents (e.g., acetylene black). This may cause a loss of electrical contact between SnO2 and the
carbon network as well as between the electrode and the current collector. Another issue is the
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pulverization associated with the large volumetric increase up to, typically, 100 cycles.26-28
Winter et. al.19 clearly demonstrated such cracking by performing careful SEM observations
during the alloying process. Two important approaches have been proposed to overcome these
pulverization problems. One is to use nanosized SnO2 to reduce the absolute volume changes of
the reactive phases, and the other is to design a stabilized multiphase composition29 or
microstructure in which nanoscale SnO2 is finely dispersed in a well-accommodated
neighboring matrix that allows smooth lithiation. Several major attempts have been made to
improve the cycling performance of SnO2 up to around 200 cycles.30 Among these approaches,
“nanocompounding,” in which “nanofabrication” of the SnO2 and “nanocompositing” with
carbon material are achieved simultaneously, has been particularly promising. The
nanofabricated SnO2 can be prepared using either sol-gel or hydrothermal methods with
Sn(II)Cl231 or Sn(VI)Cl432 as the starting material. Furthermore, various organic compounds such
as glucose,33 phenol formaldehyde,34 ethylene glycol,35 and sucrose36 have been examined as
carbon sources for multifunctional nanocompositing agents. Carbon nanotubes37,38 and graphene
oxide39,40 have also been examined as a more effective carbon matrix. Nanocompounding
normally yields SnO2 particles (5 to 10 nm) smaller than those in commercially available
reagent-grade SnO2 (primary particle size = 100 nm; Aldrich). This nanocompounding certainly
prolonged the cycle lifetimes, somewhat, to around 200 cycles, but a long cycling life over 200
cycles had not been achieved. The factors contributing to such short cycle lifetimes are
considered to be (1) aggregation of the SnO2 nanoparticles over 200 cycles and (2) possible
decomposition of the electrolytes catalyzed by the reduced Sn(0) nanoparticles. Recently, there
are two reports on the SnO2/graphene composites, which show a high reversible capacity of
800-1350 mAh g-1 over 500-1,000 cycles.41,42 Such a long cycle life was achieved owing to the
encapsulation of SnO2 nanoparticles (4-5 nm prepared via. hydrothermal method) by graphene
2D layers, which limits aggregation of tin nanoparticles generated during lithiation.
In our case, in order to further prolong the cycle lifetimes of SnO2, a complete encapsulation of
the single nanoscale SnO2 crystals within hollow-structured carbon black (Ketjen Black; KB)
was achieved by a unique in-situ materials processing technique under ultracentrifugation
(75,000G) called UC treatment.43,44 KB is a type of carbon black, possesses hollow sphere
structure, and consists of disordered microcrystalline graphitic carbons.45,46 Using this UC
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treatment, nanosized (ca. 2 nm) hydrous RuO2/KB composite was successfully prepared.43 The
UC treatment drives an in-situ sol-gel reaction generating nanosized (< 5 nm) SnO2 particles
that are hyperdispersed and confined within the KB matrix. In the present study, I chose SnO2 as
a model material to dealt with the conversion essentials. I will describe the optimally dispersed
and encapsulated nanophase crystalline SnO2 (nc-SnO2)/carbon composite exhibiting a highly
reversible capacity of 837 mAh g-1 up to > 1,200 cycles. Detailed evaluation of the structural
features and electrochemical properties of the UC-treated nc-SnO2/KB was also performed to
propose a new mechanism that renders the conversion reaction highly reversible for prolonged
cycle lifetimes.

2.2. Experimental
2.2.1. Materials
I first used Sn(II)Cl2·2H2O (Kanto Chemical Inc.) as a source of SnO2 and a
hollow-structured Ketjen Black (KB; EC600JD, Ketjen Black International Company) with 50
nm primary particles with a specific surface area (SSA) of 1270 m2 g-1 as a carbon matrix to
entangle with the growing nanoscale SnO2. 6 M HCl aq. (Wako Pure Chemicals) was added to
the starting solution to enhance the dissolution of Sn(II)Cl2·2H2O prior to the UC treatment, and
1 M NaOH aq. (Wako Pure Chemicals) was used to drive sol-gel process via hydration and
polycondensation. Distilled water (17 MΩ cm) was used as a medium for the entire preparation
scheme.

2.2.2. Preparation of nc-SnO2/KB Composite under UC Treatment
In-situ synthesis of the nc-SnO2 and its simultaneous nanohybridization with
hollow-structured carbon black was carried out by performing UC treatment.43,44 A transparent
starting solution was obtained after SnCl2·2H2O and 1 mL of 6 M HCl aq. was mixed in 33 mL
of distilled water. Various amounts of KB were then mixed in the solution under 5 min of
ultrasonication to obtain a uniform premixture. The first UC process was carried out on this
premixture for 5 min to obtain the perfect dispersion of Sn2+ and KB. In this process, the Sn2+
can attach uniformly on the surface of the disaggregated primary particles of KB. After the
addition of 17 mL of 1 M NaOH aq., the second UC treatment was performed for 2 min under
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hyperagitation at 75,000G. The second UC process induces the hydrolysis reaction in a
controlled manner to achieve in-situ nucleation of the SnO2 polynuclear precursors on KB. With
this two-step UC process, the obtained particle size is well-controlled and is even smaller than
the mean sizes reported previously.43 The resultant solution with a dark precipitate consisting of
precursor composites was filtered, washed with distilled water several times, and then dried at
180°C in vacuo for 12 h.

2.2.3. Physicochemical Characterizations of the nc-SnO2/KB Composite
The detailed nanostructure of the composites was characterized by high-resolution transmission
electron microscopy (HRTEM, Hitachi H9500 model) to evaluate the particle size distribution
of the nc-SnO2 and the disordered structure of the microcrystalline graphite of KB. X-ray
diffraction (XRD, Rigaku SmartLab) measurements were performed to characterize the
crystalline structure of the nc-SnO2/KB in the composite. In order to characterize the
stoichiometry of the composites, thermal analysis was performed under a synthetic air
atmosphere (O2 : 20%, N2 : 80%) using a thermogravimetry differential thermal analyzer
(TG/DTE, Seiko Instruments TG/DTA6300).

2.2.4. Electrochemical and Battery Characterizations of nc-SnO2/KB Composite.
The half-cell was assembled with a Li metal electrode and a nc-SnO2/KB electrode using a
2032 coin-type cell. The electrolyte was a mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC) containing 1 M lithium hexafluorophosphate (LiPF6) as an electrolyte salt. The
nc-SnO2/KB electrode was prepared by mixing the composite (85% by mass), acetylene black
(AB, Denka Acetylene Black HS-100, provided from DENKI KAGAKU KOGYO K.K
(DENKA); 5%), and polyvinylidene difluoride (PVdF; 10%) in N-methyl pyrrolidone (NMP).
The mixture was coated on Cu foil (current collector) and dried at 150°C in vacuo for 3 h. The
thickness of the nc-SnO2/KB electrode was controlled to ca. 20 µm. The average loading mass
of active material was ca. 0.5 mg cm-2. Charge-discharge tests were performed in
CC-CV(lithiation) and CC (delithiation) mode between 0.0 and 2.0 V at a current density of 0.2
C-rate assuming 1C-rate is 1494 mAh g-1.
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2.2.5. In-Situ XAFS Measurement
In-situ X-ray adsorption fine structure (XAFS) measurements at the Sn K-edges were
performed in a fluorescence mode on the composite samples at the beam line BL14B247 of the
synchrotron radiation facility Spring-8 (Hyogo, JAPAN). The fluorescence signals were
collected by a 19-element solid-state detector. Using this SnO2/KB composite electrode,
laminate-type two-electrode cells were assembled with lithium metal foil. Charge-discharge
tests were performed on the assembled laminate cell in the voltage range of 0-2.0 V during the
1st and 10th cycles at a rate of 0.2C. The XAFS spectra were recorded at an equilibrium state
following a rest period of 20 min at each voltage. The obtained XAFS spectra were analyzed
with the spectral fitting software REX2000 (Rigaku Corp.) to evaluate the ratio of Sn species
with different valance states such as Sn0 (Sn metal), Sn4+ (SnO2), Sn4.4- (Li4.4Sn).

2.3. Results and discussion
2.3.1 Crystallographic characterization
I varied the Sn dosing ratio from 30 wt% to 90 wt% in an attempt to synthesize SnO2/KB
nanocomposites with the maximum SnO2 contents. The crystalline structure of the obtained
SnO2/KB composite was confirmed by XRD analysis. A dosing ratio of over 90 wt% gave
strong and sharp XRD signals for SnO along with broad peaks attributed to rutile SnO2. For
SnO2 dosing ratios from 30 wt% to 80 wt%, only the rutile SnO2 was formed. Fig. 2-1a shows
the XRD patterns of three SnO2/KB composites with SnO2 dosing ratios of 80 wt% (Fig.
2-1a(A)), 70 wt% (Fig. 2-1a(B)), and 50 wt% (Fig. 2-1a(C)). As mentioned above, the major
phase was rutile SnO2 overlaid by broad peaks of KB. I found that dosages of 50 wt%-80 wt%
gave reasonable SnO2/KB composites after our UC treatment. When the dosing ratio was
increased from 50 wt% (Fig. 2-1a(C)) to 80 wt% (Fig. 2-1a(A)), all the XRD peaks became
slightly sharper, indicating either a slight increase in the SnO2 crystal size or an increase in
crystallinity. The three broad peaks for the (110), (101), and (211) planes are in good agreement
with the reported XRD results for hydrothermally synthesized SnO2 (5-6 nm).48,49 Assuming that
the half-bandwidth of the XRD peaks depend on the crystal size, the crystallite sizes were
calculated by adopting the Scherrer formula for the three planes. The calculated diameters of the
SnO2 crystallites are 2-4 nm, 3-4 nm, and 4-5 nm for the composite samples in Fig. 2-1a(C) (50
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wt% SnO2), 2-1a(B) (70 wt%), and 2-1a(A) (80 wt%), respectively. The sizes calculated in the
three different directions were the same for all composites. This suggests that the obtained
single nanocrystals of SnO2 have spherical shapes. The proportionality of the calculated size to
the SnO2 dosing ratio (50 wt%, 70 wt%, and 80 wt%) reflects the effect of the amount of KB on
the size-control of the SnO2 particles. For dosing ratios below 50 wt%, the particle size was the
same as for the dosage of 50 wt%, indicating the limit of the size-control effect of KB on SnO2
particles.

2.3.2. Thermal characterization
Thermogravimetric analysis (TGA) was performed on SnO2/KB composites under an air
atmosphere in order to estimate the ratio of SnO2 and KB from the residual SnO2 weight after
oxidative decomposition of KB. Fig. 2-1b shows TGA curves for three SnO2/KB samples with
different dosing ratios, viz., 80/20 (Fig. 2-1b(A)), 70/30 (Fig. 2-1b(B)), and 50/50 (Fig. 2-1b(C)),
and the pure KB (UC-treated KB, denoted as UC-KB, Fig. 2-1b(D)) as a reference. All TGA
curves except that for the reference KB indicate two stages of weight loss. The initial weight
loss in the temperature range of 25-200°C can be attributed to a small quantity of water and
gases absorbed from the ambient. Next, the decomposition of the surface functional groups on
the KB (such as lactone and carboxyl)50 is observed at 200-400°C. The amount of oxidative
decomposition of the KB can be estimated by subtracting the weight at 800°C from that at
200°C. The resulting SnO2/KB ratios in the composites are found to be 75/25 (Fig. 2-1b(A)),
63/37 (Fig. 2-1b(B)), and 45/55(Fig. 2-1b(C)), respectively. These values are slightly lower than
the respective dosing ratios. However, it is noteworthy that there are large differences in the
decomposition temperature: the SnO2-containing KB (Fig. 2-1b(A), (B), (C)) combusted at
430°C, which is 170°C lower than the UC-KB decomposition temperature (600°C). Gao et. al.
discovered a similar shift of the combustion temperature by about 100°C (decrease from 653 to
551°C) when the pristine CNTs and TiO2-grafted (5-10 nm particles) CNTs were combusted.51
Other reports49,52 have also described the same catalytic effect, which is consistent with our
results.
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Figure 2-1. (a) XRD patterns obtained for UC-treated nc-SnO2/KB composites with various dosing ratios:
(A) SnO2/KB = 80/20 by mass (75/25, calculated from results of TGA shown in (b)), (B) SnO2/KB =
70/30 (63/37), and (C) SnO2/KB = 50/50 (45/55). Patterns for (D) UC-treated KB (UC-KB) and (E)
pristine KB (UC-untreated) are shown for reference. All three SnO2/KB composites have three broad
peaks at 2θ = 27°, 34°, and 52°, corresponding to the (110), (101), and (211) planes for the tetragonal
rutile structure (space group P42/mnm) of SnO2 (blue: JCPDS No. 41-1445). The XRD patterns for the
UC-KB and pristine KB have identical characteristic peaks at 24° and 42° that are shifted to lower angles
from the respective (002) and (101) planes for the hexagonal structure (space group P63/mmc) of graphite
(red: JCPDS No. 01-0646). (b) TGA curves for UC-treated nc-SnO2/KB composites prepared with the
same dosing ratios as in (a): (A) SnO2/KB = 75/25, (B) SnO2/KB = 63/37, (C) SnO2/KB = 45/55. The
curve for (D) UC-treated KB (UC-KB) is shown for reference. The measurements were performed at a
sweep rate of 5°C min−1 from ambient temperature to 1,000˚C under a synthetic air atmosphere.

2.3.3. Electron Microscopic Observation
The nanostructure of the three SnO2/KB composites was observed by HRTEM to evaluate
their morphology and crystal structure. The lower magnification images presented on the
left-hand side of Fig. 2-2(A)-(C) show the highly dispersed SnO2 nanodots ranging from 2 to 6
nm in diameter within the KB matrix. The comparison of the bright-field and dark-field images
clearly demonstrates the encapsulation of SnO2 nanoparticles within the hollow structure of KB
(see Fig. 2-2).
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Figure 2-2. Bright-field ((a) and (b)) and dark-field (c) SEM images for the SnO2/KB (45/55) composite.
In the bright-field image (a), one can see the agglomerated structure of KB spheres. A part of the
agglomeration (the area surround by a yellow dotted square) was re-focused in higher resolution and
shown in the image (b). With the closer view of KB structure (image (b)), only few SnO2 particles can be
seen on the outer surface of KB. (c) The dark-field SEM image of the same part of KB structure (image
(b)) was pictured in order to verify the encapsulation of SnO2 nanoparticles within the KB hollow
structure. Contrary to the bright-field image (b), many small SnO2 nanodots with a diameter of few
nanometers can be seen in the image (c), which is consistent with the HRTEM image for SnO2/KB
(45/55) shown in Fig. 2-3(c).

In the higher magnification HRTEM images (Fig. 2-3(A)-(C), middle), one can see the more
detailed nanostructure of the SnO2, including a slight difference in the degree of crystallization
among three samples. With an increase in SnO2 dosage, the crystals seem to be more crystalline,
judging from the higher contrast between the fringe and the inside of the SnO2 nanoparticles.
The SnO2 particle size also changes depending on the dosage; the observed SnO2 particle size is
2-4 nm for a SnO2 content of 45 wt%, 3-5 nm for 63 wt%, and 4-6 nm for 75 wt%. The smallest
particle size of 2-4 nm was obtained for the 45 wt% SnO2 samples (Fig. 2-3(C)), which have a
partially ambiguous slit line in the lattice arrangements as compared to those in larger SnO2
particles such as those obtained with a 75 wt% SnO2 content (Fig. 2-3(A)). In the image (Fig.
2-3(C)), such small and less developed particles are well attached onto the surface of a KB
sphere, mostly on the inner sphere with few on the outer sphere. As is described later in Fig. 2-3,
the most optimized SnO2/KB composite was fabricated with this dosage of 45 wt%, and the
pulverization/degradation issues were completely overcome through the encapsulation of SnO2
into the KB nest. Upon an increase of SnO2 dosage from 45 wt% to 63 wt%, most of the SnO2
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particles remained encapsulated but seem to be slightly larger, as shown in the middle image in
Fig. 2-3(B). The rest of the particles are attached directly on the outer spheres of the KB nests.
For the 75 wt% SnO2 composite, however, one can hardly see the KB carbon structure (Fig.
2-3(A), middle), while particles are enlarged to 5-6 nm and cover the whole KB matrix. The
enlargement of the SnO2 particles is consistent with the Scherrer analyses of the XRD results
(Fig. 2-1a). Schematic illustrations are presented for each image on the right-hand side of Fig.
2-2. These illustrations of three SnO2/KB composites are also supported by the results of N2
adsorption experiments (see Fig. 2-6). The specific surface area (SSA) of the composites
linearly decreases with a SnO2-dosage increase from 0 wt% (pure KB) up to 67 %, while the
SSA starts to slightly increase from 67 to 75 wt%. The slight increase of the SSA from 67 wt%
can be due to the SnO2 nanoparticles piled on the outer sphere of KB, as shown in Fig. 2-3(A)
for the 75 wt% dosage. Unlike the other two samples, this 75 wt% SnO2 sample, which includes
particles piled together on the KB outer sphere, lost the direct electronic contact between the
particles and the microcrystalline graphitic carbons of the conductive KB, resulting in poor
electrochemical performance (see a later section and Fig. 2-5).
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Figure 2-3. HRTEM images (left; low magnification, middle; high magnification) of the composite
formation for (A) SnO2/KB = 75/25, (B) SnO2/KB = 63/37, and (C) SnO2/KB = 45/55, as in Fig. 2-1.
Schematic illustrations are presented for each image on the right-hand side. The magnified HETEM
views (middle) for the composites show a clear dependency between the degree of the dispersion and the
particle sizes of the UC -formed SnO2 within the hollow structure of KB after the UC treatment. The
relation between the SnO2 dosing ratio for the SnO2/KB compounds and their specific surface area is
shown in Fig. 2-6.

2.3.4. Electrochemical characterization
In order to confirm the effectiveness of the highly dispersed and encapsulated structure of
nanocrystalline SnO2 in the composites for the reversible lithiation-delithiation process, the
cyclability of three SnO2/KB composites (SnO2 = 75, 63, and 45 wt%) was tested within the
potential range from 0.0 to 2.0 V (Fig. 2-4). The obtained results show that the cyclability of
SnO2/KB is sensitive to the dosing ratio of SnO2 in the composites. In the case of 75
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wt%-dosage (A), a capacity of 300 mAh g-1 was obtained at the 100th cycle, and the sample fully
degraded after 170 cycles. This value is more or less consistent with the data presented in other
representative recent papers (X. Li et. al.53, H. Song et. al.54, M. Alaf et. al.55, J. Huang et. al.56,
and X. Fan et. al.36). Those papers reported the samples prepared with various nanocarbons
(graphene and single/multi-walled CNTs) composited with loading ratios of 60-90 wt% of
mostly sol-gel- or hydrothermal-derived nanosized SnO2 particles (5-30 nm in diameter), and
their best performances (400-600 mAh g-1 at around 0.1-0.2C-rate) in the ranges between 50 and
200 cycles. Interestingly, a sample with a lesser dosage (63 wt%) gave the highest capacity of a
little over 800 mAh g-1 up to 200 cycles and was proved to be cycleable up to 700 times (see Fig.
2-4(B)). Most strikingly, the sample with the 45% dosage exhibited the longest cycling
performance (more than 1,200 cycles), showing a gradually increasing capacity from 720 to 837
mAh g-1, as shown in Fig. 2-4(C). In fact, the 45 wt% SnO2 composite sample showed both
exceptional cycling performance (1,200 cycles) and high coulombic retention (over 99%)
simultaneously as shown in the inset of Fig. 2-4 (charge-discharge curves).

Figure 2-4. Cycling performance for three UC-treated nc-SnO2/KB composites with various dosing ratios:
(A) SnO2/KB = 75/25 (by mass), (B) SnO2/KB = 63/37, and (C) SnO2/KB = 45/55. The cycling test was
performed on half-cells consisting of Li/1 M LiPF6 (EC+DEC)/UC-SnO2/KB in the CC-CV (lithiation)
and CC (delithiation) mode between 0.0 and 2.0 V at a current density of 300 mA g-1 (0.2C). The inset
figure shows the charge-discharge curves at 1st, 100th, and 1,000th cycle for the composite (C) SnO2/KB =
45/55. The large irreversible capacity is mainly due to the reaction on the KB (see Fig. 2-6)
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Such high performance has never been attained to date, according to previous reports.36,52-56
The reversible capacity of 837 mAh g-1 (at > 1,200 cycles) is equivalent to 1444 mAh g-1
relative to the mass of the SnO2 active material, suggesting that the conversion reaction itself
became reversible. This 1444 mAh g-1 capacity is purely ascribable to the capacity of SnO2 in
the 45 wt% dosage sample, since the capacity ascribed to the pure KB, 340 mAh g-1, has already
been subtracted. The KB capacity (340 mAh g-1) was determined independently on the basis of
a cycling test on a pristine UC-treated KB electrode (UC-KB, Fig. 2-5).

Figure 2-5. Charge discharge curves for the pure KB (UC-treated KB, denoted as UC-KB in the article) at
1st (heavy line) and 50th (broken line) cycle. The cycling test was performed on half cells consisting of
Li/1 M LiPF6 (EC+DEC)/UC-KB in the CC-CV (lithiation) and CC (delithiation) mode between 0.0 and
2.0 V at a current density of 300 mA g-1 (the same current density as the data shown in Fig. 2-4). Inset
shows the specific capacity of the discharge (lithiation) and charge (delithiation). The stable
charge-discharge capacity of UC-KB was 340 mAh g-1 at 70th cycle.

In the case of SnO2/KB (45:55), the capacity per SnO2 after 1,200 cycles (1444 mAh g-1)
was calculated from the following equation;

Cap.SnO2 = (Cap. SnO2/KB * 1.00 – Cap.KB * 0.55) / 0.45

Cap.SnO2,, Cap.SnO2/KB, and Cap.SnO2/KB represent the capacity purely attributed to the SnO2
particles, the capacity per SnO2/KB (45/55) composite (837 mAh g-1 at 1,200th cycle), and
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capacity purely attributed to the KB (340 mAh g-1), respectively. These different cycling
durabilities due to the different dosing ratios (SnO2 = 45-70 wt%) can be explained by the
structure of each composite. SnO2 reacts with 8.4 lithium ions in the conversion and alloying
reaction, which causes a 359% volume expansion.18 In addition, generation of Li2O in the
conversion reaction causes further volume expansion. Thus, during the lithiation process of
SnO2, rapid aggregation will easily occur if the sufficient distance cannot be kept among SnO2
particles. From the results of TEM observation (Fig. 2-3) and the N2 adsorption experiments
(see Fig. 2-6), the SnO2/KB composites can be classified into two groups depending on the
SnO2 loading value: one is the high-dispersion composites with highly dispersed SnO2
nanoparticles confined within the hollow structure of KB when the SnO2 dosage is less than 67
wt%, and the other is the outer-deposition composites with the exposed and piled SnO2
nanoparticles outside of KB sphere when the SnO2 dosage exceeds 67 wt%.
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Figure 2-6. [Top]Nitrogen adsorption–desorption isotherm curves for the (a) SnO2/KB = 75/25, (b)
SnO2/KB = 63/37, (C) SnO2/KB = 45/55, and (d) pure KB (UC-treated KB, denoted as UC-KB).
[Bottom] Relationship between the specific surface area (SSA) per SnO2/KB composite mass and the
SnO2 content (0 to 75 wt%, 8 samples). In the figure, samples (a)-(c) correspond to the samples shown in
Fig. 2-3(A)-(C), respectively. The SSA of the composites linearly decreases with a SnO2 dosage increase
from 0 wt% (UC-KB) up to 67 wt%, while the SSA slightly increases from 67 to 75 wt%. The slight
increase of the SSA from 67 wt% can be due to the SnO2 nanoparticles piled on the outer sphere of KB
(see Fig. 2-3(A)). Namely, the 8 samples can be divided into 2 groups; one is the high-dispersion
composites with highly dispersed SnO2 nanoparticles confined within the hollow structure of KB when
the SnO2 dosage is less than 67 wt%, and the other is the outer-deposition composites with the exposed
SnO2 nanoparticles outside of KB sphere when the SnO2 dosage exceeds 67 wt%.

2.3.5. Microscopy after charge/discharge test
For the outer-deposition composite with a SnO2 dosage of 75 wt%, it is considered that the
poor cycle performance has roots in the significant aggregation of SnO2 during the lithiation,
because distance between the SnO2 nanoparticles is insufficient. By contrast, in the
high-dispersion composites including 45 wt% and 63 wt% dosage, the composite structure can
be maintained owing to the sufficient distance between nanoparticles. The SEM images of the
composites before and after 50 cycles for the 45 wt% and 75 wt% dosage support this
postulation (see Fig. 2-7).
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Figure 2-7. SEM images of the surface of SnO2/KB composite electrodes with SnO2 = (a) 75 and (b) 45
wt% before and after 50 cycles. These images (a) and (b) before cycling correspond to the electrode
surface for Fig. 2-4(A) and (C), respectively. As shown in (a) 75 wt% after 50 cycles (top right), the
polymeric mixture (possibly consisting of SEI and Li2O) uniformly covered the electrode surface and
filled the pore of the composites, while the surface morphology of (b) 45 wt% more or less unchanged
(down right).

The sample with the 45 wt% dosage after 50 cycles maintains the fine structure of the
pristine composite with a network structure containing a SEI (solid electrolyte interphase),
suggesting that the reversible electrochemical reaction of SnO2 nanoparticles occurs within the
KB sphere. On the other hand, structural changes are apparent for the sample with the 75 wt%
dosage, from the pristine composite to form a more uniform structure whose pores are
completely filled and electrode surface are totally covered by polymeric mixture. The polymeric
mixture is supposed to consist of the SEI and the SnO2-derived products (Sn and Li2O). The
complete covering of the composite surface by such a resistive products immediately increased
the internal resistance of the system, resulting in the short cycle life with a drastic capacity
decrease by 200th cycle. Thus, for the high-dispersion composite (especially with the SnO2
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dosage of 45 wt%), the total encapsulation of SnO2 within the KB sphere keeps the SnO2
nanoparticles from the agglomeration, as the hollow structure of KB provides some space to
buffer the volume change of SnO2 nanoparticles. Furthermore, the good contact between SnO2
nanoparticles and the microcrystalline graphite of KB ensure the good electrical path as a
composite. All of these factors enhance the cyclability of the SnO2/KB (45/55). One interesting
point is the electrochemical behavior of the SnO2/KB (63/37) composite (Fig. 2-4B), showing
its stable cyclability until 600th cycle but sharp capacity decrease afterwards. Comparison of
charge discharge curves for SnO2/KB (63/37) in the range of 600th and 750th (see Fig. 2-8)
highlights two exponential changes within the 150 cycles; i) disappearance of the capacity at the
voltage lower than 0.4 V during lithiation process, and ii) increase of internal resistance (IR)
drops at the beginning of delithiation. Both phenomena suggest that the electrochemical
reaction below 0.4 V including Sn alloying, lithiation of KB, and SEI formation, became largely
resistive after 600th cycle.

Figure 2-8. Charge-discharge curves for the SnO2/KB (63/37) in the range of 600th and 750th cycle. The
cycle tests of SnO2/KB (63/37) are plotted in Fig. 2-4(B). The cycling test was performed on half cells
consisting of Li/1 M LiPF6 in EC+DEC/(SnO2/KB = 63/37) in the CC-CV (lithiation) and CC
(delithiation) mode between 0.0 and 2.0 V at a current density of 300 mA g-1. From these curves, one can
see two changes occurring within the 150 cycles; i) disappearance of the capacity at the voltage lower
than 0.4 V during lithiation process, and ii) increase of internal resistance (IR) drops at the beginning of
delithiation. Both phenomena suggest that the electrochemical reaction below 0.4 V including Sn alloying,
lithiation of KB, and SEI formation, became largely resistive after 600th cycle.
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Such a sudden increase of resistance can be explained by the structure of SnO2/KB (63/37)
composite. As shown in HRTEM observation (Fig. 2-3B) shows that some of SnO2
nanoparticles are exposed and attached directly on the outer spheres of the KB. These several
“outer” SnO2 nanoparticles can reversibly react owing to the good contact on the conductive KB
carbon, even though the SEI and Li2O gradually accumulates around the “outer” particles. After
certain cycle time such as 600 cycles, however, these locally accumulated products start to link
each other and to cover the whole entity of KB spheres including encapsulated SnO2. The totally
covered SnO2/KB spheres lost the connection from the conductive carbon network, resulting in
a large increase of resistivity and sharp capacity decrease. This result also demonstrates the
importance of the optimized encapsulation of SnO2 in the hollow KB structure, achieved by the
SnO2 dosage of 45 wt% in this report, to accomplish an anomalous long cycle life over 1,200
cycles. The other interesting phenomenon shown in Fig. 2-4(C) is the gradual capacity rise
during cycling by ca. 1 mAh g-1 (composite) per each 10 cycles, which is rarely observed in
electrodes made of intercalation compounds such as LiCoO2, LiMn2O4, and Li4Ti5O12. However,
there are many reports of capacity rises in the conversion reactions of metal oxide anode
materials such as Fe2O3, Cu2O, and MnO2.57-59

2.3.6. Voltammetry and Cycleability
In order to obtain further information on the lithiation/delithiation processes for our
composites, cyclic voltammetry was performed for the pure KB (UC-treated KB, denoted as
UC-KB), SnO2/KB (75/25), and SnO2/KB (45/55) (see Fig. 2-9).
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Figure 2-9. Cyclic voltammograms for the
(A) pure KB (UC-treated KB (UC-KB)), (B)
SnO2/KB = 75/25, and (C) SnO2/KB = 45/55.
The cyclic voltammetry test was performed
on laminate-type cells consisting of Li/1 M
LiPF6 (EC+DEC)/UC-SnO2/KB (or UC-KB)
in the voltage range of 0.0–2.0 V at a scan
rate of 0.2 mV s−1.

For the UC-KB (Fig. 2-9(A)), a strong cathodic peak was observed around 0.7 V during the
first lithiation process, which corresponds to the formation of the SEI layer on the external
surface of the KB. The following peaks observed at 0.3, 0.1, and 0.0 V correspond to the SEI
formation as well as the Li+ intercalation between the graphene layers of KB.60,61 For the
SnO2/KB composites with 75 wt% and 45 wt% dosages (see Fig. 2-9(B) and (C)), there are
characteristic cathodic peaks at 0.9, 0.7, and 0.0 V, corresponding to the conversion reaction of
SnO2, SEI layer formation on KB, and the alloying reaction of Sn (xLi+ + Sn + xe- → LixSn (x =
0-4.4)) and Li+ intercalation into KB graphene layers, respectively. During the anodic sweep
(delithiation process), two peaks were observed around 0.5 and 1.3 V. The peak at 0.5 V
represents the dealloying of LixSn (x = 0-4.4).14 The other oxidation peak around 1.3 V can be
considered to be due to the conversion reaction. In recent years, there have been some reports
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mentioning that the conversion reaction of SnO2 becomes reversible in the case of small
particles.23,41 Although these phenomena are not fully elucidated yet, Tarascon et. al. suggested
that the key to the reversibility of the conversion of transition metal oxides or other metal oxides
with Li+ is the electrochemically driven formation of highly reactive metallic nanoparticles
during the first lithiation process, which enables the reversible formation/decomposition of Li2O
upon subsequent cycles.62 The reversible oxidation peak around 1.3 V observed for our
composites supports those reports. Compared to the sample with the 45 wt% dosage, the sample
with the 75 wt% dosage exhibits different CV results (see Fig. 2-9(B)). During the 1st cycle, the
voltages of the main peaks observed for the sample with the 75 wt% dosage are more or less the
same as those observed for the 45 wt% dosage, while the contribution of peaks attributed to the
KB became less pronounced. From the second cycle, the electrode with the 75 wt% dosage
shows significant deterioration in its cyclic voltammogram, which is in very good agreement
with the results of the cycling tests (see Fig. 2-4(A)).

2.3.7. Quantify the degree of Reversibility of the SnO2 Conversion reaction
An optimized SnO2/KB (45/55) composite exhibited a reversible discharge capacity at a
steady-state cycling. For example, at 10th cycle, the 45 wt% dosage composite showed 792 mAh
g-1 relative to the mass of the composite, which is equivalent to 1347 mAh g-1 relative to the
mass of the SnO2. Such a large capacity is very close to the theoretical capacity of SnO2
including both the alloying and conversion process (1494 mAh g-1), rather than the alloying
process alone (783 mAh g-1). However, it remains unclear whether the conversion reaction
really becomes reversible. In order to answer this question, we tried to quantify the degree of
reversibility of the SnO2 conversion reaction for our composites by determining the number of
reaction electrons from the cyclic voltammogram (Fig. 2-10a). To evaluate the electron numbers,
I assumed that the oxidation peak below 1.0 V is attributed to the alloying process and the other
peak over 1.0 V is attributed to the conversion process. From the deconvolution of the cyclic
voltammogram into two peaks and the comparison of their areas, the electron numbers for both
reactions were evaluated. The evaluated electron numbers were found to be 4.76 for the alloying
reaction and 2.82 for the conversion reaction. Thus, the reaction could be formulated as follows,
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Conversion reaction : SnO1.41 + 2.82 Li+ + 2.82 eAlloying reaction : Sn + 4.76 Li+ + 4.76 eTotal reaction : SnO1.41 + 7.58 Li+ + 7.58 e-

Sn + 1.41Li2O (1-2 V)

Li4.76Sn (0-1 V)
Li7.58SnO1.41 (0-2 V)

Figure 2-10. Top: (a) Cyclic voltammogram of SnO2/KB composite after 10 cycles and (b)-(e)
normalized Sn K-edge XANES absorption spectra in the range of 29185–29215 eV for the LixSnO2
system with electrochemically inserted/deinserted lithium ions during 1st and 10th cycle. Spectra (b)
corresponds to the1st lithiation, (c) to the 1st delithiation, (d) to the 10th lithiation, and (e) to the 10th
delithiation process. Bottom: Changes in the evaluated “formal valence number” of Sn during the
lithiation-delithiation process (vs. Li/Li+) for the (f) 1st cycle and (g) 10th cycle. The formal valence
number of Sn for the composites was calculated from the following equations; in the case of 1) the formal
valence number is above Sn, V = ((A – A(Sn))/(A(SnO2) – A(Sn))*V(SnO2), 2) the formal valence
number is below Sn, V= ((A(Sn)-A)/(A(Sn)-A(Li4.4Sn))*V(Li4.4Sn). V: the formal valence number , A:
integrated area of the Sn K-edge spectrum.
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2.3.8. In-situ X-ray absorption fine structure measurement
Furthermore, in order to verify the postulated formula from the spectroscopic measurements,
the electronic state and local structure of Sn was investigated by performing in-situ X-ray
absorption fine structure (XAFS) measurements during the 1st and 10th cycles. Fig. 2-4b-e shows
the X-ray absorption near-edge structure (XANES) spectra of the Sn K-edge for the
SnO2/KB(45/55) composites during the 1st lithiation (Fig. 2-10b) and delithiation (Fig. 2-10c).
The Sn K-edge spectra include information about the transition from 1s to the 5p unoccupied
orbital. During the lithiation and delithiation of Sn compounds, the electron transfer occurs to
and from the 5p orbital. Accordingly, the integrated area of the Sn K-edge spectrum shows the
numbers of electrons, i.e., the valence state, of the Sn atoms in its compounds. In this article, the
parameter for determining the valence state is defined as the “formal valence number”, which is
calculated from the relative ratio of the integrated area of the Sn K-edge spectrum obtained for
our composite and for reference materials (SnO2, Sn, and Li4.4Sn). For example, the formal
valence number of Li4.4Sn is written as 4.4-. The Sn K-edge spectra of SnO2 and Sn foil are used
as references for Sn(4+) and Sn(0), respectively. Fig. 2-10f shows the formal valence number of
Sn in the 1st cycle. During the lithiation process from potentials (A) to (F), the valence state
decreased from (4.0+) to (4.3-). The valence state reaches zero around 0.5 V and continues to
decrease to -4.3 from 0.5 down to 0 V. The negative value of the Sn valence state indicates that
the electron density of Sn atoms exceeds the inherent Sn electron density because of the
alloying reaction between lithium and tin metal. During the 1st delithiation, the valence state
linearly increases as a function of the voltage (from (F) to (K)). Such a valence change with a
large hysteresis between lithiation and delithiation process is analogous to the shape of the
charge-discharge curve of uc-SnO2/KB (45:55) as shown in the inset of Fig. 2-4. The large
hysteresis between 1st lithiation and delithiation can be due to the large electromotive force to
decompose Li2O63 and the large difference in mobility that is expected between Sn cations and
Li+ 64. Eventually, the formal valence number of Sn reaches 3.1+ at 2.0 V (K). This indicates
that the Sn in this composite did not completely recover to its initial state (4.0+) during the
conversion reaction in the 1st cycle. Fig. 2-10d and e show the changes in the Sn K-edge
XANES spectra of the 45 wt%-dosage composite during the 10th cycle. Fig. 2-10g shows the
formal valence number of Sn in the 10th cycle calculated from the spectra of Fig. 2-10d and e. It
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can be seen that the formal valence number of Sn recovers almost perfectly during the 10th
lithiation-delithiation cycle, as the valence decreases from 3.2+ (L) to 4.4- (P) and then recovers
to 2.9+ (T). To summarize the results of the XANES spectra at 10th cycle, the reaction formula
can be written as follows.

Conversion reaction : SnO1.45 + 2.9 Li+ + 2.9 eAlloying reaction : Sn + 4.4 Li+ + 4.4 e-

Sn + 1.45Li2O

Li4.4Sn

Total reaction : SnO1.45 + 7.3 Li+ + 7.3 e-

Li7.3SnO1.45

The electron numbers obtained from the cyclic voltammetry and in-situ XAFS measurements
are in very good agreement for all three reactions (conversion, alloying, and total reactions).
Thus, the reversibility of the conversion reaction for our SnO2/KB composite was verified by
both electrochemical and spectroscopic studies.

2.3.9. Microscopy of bulk SnO2 electrode after charge/discharge test
Fig. 2-11 shows HRTEM images of the as-prepared SnO2/KB (45/55) composite (a), the
composite at 2.0 V (delithiated) after 10 cycles (b), and the composite at 0.0 V (lithiated) after
10 cycles (c). Before cycling, one can clearly see that the nanosized SnO2 particles of 2-4 nm
are attached onto the surface of KB, mostly on its inner spheres (Fig. 2-10a). After 10 cycles,
the overall morphology of the composite changed. The HRTEM image taken at 2.0 V after the
10th cycle (Fig. 2-10b) shows two phases in the composites: a transparent uniform phase and a
phase with dispersed dots.
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Figure 2-11. HRTEM images of SnO2/KB = 45/55 composite (a) before cycling, (b) after 10 cycles at 2.0
V (delithiated), and (c) after 10 cycles at 0.0 V (lithiated). Before cycling, ultrafine (2-4 nm) SnO2
particles are encapsulated within the hollow structure of KB. After cycling at 2.0 V and 0.0 V, the
HRTEM images show 5 nm spherical shapes covered with a diffuse polymeric phase, possibly an SEI
film. The corresponding SAED patterns of the SnO2/KB composite before cycling, at 2.0 V, and at 0.0 V
are shown as insets in (a), (b), and (c), respectively.

The former is thought to consist of the SEI layer and the lithium-intercalated graphene
layers of KB. The latter can be the particles of Sn spiecies, which mostly have diameters of 5
nm and are well attached to the inner sphere of the KB. Since the HRTEM images of the
as-prepared composite show SnO2 particles with a diameter of 3 nm (Fig. 2-11a), the spherical
particle volume has increased by a factor of three after 10 cycles. The disappearance of the
crystal lattice in the HRTEM images and the ring in the electron diffraction images (Fig. 2-11b
inset) suggest that all the crystalline SnO2 particles have become amorphous. Interestingly, the
HRTEM images taken at 0.0 V after 10 cycles (Fig. 2-11c) show that the SnO2 particle size (5
nm) remains unchanged during the lithiation process in the 10th cycle, even though the alloying
and conversion reaction occurs from 2.0 to 0.0 V. In contrast, large SnO2 particles (for example,
with a diameter of 100 nm) deteriorate from the 1st cycle and are transformed into 10 nm Sn
particles dispersed within the large volume of Li2O during its conversion and alloying reaction
(see Fig. 2-12).
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Figure 2-12. Lithiation profile curve (top left) and HRTEM images showing morphology changes of the
bulk SnO2 particles (purchased from Showa Kako Corp., 50-100 nm of the particle size) at different states
of lithiation (A) 50 mAh g-1, (B) 300 mAh g-1, (C) 600 mAh g-1, (D) 900 mAh g-1, (E) 1200 mAh g-1.
Tested electrodes were composed of SnO2 (90 wt%) and PVDF (10 wt%) without any conductive carbons.
The electrochemical performance was performed on 2032 coin-type half cells consisting of Li/1 M LiPF6
in EC+DEC/SnO2 at a current density of 300 mAh g-1. In the course of lithiation, the bulk SnO2 particles
are pulverized into small Sn particles. Each particle is surrounded by a large amount of polymeric mixture
of SEI and Li2O, thus isolated from other particles.

2.3.10. Composite structure model of SnO2/KB composite during charge discharge test
This morphology change results in the phase separation of Sn and stable Li2O. On the other
hand, the SnO2 particle size for our as-prepared composite is about 3 nm, as seen in the HRTEM
images. In this case, the estimated thickness of Li2O formed around the Sn particles during
conversion reaction can be remarkably thin, consisting of only 1-2 Li2O molecular layers on the
surfaces of the small Sn particles (< 3 nm). Such an extremely thin Li2O layer is unstable and is
almost impossible to exist because of its high surface energy of Li2O on Sn metal nanoparticles.
Thus, the SnO2 in our composites after the lithiation (Fig. 2-11c) possesses a blended
amorphous structure like a solid-solution of tin, oxygen, and lithium, such as “LixSnO1.45 (x =
0-7.3),” as illustrated in Fig. 2-13, instead of separated Sn and Li2O. In this condition, the
smooth valence change of Sn can proceed by maintaining the appropriate bond length of Sn-Li
and Sn-O without forming Li2O.
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Figure 2-13. Illustration of the material transformation from the as-prepared SnO2/KB nanocomposites
into the blended amorphous structure “LixSnO1.45 (x = 0-7.3)” after repeated lithiation and delithiation
processes, typically 10 cycles. The proposed new species “LixSnO1.45 (x = 0-7.3)” is still well-confined
within the hollow structure of KB which are filled and covered by polymeric phases (possibly SEI). The
steady-state redox is maintained over 1,200 cycles with a slight increase of capacity (1 mAh g-1 per 10
cycles).

Such a peculiar reaction can avoid the thermodynamic barrier of Li2O and provide reverse
and smooth lithiation and delithiation of Sn species. Thus, this speculated LixSnO1.45, which is
highly dispersed in the KB matrix, could facilitate the reversible alloying and conversion
reactions without its deterioration even after 1,200 cycles.
Our last question is about the structure of this blended amorphous structure (LixSnO1.45). As
shown in the insets of Fig. 2-11b and c, the electron diffraction observation of the SnO2/KB
(45/55) after 10 cycles confirms that this sphere does not have a long-range ordered structure (>
1 nm). In order to investigate the short-range order of the average local coordination
environment around the Sn atom within a diameter of 4 Å, I performed extended X-ray
absorption fine structure (EXAFS) analysis using the results of the in-situ XAFS measurement.
The spectra obtained for the as-prepared composites at the open-circuit voltage (OCV; Fig.
2-14a (A)) shows a strong peak at 1.6 Å derived from Sn-O bonding, which corresponds well
with previous reports.65
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Figure 2-14. Fourier transforms of the k3-weighted Sn K-edge EXAFS spectra taken during the charge
cycle as a function of the voltage for the (a) 1st lithiation and delithiation, and (b) 10th lithiation and
delithiation processes. The Fourier transform range is 2.05-11.1 Å-1.

As the voltage decreases, this peak at 1.6 Å decreases and finally disappears at 0.0 V. In
addition, it is confirmed that a new weak peak due to Sn-Sn bonding appeared around 2.7 Å at
0.2 V, and this peak also disappeared at 0.0 V (F). Then, as the voltage increases between 0.0 V
(F) and 2.0 V (L), the Sn metal peak (2.7 Å) and SnO2 peak (1.6 Å) reappear at 0.3 V and 0.8 V,
respectively. The disappearance and reappearance of these two peaks were also observed at the
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10th cycle (Fig. 2-14b), indicating the reversible rearrangement of the short-range structure of
LixSnO1.45. These results suggest that the LixSnO1.45 possesses an amorphous structure in terms
of long-range order (> 1 nm), but a relatively ordered short-range structure (< 4 Å). This
short-range structure can be rearranged owing to the reversible exchange of the oxygen atoms
between Sn and Li, resulting in the repeated disappearance and reappearance of the two peaks
(Sn-O and Sn-Sn) with the voltage changes.

2.4. Summary
I successfully prepared a novel UC-treated SnO2/KB composite that readily transforms into
a blended amorphous structure composed of LixSnO1.45 (x = 0-7.3) completely encapsulated
within the hollow-structured KB. The SnO2/KB composite with the optimized SnO2 dosage of
45 wt% exhibits a high reversible capacity of 837 mAh g-1 relative to the composite mass (1444
mAh g-1 relative to SnO2 mass after subtracting the capacity attributed to the KB in the
composite) over 1,200 cycles. Such an anomalous cycle life was achieved owing to a peculiar
nanostructure that enables the existence of the multiple phases of Sn, Li, O, and C (KB) species.
This novel multiphase material is a model case of SnO2 to overcome conversion essentials, i.e.,
reversible conversion reactions can be achieved by the complete encapsulation of SnO2.
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Chapter 3
Ultrafast Nano-Spherical Single-Crystalline of
LiMn0.792Fe0.198Mg0.010PO4 Solid-Solution Confined
among Unbundled Interstices of SGCNT
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3.1. Introduction
Orthorhombic phospho-olivine LiMPO4 (M = Fe,1 Mn,2 Co,3 and Ni4) compounds show
impressive thermal and electrochemical stability, making them promising cathode materials for
use in safer lithium-ion batteries (LIBs), especially with regard to automobile applications.
Among phospho-olivine structure materials, LiFePO4 in particular has been extensively studied
as the potential cathode on the basis of its numerous appealing features giving its low cost and
safe.5 However, its lithium storage performances are limited by its poor rate capability,6
meaning fast decay of specific capacity at high charge-discharge rate. The limitation results
from the intrinsically low electrical conductivity (LiFePO4: 10-9-10-10 Ω-1 cm-1)7 and slow
diffusion of Li+ (LiFePO4: 10-14-10-15 cm2 s-1)8 through its one-dimensional structural channels.9
Much efforts have been made to address this problem. For example, tailoring the particle size
into the nano-range shortens the ionic and electrical path length,10 thereby improving
electrochemical performances. Coating with conductive or using composites, such as
carbon-based materials also improves performances by enhancing electrical conductivity.11,12
The utility of these approaches is most apparent in the recent commercialization of
LiFePO4/carbon composites for power tool applications by the US venture company A123 Inc.13
However, the low operating potential of LiFePO4 (3.4 V vs. Li/Li+) restricts energy density,
which in turn limits its ability to be used in high power electrochemical energy storages (EES)
in electric vehicles, their hybrids, and plug-in variants.14
Replacing the Fe atom with other transition metals, especially Mn, Co, or Ni can result in a
higher energy density and allow for operation at higher potential. Out of these three possible
alternatives, LiMnPO4 is the most useful given that it possesses a mild operating potential (4.1
V vs. Li/Li+) , and an identical capacity of LiFePO4 (170 mAh g-1), while LiCoPO4 and LiNiPO4
have much higher potentials (> 4.9 V vs. Li/Li+), but are problematic given tendency to oxidize
most electrolytes on their electrode-electrolyte interface. Unfortunately, LiMnPO4 suffers from
even lower electrical (<10-10 Ω-1 cm-1)15 conductivity and ionic (10-14-10-17 cm2 s-1)16
conductivities due to the Jahn-Teller lattice deformation and structural changes that occur
during its cycling,17 which result in much lower specific capacity, cycle stability, and rate
capability.18,19
To overcome these limitations, multi-component systems have been developped.20,21 For
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example, Yamada and colleagues elucidated the LiMnxFe1-xPO4 phase diagram,22 and showed
that it forms a solid solution for all transition metal ratios. The electrochemical performance of
such systems has also been studied, with tests showing that 20% dosage of Fe yields their best
possible performance in terms of energy density and reversibility.22,23 Despite the improved
electrochemical properties and the relative ease of available synthetic routes such as
solid-state,24 sol-gel,25 and hydrothermal methods,26 the reported electrochemical performances
of LiMnxFe1-xPO4 is still not sufficient for practical applications. Several methods exist to
resolve these issues; i) development of carbon composite materials or carbon coating,27 ii)
tailoring particles size to reduce the Li+ path length,28 iii) cation doping into the LiMnxFe1-xPO4
to increase both Li+ conductivity and electric conductivity.29
For example, Yoshida and coworkers recently reported improved electrochemical
performance for LiMnPO4 using a hydrothermal method to synthesize particles of about 40 nm
in size.30 Electrochemical characterization showed an excellent rate capability deliviering 120
mAh g-1 at 10C, while their EELS mapping indicates that the observed improvement in
properties resulted from the shortened Li+ diffusion path. In addition to changing particle size,
improved performances on the capacity delivery, cycle life, and rate capability of
LiMnxFe1-xPO4 can be achieved by a cation doping of such Ni,31 Co,32 Zn,33 Mg,20, 34 Gd,35 V,35
Cu,36 Ti,37 Zr,37 Sn,38 Al,29 and W.29 Divalent cation substitution using Mg2+, Zn2+, Cu2+, Ni2+, or
Co2+ was shown to significantly improve conductivity as well. Doping of Mg2+ in particular
decreases the lattice misfits near the LiFe0.48Mn0.48Mg0.04PO4 / Fe0.48Mn0.48Mg0.04PO4 boundary
due to the formation of pseudo-one phase reaction during Li+ extraction.39 However, although
minimizing particle size and taking advantage of cation doping has allowed for high rate
performance up to 20C, the high performance over 50C was yet to be achieved. Recently, Wang
et. al. reported the LiMn0.75Fe0.25PO4 nanorods grown on graphene sheets, which delivers 65
mAh g-1 per LiMn0.75Fe0.25PO4 at 100C and even 40 mAh g-1 at 150C with the discharge cut-off
voltage of 2.0 V.40 Their results also suggest that the direct coating of LiMn0.75Fe0.25PO4
nanorods on the graphene surface delivers far superior electrochemical performance compared
to the physical mixture of the two materials.
Herein, I have synthesized nanoscale LiMn0.792Fe0.198Mg0.010PO4 particles build-up and
simultaneously composited with supergrowth (single-walled) carbon nanotubes (SGCNT)41,42 in
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a one-step synthesis using an original method named ultra-centrifuging (UC) treatment.43-47 UC
treatment is a build-up synthetic scheme involving i) unbundling of bunchy SGCNTs, ii) in-situ
sol-gel reaction of LiMn0.792Fe0.198Mg0.010PO4 precursors on the exposed SGCNT surface, iii)
restructuring of SGCNT matrix.
The subsequent short-duration heat treatment (post-UC treatment) effectively and
simultaneously completed the crystallization of LiMn0.8Fe0.2PO4 and Mg doping into the
LiMn0.8Fe0.2PO4 structure without crystal growth. Note that this work follows previous success
in synthesizing nano-sized crystalline metal oxide/carbon composite materials, RuO2/Ketjen
Black

(KB),43

Li4Ti5O12/carbon

nanofiber(CNF),44,45

SnO2/KB,46

and

0.7Li2MnO3-0.3LiCo0.3Ni0.3Mn0.3O2/CNF composites.47 In this study, I will present the desired
nano-sized (10-40 nm) LiMn0.792Fe0.198Mg0.010PO4 particles hyper dispersed and encapsulated
within the interstices of SGCNT, delivering a high rate electrochemical performance of ca. 54
mAh g-1 per composite (corresponding to 77 mAh g-1 per pure LiMn0.792Fe0.198Mg0.010PO4) at 50C.
Detailed evaluation of the structural feature and electrochemical properties in the
UC-synthesized LiMn0.792Fe0.198Mg0.010PO4/SGCNT were investigated with the aim of
determining the optimum features necessary for the alternative high energy cathode material in
high-power typed LIBs.

3.2. Experimental
3.2.1 Materials
LiNO3 (

98%), Mn(NO3)2 6H2O (

98%), H3PO4 (

85%), and C6H8O7 (

98%), Fe(NO3)3 9H2O (

98%), Mg(NO3)2 6H2O (

98%) were all acquired from Wako Pure Chemical

(Japan) and were used as Li, Mn, Fe, Mg, and PO4 sources, and as a chelating agent,
respectively. Supergrowth (single-walled) carbon nanotube (SGCNT41; average D/G = 0.40, see
Fig. 3-1) received from ZEON Corp. was selected as a carbon matrix because of its high
electronic conductivity,42 heat conduction ranging broadly from 100-10,000 W m-1 K-1,48 and
high specific surface area (900 m2 g-1). SGCNT was used without further purification.
N,N-dimethylformamide (DMF) (Wako Pure Chemical, Japan;
throughout.

45

98%) was used as solvents
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Figure 3-1. Raman spectrum for the pristine super growth (single-walled) carbon nanotube
(SGCNT) with the ID/IG = 0.40. The measurement was conducted on the bundled position of
SGCNT by Raman spectrometry (Horiba Jobin-yvon, LabRam HR evolution).

3.2.2 LiMn0.792Fe0.198Mg0.010PO4/SGCNT synthesis
Two kinds of solution (solution A and B) were prepared. Solution A was composed of 0.132
g (1.00 eq.) of LiNO3, 0.436 g (0.792 eq.) of Mn(NO3)2 6H2O, 0.153 g (0.198 eq.) of Fe(NO3)3
9H2O, 0.00492 g (0.010 eq.) of Mg(NO3)2 6H2O, and 0.369 g (1.00 eq.) of C6H8O7 dissolved in
15.0 g of DMF. Solution B was composed of 0.221 g (1.00 eq.) of H3PO4 dissolved in 5.00 g of
DMF. Solution A, solution B, 8.00 g of DMF, and 0.129 g of SGCNT were subjected to UC
treatment, whereby 75,000G of mechano-chemical agitation applied to the whole mixture for 5
min to give the blackish gel.49 After drying it at 80°C for 12 h in vacuo (ultimate vacuum = 0.67
Pa), the precursor LiMn0.792Fe0.198Mg0.010PO4/SGCNT composite was obtained. The precursor
powder was then annealed for 8 min (heating : 3 min, holding : 5 min) at 700°C under nitrogen
flow to give the nano-crystalline LiMn0.792Fe0.198Mg0.010PO4/SGCNT.

3.2.3 Physicochemical characterization
LiMn0.792Fe0.198Mg0.010PO4/ SGCNT nanostructure and particle size distribution were
characterized by high-resolution transmission electron microscopy (HRTEM, Japan, Hitachi
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model H9500, 300 kV), while the crystal structure was analyzed using X-ray diffraction (XRD,
Rigaku SmartLab, Cu Kα radiation λ = 1.54056 Å, operating at 45 kV-200 mA).
Thermogravimetric analysis (TGA) was used to confirm composite stoichiometry, and was
performed under synthetic air using a thermogravimetric and differential thermal analyzer
(Seiko Instruments TG/DTA6300).

3.2.4 Electrochemical characterization
The electrochemical half-cell was based on a 2032 coin design and was assembled using Li
metal and LiMn0.792Fe0.198Mg0.010PO4/SGCNT electrodes. The LiMn0.792Fe0.198Mg0.010PO4/SGCNT
electrode was prepared by mixing the composite and polyvinylidene difluoride (PVdF) in a
90/10 mass ratio in N-methyl pyrrolidone (NMP). The mixture was coated on an Al foil (current
collector) and dried at 80°C in vacuo (ultimate vacuum = 0.67 Pa) for 12 h. The electrode and
its loading weight were designed to be ca. 20 µm thick, 0.4 mg cm-2, respectively. The used
electrolyte was a 1 M solution of lithium hexafluorophosphate (LiPF6) dissolved in a mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC) in a 50/50 volume ratio. The used
separator was 25 µm-thick polypropylene film (Cellgard2400). Charge-discharge tests were
performed between 2.5-4.5 V vs. Li/Li+ under CC-CV mode at several current densities ranging
from 0.1C to 50C rate assuming 1C-rate being 170 mA g-1. Long-term cycling tests were
conducted between 2.5-4.5 V vs. Li/Li+ under CC mode at a fixed charge-discharge rate of 1C.

3.3. Results and discussion
3.3.1. Material Design and Synthetic Optimization
Major compositions and crystallographic parameters (x, y and z) of the UC-synthesized
resulting composites (LiMnxFeyMgzPO4 (x + y + z =1)/SGCNT) were characterized. Firstly, I
checked the weight of SGCNT to the synthesized crystals (LiMnxFeyMgzPO4) with
thermogravimetric analysis (TGA). Second, the atomic ratios for Mn : Fe ( = x : y) as well as
the Mg-doping (z) were verified by the Rietveld refinements of the XRD analysis.
As shown in Fig. 3-2 left (A) and (B), the obtained SGCNT ratios were 30% for the two
typical samples of (A) LiMnxFeyPO4/SGCNT and (B) LiMnxFeyMgzPO4 (z = 0.01*)/SGCNT (*:
the optimum ratio of z. This will be determined in the later section of XRD). Similar TGA
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curves within a error of 2% were obtained for other samples with various Mg doping levels z =
0-0.05 as examined using our UC synthetic procedure (data not shown). This 30% amount is
consistent with the initial dosage of SGCNT (30%), as shown in experimental sections, showing
that our in-situ synthesis formed LiMnxFeyMgzPO4/SGCNT composite stoichiometrically
maintaining its ratio being 70/30 in mass even with a SGCNT presence during UC and/or
post-UC process, namely, annealing. For the reference, pristine SGCNT has been exemplified
under the same TGA conditions (shown in Fig. 3-2 Left (C)). The curve shows a sudden
decrease in its weight from 600°C, which is typical behavior of the carbon combustion under air.
Interestingly, a large difference (170°C) was observed in the decomposition temperature of the
SGCNT in its pristine (C) and their composite forms (A, B). Such temperature shifts are often
observed in other reports of nano-scale metal oxides/carbon composites44-47,49; to be more
precise, 5-20 nm Li4Ti5O12(temperature shift = 150°C),44,45 2-4 nm SnO2 ( = 170°C),46 100 nm
0.7Li2MnO3-0.3LiCo0.3Ni0.3Mn0.3O247 ( = 180°C), and 5-10 nm anatase-TiO250 ( = 100°C)
composited with various carbons like carbon blacks and nanotubes. In the case of the
LiMnxFeyMgzPO4, 170°C lies within the range of reported temperature shifts ranging from
100-180°C. This may be partially explained by the catalytic influence of the co-existing
LiMnxFeyMgzPO4 nanocrystals on SGCNT oxidative decomposition. Of course it depends very
much on how those LiMnxFeyMgzPO4 crystals are accommodated with SGCNT: for instance, on
the surface phases, inner tubes, edges on the disorder, or on the basal. I will address those issues
further when the HRTEM is discussed.
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Figure 3-2. [Left] TGA curves for (A) LiMn0.8Fe0.2PO4/SGCNT, (B) LiMn0.792Fe0.198Mg0.010PO4 /SGCNT,
and (C) the pristine SGCNT. TGA measurements were performed under synthetic air starting at room
temperature and increasing to 800°C at a rate of 10°C min-1. The ratio of SGCNT (decreased weight ratio
up to 800°C) were typically 30 wt% with an error factor of 2% both for composites (A) and (B), which
are consistent with the initial dosage (see the experimental section for more details of the dosage).
[Right] XRD patterns for (A) LiMn0.8Fe0.2PO4/SGCNT, (B) LiMn0.792Fe0.198Mg0.010PO4/SGCNT, and a
reference LiMnPO4 (JCPDS card No 72-7844). The major diffraction peaks of these composites ((101),
(111), (211), and (311)) are well indexed to the orthorhombic structure of LiMnPO4. No peaks for
possible impurities were found both in the patterns for composites (A) and (B).

Table

3-1.

XRD-derived

Mn0.8Fe0.2PO4/SGCNT

crystallographic

(delithiated

parameters

composite

A),

(B)

for

(A)

LiMn0.8Fe0.2PO4/SGCNT,

(A’)

LiMn0.792Fe0.198Mg0.010PO4/SGCNT,

(B’)

Mn0.792Fe0.198Mg0.010PO4/SGCNT (delithiated composite B), and (C) a reference LiMn0.8Fe0.2PO4.51 The
percentage of the bc-phase misfit between lithiation and delithiation was calculated from the tabled b- and
c- parameters;64 namely, misfit (%) = [1-(b’*c’) / (b*c)]*100. Volume change was calculated from
volume change (%) = (a’*b’*c’)/(a*b*c)*100.
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The representative XRD patterns of LiMnxFeyMgzPO4/SGCNT (70/30) are shown in Fig.
3-2 Right for the same samples. The ratio of Mn/Fe ( = x/y) in the synthesized
LiMnxFeyMgzPO4/SGCNT (70/30) was determined as 4, as indicated by the calculated refined
lattice (a, b, and c-parameters) for the sample of (A) and (B) shown in Table 3-1. Those values
are in consistent with the reported value of LiMn0.8Fe0.2PO4 51 (shown as (C) in Table 3-1). The
proportional decrease of a, b, and c-lattice parameters for LiM0.8(1-z)Fe0.2(1-z)MgzPO4 with an
increase of Mg dosage ratio suggest the successful Mg doping into the LiMn0.8Fe0.2PO4 structure
(see Fig. 3-3).

Figure 3-3. [Top] XRD patterns for LiMn0.76Fe0.19Mg0.05PO4/SGCNT composite. The major diffraction
peaks of these composites ((101), (111), (211), and (311)) are well indexed to the orthorhombic structure
of LiMnPO4 and no peaks for possible impurities were found, as same as other two
LiMn0.8Fe0.2PO4/SGCNT and LiMn0.792Fe0.198Mg0.010PO4/SGCNT (shown in Fig. 3-2 Right A and B).
[Bottom] Plots of three refined lattice (a-, b-, and c-) parameters and the volume of LiMn0.8(1-z)Fe0.2(1-z)PO4
with respect to Mg dosage (z = 0-0.05). The lattice parameters and volume were calculated from the
Rietveld analysis on XRD patterns shown in Fig. 3-2(A), (B), and Fig. 3-3 top. A decrease in each three
parameters and volume with an increase of Mg dosage is due to the smaller lattice size of LiMgPO4 than
other phosphates; LiFePO4 and LiMnPO4. The obtained linearity in each four figures suggests that the Mg
atom was successfully doped into the LiMn0.8Fe0.2PO4/SGCNT nano-crystals.
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Furthermore, the optimum content of Mg (z) in the LiMnxFeyMgzPO4 crystal has been
determined as z = 0.01 through our preliminary experiments varying z = 0.01-0.05 for their
crystallographic nature and electrochemistry especially focused on the reversibility and
rate-capability.

The

obtained

Mg-doped

crystals

characterized

generally

as

LiMn0.8(1-z)Fe0.2(1-z)MgzPO4 (z = 0.01-0.05) show essentially no differences in all of the peak
patterns as indicated in a representative data for LiMn0.792Fe0.198Mg0.010PO4 (z = 0.01) (see Fig.
3-2 Right (B)). Theoretically speaking, increasing z-value brings about the decrease in the
reversible capacity by 5% with z = 0.05. High z value may also cause any possible cation
mixing between Li and Mg in the crystal structure, which would in turn inhibit smooth
one-dimensional Li+ diffusion along the b-axis of LiMn0.8(1-z)Fe0.2(1-z)MgzPO4. Therefore, it
should be unsurprising that the best electrochemical performance was obtained with z = 0.01;
this sample delivered both high reversible capacity of ca. 112 mAh g-1 per composite at 0.1C
and high rate capability of ca. 54 mAh g-1 per composite at 50C.

3.3.2. Structural Control to Nano-sized Solid-solution
The nanostructure and crystallinity of the LiMn0.792Fe0.198Mg0.010PO4/SGCNT was observed
by HRTEM (see Fig. 3-4). Fig. 3-4a shows that most of the LiMn0.792Fe0.198Mg0.010PO4 particles
are spherical, uniformly dispersed and entangled within the SGCNT network, and range in size
from 10 to 40 nm. On the other hand, the SGCNT is unusually well unbundled and stabilized
with an incorporation of the number of LiMn0.792Fe0.198Mg0.010PO4 particles in the whole entity of
the composites. Such degree of unbundling specifically for the case of single-walled CNT is
oftentimes very difficult using other chemical (surfactants52) and mechanical protocols
(jet-milling53) attempted so far in previous papers. Our UC treatment, as a matter of fact, reveals
to provide one of the best ways to proceed a non-equilibrium unbundling followed by an
instantaneous confinements of the precursors of the crystals that will be cured by annealing
process; then entangled and integrated within interstitial network of SGCNT forests as
illustrated in Fig. 3-4b. Such entanglement and high-dispersion of the LiMn0.792Fe0.198Mg0.010PO4
particles within the SGCNTs’ interstices establishes the lithium ion path and electron path,
resulting in the excellent electrochemical properties, which will be discussed in the later section
(Fig. 3-7).
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Figure 3-4. HRTEM images of the synthesized LiMn0.792Fe0.198Mg0.010PO4/SGCNT composites and their
corresponding

schematic

illustrations.

(a)

Lower

magnification

HRTEM

image

of

LiMn0.792Fe0.198Mg0.010PO4/SGCNT composites to observe all over the composite structure, suggesting that
the spherical LiMn0.792Fe0.198Mg0.010PO4 are highly dispersed and encapsulated within the SGCNT
interstices. (b) Schematic of (a) demonstrating improved Li+ and electron path of the encapsulated
LiMn0.792Fe0.198Mg0.010PO4 nanoparticles. (c) Magnified HRTEM image of the LiMn0.792Fe0.198Mg0.010PO4
nanoparticles (10-40 nm) attached to the SGCNT surface, demonstrating a clear crystal lattice aligned
along the (101) plane. (d) Electron diffraction patterns for LiMn0.792Fe0.198Mg0.010PO4/SGCNT, indicating
patterns that are identical to LiMnPO4 and graphite attributed to the basal plane of SGCNT. (e) 3D
graphic image of a LiMn0.792Fe0.198Mg0.010PO4 nanocrystal with the direction of Li+ diffusion illustrated by
CrystalMaker (Crystalmaker software Ltd.).
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The higher HRTEM image focused on a one LiMn0.792Fe0.198Mg0.010PO4 particle, as shown in
Fig. 3-4c, reveals a complete solid solution of LiMn0.792PO4 and LiFe0.198PO4 in atomic ratio of
Mn : Fe = 0.792 : 0.198. Yet, 1% of Mg atoms are supposed to be substituted with Mn and Fe in
the same proportions. The image also shows a single LiMn0.792Fe0.198Mg0.010PO4 crystal with the
lattice of (101-plane; d-spacing of 4.31Å). No apparent mismatched and disordered crystal
lattice was observed with and without Mg doping (see Fig. 3-5), suggesting the successful
preparation of solid solution of LiMn0.792Fe0.198Mg0.010PO4.

Figure 3-5. HRTEM images for the synthesized LiMn0.8Fe0.2PO4/ supergrowth (single-walled) carbon
nanotubes (denoted as SGCNT) composite, which was prepared under ultra-centrifugal (UC) treatment
with the same dosage condition of Mn/Fe (= 4) for the LiMn0.792Fe0.198Mg0.01PO4/SGCNT except Mg
doping (see experimental section). (a) Lower magnification HRTEM image shows that the spherical
LiMn0.8Fe0.2PO4 (10-40 nm of diameter), which is highly dispersed and encapsulated within the SGCNT
interstices. (b) Higher magnification HRTEM image of the LiMn0.8Fe0.2PO4 nanoparticle with clear lattice
fringes.

These

images

(LiMn0.8Fe0.2PO4/SGCNT

composite)

and

Fig.

3-4a-d

(LiMn0.792Fe0.198Mg0.010PO4/SGCNT composite) clearly indicate that the UC treatment enables the in-situ
synthesis of nano-crystalline LiMn0.8Fe0.2PO4 or LiMn0.792Fe0.198Mg0.010PO4 particles in the presence of
SGCNT, simultaneously achieving such a highly unbundled state of the SGCNT.

The electron diffraction (ED) patterns show clear spots corresponding to (301), (112), and
(311) planes of LiMnPO4 groups, and rings corresponding to (101) and (002) of SGCNTs (Fig.
3-4d). These ED patterns confirm the existence of highly crystalline LiMn0.792Fe0.198Mg0.010PO4 in
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the presence of SGCNT, which is in good agreement with the XRD measurements (Fig. 3-2
Right). The schematic illustration of the corresponding LiMn0.792Fe0.198Mg0.010PO4 crystal (Fig.
3-4c) is shown in Fig. 3-4e. Due to its single crystallinity and spherical morphology, the
LiMn0.792Fe0.198Mg0.010PO4 crystal possesses a straight 1-D diffusion toward b direction with the
path length shorter than 40 nm.

3.3.3. Electrochemical Performance
Charge-discharge

tests

were

performed

on

both

LiMn0.8Fe0.2PO4

/SGCNT

and

LiMn0.792Fe0.198Mg0.010PO4/SGCNT to investigate the effect of Mg doping on electrochemical
characteristics of the LiMn0.8Fe0.2PO4. The corresponding curves for both materials, run at a rate
of 0.1C are shown in Fig. 3-7a. (A) LiMn0.8Fe0.2PO4 /SGCNT shows typical two plateaus
corresponding to the redox of Fe2+/Fe3+ (3.5 V vs. Li/Li+) and Mn2+/Mn3+ (4.1 V vs. Li/Li+). The
total reversible capacity of the Fe and Mn phases was 106 mAh g-1 per composite,
corresponding to the 134 mAh g-1 for pure LiMn0.8Fe0.2PO4 after subtracting the capacity
attributed to SGCNT (see Fig. 3-6) in the composite. The value of 134 mAh g-1 is comparable to
the 120-140 mAh g-1 range reported elsewhere.54-56
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Figure 3-6. (a) Charge-discharge curves for pure SGCNT electrode. Charge-discharge tests were
performed using a 2032-typed coin cells composed of Li metal and SGCNT electrodes. Used electrolyte
composition was 1M LiPF6 /EC + DEC (EC/DEC = 50/50, v/v). Charge-discharge performance was
conducted under the CC-CV (charge) and CC (discharge) mode between 2.5 and 4.5 V, at constant charge
current density of 0.1C and at different discharge current densities ranging from 0.1C to 100C (assuming
1C = 40 mA g-1. The electrode composition was 90 wt% of SGCNT and 10 wt% of polyvinylidene
difluoride. (b) Summarized results of Fig. 3-6a: discharge capacity for SGCNT electrode with respect to
current density.

1 atomic % of Mg-doping improved the reversible capacity of LiMn0.8Fe0.2PO4 to 115 mAh
g-1 per composite as shown in Fig. 3-7a. This value corresponds to 146 mAh g-1 for pure
LiMn0.792Fe0.198Mg0.010PO4, which is 84% of its theoretical capacity. Furthermore, the Mn2+/Mn3+
redox plateau is 1.1 times pronounced in the doped sample, while the plateaus for Fe2+/Fe3+
shows no change, suggesting that the addition of Mg facilitated the lithiation/delithiation in the
Mn0.8PO4 phase.
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Figure

3-7.

(a)

Charge-discharge

curves

for

(A)

LiMn0.8Fe0.2PO4/SGCNT

and

(B)

LiMn0.792Fe0.198Mg0.010PO4/SGCNT composites. Charge-discharge tests were performed using a half cells
with Li and composite electrodes (A) or (B). Used electrolyte composition was 1 M LiPF6 /EC + DEC
(EC/DEC = 50/50, v/v). Tested condition was under the CC-CV (charge) and CC (discharge) mode
between 2.5 and 4.5 V at a current density of 17 mA g-1 (corresponding to 0.1C). (b) Differential capacity
(dQ/dV) with respect to potential for composites (A) and (B), derived from the corresponding
charge-discharge curves shown in (a). The inset highlights the peak voltage separations for Mn2+/Mn3+
redox for composites A and B. (c) XPS spectra for Mg 2p3/2, Fe 2p3/2, and Mn 2p3/2 for
LiMn0.792Fe0.198Mg0.010PO4/SGCNT in both delithiated (at 4.5 V vs. Li/Li+) and lithiated (at open-circuit
voltage) states.
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The charge-discharge profiles were then converted to graphs of differential capacity (dQ/dE)
with respect to voltage (Fig. 3-7b) in order to compare the number of electrons transferred
during Fe2+/Fe3+ and Mn2+/Mn3+ redox between two composites. Overall, the electron transferred
for the Mn2+/Mn3+ redox improved from (A) 0.60e- to (B) 0.66e- after Mg doping, while that for
Fe2+/Fe3+ redox remains constant at 0.19e-. This indicates that 82% of Mn species for the
LiMn0.792Fe0.198Mg0.010PO4/SGCNT participate in lithiation/delithiation, while Li+ in the Fe site
react almost 100% for both samples. In addition, the inset in Fig. 3-7b shows a narrowing peak
of separation for the Mn2+/Mn3+ reaction due to Mg doping, with the values from 94 to 89 mV,
at the same time, virtually no change was observed for Fe2+/Fe3+ reaction. This 5 mV drop
indicates that improved Li+ diffusion, which likely results from two effects of Mg addition. First,
the unreactive Mg0.010PO4 phase can act as a buffer against volume retraction and lattice collapse
that may results from changes in Fe and Mn diameters during oxidation. This is often referred
as the “pillar effect,”57 and minimizes the disruption to the Li+ conduction path by decreasing
distortion at the boundary of the bc plane. The calculated percentages of bc-plane misfit and
volume change during lithiation-delithiation support these ideas. As shown in Table 3-1, the
former decrease from 2.46 to 2.29% by Mg doping, while the latter decreases from 9.65 to
9.29%. It is well known that the diffusion of Li+ in the crystal of phosphor-olivine compounds
(LiMPO4; M = Mn, Fe, Co, and Ni) is the 1-D diffusion with b-axis direction during its
two-phase reaction of LiMPO4/MPO4.58 Additionally, Li+ insertion/extraction may preferentially
occur at the phase boundary of the reaction, which runs parallel to the bc plane.58 Therefore,
reducing discontinuity along the bc plane may lead to smoother two-phase reactions of
LiMn0.8Fe0.2PO4.59 Because Mg2+ does not change valence states during lithiation/delithiation,
the presence of the Mg0.01PO4 phase likely buffers the misfit along the bc plane, aiding in
improved electrochemical performance. Secondly, the presence of the unreacted Li+ surrounded
by Mg2+ accelerates Li+ transfer by destabilizing Mn0.8PO4 phase with the repulsion between
Mn3+-Li+, often referred as "nucleation enhancer".34 Note that the observed peak-separation
decrease can also result from improved electrical conductivity as well, which can be accounted
for the increased number of holes generated by Mg-doping in the n-type LiMn0.8Fe0.2PO4.60
These effects will be further studied using x-ray photoelectron spectroscopy (XPS) and
electrochemical impedance spectroscopy (EIS).
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Mg 2p3/2, Fe 2p3/2, and Mn 2p3/2 XPS measurements were then carried out in order to
investigate the valence states of the three metal ions, in LiMn0.792Fe0.198Mg0.010PO4 both at
delithiated (4.5 V) and lithiated (2.5 V) states. Looking at the spectra for Mn 2p3/2 and Fe 2p3/2
firstly, peaks for both of Mn and Fe shift with lithiation of LiMn0.792Fe0.198Mg0.010PO4/SGCNT
composites; from 642.5 to 642.0 eV for the Mn 2p3/2, and from 713.2 to 711.5 eV for the Fe
2p3/2. These shifts for the Mn 2p3/2 and Fe 2p3/2 correspond to the shift of Mn2+/Mn3+

61

and

Fe2+/Fe3+,62 respectively. These results show the reversible redox couple of Mn and Fe ions for
the LiMn0.792Fe0.198Mg0.010PO4/SGCNT. On the other hand, the peak tops of Mg 2p3/2 spectra
remain at the same binding energy (48.1 eV), indicating the existence of completely inert Mg2+
through the lithiation and delithiation process between 2.5 and 4.5 V vs. Li/Li+. This unreacted
Mg2+ supports the possible existence of Mg0.010PO4 phase, which can provide the "pillar effect"
and act as "nucleation enhancer".34,59,63

3.3.4. Ultrafast Behavior and its Origin
Charge-discharge tests at variable current densities were performed in order to study the
influence of Mg doping on the lithiation/delithiation at Fe0.2PO4 and Mn0.8PO4 phases. Fig. 3-8a
shows the discharge profiles for (A) LiMn0.8Fe0.2PO4 /SGCNT at current densities ranging from
0.1C to 100C. Mn3+/Mn2+ and Fe3+/Fe2+ plateaus are clearly visible at 4.1 V and 3.5V,
respectively, at the lowest rate. As current density increases from 0.1C to 5C, discharge capacity
slowly decreases from 100 to 78 mAh g-1, yet the Mn and Fe plateaus remain somewhat visible.
However, as the current density increases further to 10C, the two plateaus effectively disappear.
That being said, (A) LiMn0.8Fe0.2PO4 /SGCNT maintains a discharge capacity of 38 mAh g-1 per
composite even at 50C, corresponding to 36% retention from the lowest current density: this
value surpasses most of those previously reported for similar LiMnxFe1-xPO4 compounds.64,65
This impressive performance results from a combination of several factors. Again, the shortened
Li+ diffusion path length due to the decrease particle size likely plays a role, as does the
increased surface area of the active material due to dispersion of nanoparticles throughout the
highly conductive SGCNT matrix.
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Figure 3-8. Charge curves for current densities of 0.1 C and discharge curves for current densities ranging
from 0.1C to 100C for (a) LiMn0.8Fe0.2PO4/SGCNT and (b) LiMn0.792Fe0.198Mg0.010PO4/SGCNT. In both
cases, typical two plateaus attributed for Fe2+/Fe3+ and Mn2+/Mn3+ are clearly observed at the slowest 0.1C.
(c) Discharge capacity with respect to current density for (A, blue) LiMn0.8Fe0.2PO4/SGCNT and (B, red)
LiMn0.792Fe0.198Mg0.010PO4/SGCNT. Broken lines correspond to the capacity per composite, and the solid
lines correspond to the capacity per pure LiMn0.8(1-z)Fe0.2(1-z)MgzPO4 (z = 0 or 0.01) after subtracting the
capacity attributed to SGCNT (see Fig. 3-6) in the composite.
used in Fig. 3-7.
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Fig.

3-8b

shows

that

Mg

doping

further

improved

the

rate

capability

of

LiMn0.8Fe0.2PO4/SGCNT composite with the visible difference even at low current densities. In
particular, the discharge curve for LiMn0.792Fe0.198Mg0.010PO4/SGCNT at 0.1C shows a Mn
plateau at 4.1 V that is 1.1 times longer than for the undoped composite. Increasing current
densities to 5C results in similar changes to the discharge curves, with the difference in capacity
attributed to Mn becoming even more pronounced; however, the doped sample shows a
discharge capacity of 94 mAh g-1 per composite, an improvement of 1.2 times over undoped
sample. The effect is even more pronounced at 50C: the measured discharge capacity of 54
mAh g-1 per composite corresponds to a 47% retention of capacity over 0.1C and improvements
of 1.4 times over undoped sample. Overall, these results provide further evidence for improved
Li+ diffusion and electrical conductivity. The results for both samples are summarized in Fig.
3-8c. The rate capability of our LiMn0.792Fe0.198Mg0.010PO4/SGCNTs is the one of the highest
among the reported LiMn0.8Fe0.2PO4.64-66 Such high rate capability is comparable to those of
other cathode materials such as LiCoO2( = 50C ; charged and discharged in the voltage range
from 3.0 to 4.5 V. The electrode composed of 80 wt% of active material, 10 wt% of conductive
carbon, and 10 wt% of binder)67, LiMn2O4( = 60C ; charged and discharged in the voltage range
from 3.0 to 4.3 V),68 LiFePO4( = 60C ; charged and discharged in the voltage range from 2.0 to
4.3 V. The electrode composed of 83 wt% of active material, 12 wt% of conductive carbon, and
5 wt% of binder. The loading mass of the electrode is 5 mg cm-2),69 and Li3V2(PO4)3( = 100C ;
charged and discharged in the voltage range from 2.0 to 4.3 V. The electrode composed of 80
wt% of active material, 10 wt% of conductive carbon, 10 wt% of binder. The loading mass of
the electrode is 1.6-2.0 mg cm-2).70 Note that the weight of the electrode is naturally dependent
upon the electrode thickness, the state of charge, and the voltage ranges. Therefore, I picked up
the highest-achieved rate capability to compare with our composites. It should be also
mentioned that LiMn0.8Fe0.2PO4 has the lowest electrical conductivity( = 10-14-10-15 Ω-1 cm-1) and
ionic conductivity( = 10-15-10-17 cm2 s-1) compared to the other cathode materials, which is the
large handicap to achieve high rate-capability.
Next, the mechanism by which performance improved due to Mg doping was further
explored using EIS measurements; the corresponding spectra for the blocking cells containing
either LiMn0.8Fe0.2PO4/SGCNT or LiMn0.792Fe0.198Mg0.010PO4/SGCNT are shown in Figure 8a.
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Figure 3-9. Electrochemical impedance spectroscopy (EIS) data for the (A) LiMn0.8Fe0.2PO4/SGCNT
(blue spheres) and (B) LiMn0.792Fe0.198Mg0.010PO4/SGCNT (red squares) composites. (a) Nyquist plots for
the blocking cells tested at open-circuit voltage and consisting of two identical electrodes separated by a
25 µm separator. Use electrolyte composition was 1 M LiPF6/EC+DEC (EC/DEC = 50/50, v/v). (b)
Nyquist plots for half cells tested at 3.5 V vs. Li/Li+ corresponds to the plateau of Fe2+/Fe3+ redox and
utilizing a Li electrode and a composite electrode separated by a 25 µm separator. Before starting EIS
measurements, the cell voltage was held at 3.5 V vs. Li/Li+ for 20 min until the current dropped to an
equilibrium level below 1 µA cm-2. Frequency was scanned over 0.01 Hz-100 kHz, while amplitude was
set to 5 mV. (c) Nyquist plots for half cells tested at 4.1 V vs. Li/Li+ which corresponds to the plateau of
Mn2+/Mn3+ redox. Tested conditions were identical to those for (b). Both insets in (b) and (c) show the
plots of real-part impedance (Z’) with respect to ω-1/2. From the slop of these plots, Li+ diffusion
coefficient for the two composites (A) and (B) was calculated, as shown in Table 3-2.

The spectra for the two samples are both semicircular in the high to medium frequency
region, an effect can be attributed to charge transfer resistance (Rct) at different interfaces, such
as between the current collector and the composites, grain boundaries of composites, and
between the electrolyte and composite surface. Assuming that the nanoparticles size and the
composite morphology are same with or without Mg dopant (see Fig. 3-4 and Fig. 3-5), the
difference of Rct between two samples resulted from the first and the second. The diameter of
the semicircle, which is proportional to Rct, is significantly smaller for the doped sample than it
is for the undoped one. The exact values were evaluated by fitting the EIS semicircular spectra
with the equivalent circuit (Fig. 3-9a inset); the fitted results are shown in Table 3-2. Overall,
Mg doping resulted in a 50% drop in Rct, which is in good agreement with the previous results
in the dQ/dE section showing a decrease in peak potential separation.
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Table 3-2 Charge-transfer resistance (Rct), Warburg-impedance coefficient (σ), and the Li+ diffusion
coefficient (DLi) for (A) LiMn0.8Fe0.2PO4/SGCNT and (B) LiMn0.792Fe0.198Mg0.010PO4 /SGCNT composites.
The value of Rct was obtained by fitting the EIS spectra of blocking cells (Fig. 3-9a) with the equivalent
circuit (see the inset of Fig. 3-9a). The value of σ the Warburg-impedance coefficient of the material,
which was derived from the slopes of the plots in the insets of Fig. 3-9b and Fig. 3-9c. DLi was calculated
from the following equation; DLi+ = 0.5 R2 T2 / S2 n4 F4 C2 σ2, where R is the gas contatnt, T is temperature,
S is the surface area of the electrode (5 cm2), n is the number of electrons per molecule during oxidization,
F is the Faraday constant, C is the concentration of the Li+, which was calculated using the following
equation: C = 1 / nV, calculated n is Avogadro's number and V is the volume of the refined crystal lattice,
taken from Table 3-1.

Additional EIS measurements for the Li half cells were completed to track changes in the
lithium diffusion coefficient (DLi) at the voltage around the Fe plateau (Fig. 3-9b) and the Mn
plateau (Fig. 3-9c). DLi was calculated using the following equation: DLi = 0.5 R2 T2 / S2 n4 F4
C2σ2, where R is the gas constant, T is temperature, S is the surface area of the electrode, n is
the number of electrons per molecule during oxidization, F is the Faraday constant, C is the
concentration of Li+, and σ is the Warburg-impedance coefficient of the material. Detailed
explanation of the DLi calculations are described in the caption of Table 3-2.
The calculated DLi values for the two composites (A) and (B) are shown in Table 3-2. The
doped sample shows a much higher DLi in the Fe site (3.5 V) and the Mn site (4.1 V) than both
the undoped one and previous reports for LiMnxFe1-xPO4 (1.0 × 10-16 cm2 s-1).71 This increase can
again be explained by the pillar effect,57 as well as by the enhancement of Li+ intercalation
within the Mg0.01PO4 phase due to nucleation.48
Cycle-life testing revealed that LiMn0.792Fe0.198Mg0.01PO4/SGCNT delivered a capacity of 100
mA h g-1 after 3,000 cycles at 1C, corresponding to an 84% capacity retention (Fig. 3-10);
detailed charge-discharge profiles for a selection of cycles are shown in the inset of Fig. 3-10.
No obvious signs of voltage drop or capacity loss from the Fe2+/Fe3+ redox system are visible;
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however, the reversible capacity of the Mn2+/Mn3+ system starts to decrease after 500 cycles,
which may result from dissolution of Mn2+ by Jahn-Teller lattice deformation. This possibility is
being tested by searching for Mn2+ in the electrolyte using inductively coupled plasma emission
spectroscopy, and/or by stabilizing Mn through the additional doping of other metal ions.

Figure 3-10. Cycle-life testing for the LiMn0.792Fe0.198Mg0.010PO4/SGCNT composite, showing stable
performance over 3,000 cycles. All experiments were set to 1C with cycling performed under CC-mode
(without CV time unlike other measurements). The inset shows the charge-discharge profiles for the
LiMn0.792Fe0.198Mg0.010PO4/SGCNT at 1st, 100th, 500th, 1,000th, 2,000th, and 3,000th cycle.

3.4. Summary
Spherical LiMn0.792Fe0.198Mg0.010PO4 nanocrystals (10-40 nm φ) were successfully embedded
between unbundled interstices of supergrowth (single-walled) carbon nanotubes (SGCNT) via
UC

treatment and

the

subsequent short-duration

heat treatment. The

synthesized

single-cryistalline LiMn0.792Fe0.198Mg0.010PO4 nanospheres are directly attached on the surface of
highly electric-conductive SGCNT. Structural and electrochemical testing showed that 1.0
atom% of Mg doping into the nano-sized LiMn0.8Fe0.2PO4 solid-solution enhanced its electric
conductivity (50% decrease of Rct) and Li+ diffusivity (200% increase of DLi) resulting in the
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ultrafast Li+ migration. These improved properties yielded a potential new lithium storage
material with an excellent rate performance of 54 mAh g-1 per composite (corresponding to 77
mAh g-1 per pure LiMn0.792Fe0.198Mg0.010PO4) at 50C and a superb cycle stability of 84% retention
of the initial capacity after 3,000 cycles.
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4.1. Ultrafast Cathode Characteristics of Nanocrystalline-Li3V2(PO4)3 /Carbon Nanofiber
Composite
4.1.1. Introduction
In the current society, the storage of electrical energy at high charge and discharge rate is an
important technological issue as it enables hybrid and plug-in hybrid electric vehicles and
provides a back-up to wind and solar energies.1,2 Rechargeable lithium-ion batteries (LIBs) are
considered the most advanced energy storage systems; they possess high energy but limited
power compared to high-power devices such as supercapacitors.1) To further improve the
performance of the LIBs, several electrode materials have been proposed and investigated so
far.2-11 Commercial cells utilize the layer-structured LiCoO2 as the positive electrode,3 but the
high cost and toxicity of cobalt prohibit its use on a large scale. Spinel-type LiMn2O4 is one of
the alternative materials to cobalt for high-rate use.4 Several reports on such materials for
high-rate use have been published; however, the reported discharge performance are limited
within 50–150C. Owing to their easy release of oxygen, LiCoO2 and LiMn2O4 also have safety
issues at overcharged states or high temperatures.3,4 Thus, to achieve a long-term and safe use of
the LIBs, cathode materials other than those including layer-structured or spinel-type materials
have received significant attention. Researchers have identified polyanion-type cathode
materials—such as phosphate cathode materials like LiFePO4 (LFP)5 and Li3V2(PO4)3
(LVP)—as attractive active materials because of their high thermal stability, high cyclability,
and superior safety properties provided by the stable (PO4)3- unit.6 The presence of a phosphate
with a strong P–O covalency stabilizes the antibonding M–O (M = V or Fe) energy level
through an M–O–P inductive effect and generates a conveniently high redox potential for
M3+/M2+.7 In particular, monoclinic LVP has attracted much attention because of its high
specific capacity of 131 mAh g-1 with 2-electron reactions at a potential up to 4.2 V vs Li/Li+
and 196 mAh g-1 with 3-electron reactions at a potential up to 4.8 V vs Li/Li+.8,9 Owing to its
three-dimensional (3D) diffusion path, LVP also possesses a higher lithium diffusion coefficient
(10-7–10-9 cm 2 s-1) than that of other lithium metal phosphates, such as LFP, which has a b-axis
oriented diffusion path.10,11 In the last five years, approximately two thirds of the published
papers studying monoclinic LVP have reported its electrochemical characteristics in the
3-electron reaction, focusing on the utilization of the high energy density.12-15 However, the
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usage of LVP is normally limited to the 2-electron reaction because of the strong repulsion
between the oxide layers and the destabilization of its crystalline structure after the 3-electron
(Li+) extraction, which results in a poor cyclability (<100 cycles). Besides, LVP, when limited
to the 2-electron reaction, shows a rather stable cyclability (>1000 cycles) while sacrificing its
specific capacity compared to the 3-electron reaction. Thus, using LVP with a 2-electron
reaction is a more realistic choice in relation to its application as a cathode material for ultrafast
LIBs.
One of the challenges associated with the use of the LVP cathodes is circumventing the
limitation of their intrinsically low electronic conductivity (10-8–10-9 S cm-1).16 Designing
nanostructure electrode materials is an effective method for improving the transfer kinetics of
Li+.17 An enhancement of the rate capability up to 30C can be achieved by improving the
electronic conductivity of LVP within a wide range of diameters, from 10 nm to a few µm,
which can be achieved by fine-tuning the thickness of the carbon coating up to 40 nm.18-22
Various organic compounds such as glucose,18 citric acid,19 starch,20 polyethylene glycol,21 and
1,4-dihydroxy-2-butyne22 are considered as carbon sources for multifunction “nanocompositing”
agents. Carbon nanotubes,23 graphenes,24,25 and reduced graphene oxides26 are also examined for
more effective carbon matrices.
Downsizing the particles size (5–100 nm) is one of the most direct approaches, as shortening
the path of the Li+ diffusion in LVP nanoparticles definitely enhances the power performance up
to a 60C rate. For example, Rui et al. reported LVP nanocrystals (5–8 nm) embedded in an
amorphous nanocarbon matrix attached to reduced graphene oxide nanosheets prepared by
combination of a sol-gel reaction and high-temperature annealing; the nanocrystals exhibited a
capacity of 88 mAh g-1 at a 50C rate.26 Wang et al. reported LVP/C nanocomposites synthesized
via a sol-gel method based on the composite chelating agents of glycine and beta-cyclodextrin.
The pyrolysis products of these chelating agents resulted in the carbon coating on the LVP
nanoparticles (approximately 20–40 nm), enabling a high-rate charge–discharge capacity of 88
mAh g-1 at 60C.27
The highest C-rate of 100C, however, was achieved with relatively large LVP particles
(approximately 1–2 µm).28 Wang et al. reported nitrogen-doped carbon-coated LVP obtained
from a facile in-situ fabrication. Surprisingly, this N-doped carbon-coated LVP, with
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approximately 1–2 µm particles, achieved the highest performance rate (80 mAh g-1 at 100C)
known to date. This result indicates that the high rate of 100C can be attained even with large
LVP particle sizes (>1 µm) thanks to the fast 3D Li+ diffusion, only if the good electron path to
LVP is provided from the conductive carbon network. However, to enable ultrafast LVP
charge–discharge over 100C, a considerably faster electron path between LVP and carbon is
required; namely, the direct attachment of nanosized LVP on the surface of the conductive
carbon matrix is necessary.
To achieve this, I have synthesized nanoplated LVP directly impregnated on the surface of
the carbon nanofiber (CNF) via a two-step synthesis. The first step is the in-situ V2O3
nanoimpregnation on the anchor sites of the CNF, deliberately conducted under strong basic
conditions (5 M NaOH). The V2O3 nanoimpregnation establishes the ultrafast electron path in
nanosized V2O3 (plate-like shape; 20–200 nm). The second step is the in-situ transformation of
nanoplated V2O3 into nanoplated LVP on the surface of the CNF without particle size growth
and stoichiometric contamination, even in the presence of carbon. Both the in-situ synthesis
steps were achieved via our original method, referred to as ultracentrifuging (UC) treatment,
and a subsequent instantaneous heat treatment (post-UC).29-34 The UC treatment is a build-up
synthetic scheme involving: i) unbundling of the carbon matrix, ii) in-situ sol-gel reaction of the
V2O3 precursors on the exposed carbon surface, iii) restructuring of the carbon matrix. I applied
this UC treatment to the synthesized V2O3/CNF in order to transform the V2O3 nanocrystals into
the LVP precursors on the surface of the CNF. Then, the post-UC treatment effectively and
simultaneously completed the crystallization of V2O3. In this study, I will present the optimized
LVP/CNF composites exhibiting 80 mAh g-1 at 480C. A detailed evaluation of the structural
feature and electrochemical properties of the UC-generated Li3V2(PO4)3/CNF is conducted to
investigate its use as an alternative ultrafast cathode material in LIBs.

4.1.2. Experimental
4.1.2.1. Materials
VCl3 (>97.0%, Sigma-Aldrich Corp.) was used as a source of V2O3.35 A carbon nanofiber
(CNF, received from Mitsubishi Material Corporation) was selected as a carbon matrix to
entangle with growing nanoscale V2O3 because of its high electronic conductivity and high
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specific surface area. 5 M NaOH aq. (factor 0.999 at 20 °C, Wako Pure Chemicals) was used to
drive the sol-gel process via hydration and polycondensation during the V2O3 precipitation.
CH3COOLi (>98.0%, Wako Pure Chemicals) and H3PO4 (85.0%, Wako Pure Chemicals) were
used as LVP sources. Ultrapure water (17 MΩ cm) was used as a medium for the entire
preparation scheme.

4.1.2.2. Preparation of Li3V2(PO4)3/CNF composite under UC treatment
The two-step process of the Li3V2(PO4)3 nanoplates/CNF is schematically illustrated in
Fig.4-1.
i) V2O3 nano-impregnation onto the surface of CNF
First, 0.5512 g of VCl3 was dissolved in 22 ml of ultrapure water. Then, 0.3215 g of the CNF
was mixed in the VCl3 solution for 5 min. The UC treatment was conducted for 5 min on the
premixed CNF dispersion, while 2 ml of 5 M NaOH aq. was added to the dispersion drop by
drop. After the filtration, the resultant precipitate was dried at 80 °C for 12 h in vacuo, and then
calcinated at 800 °C for 30 min under N2 atmosphere to complete the V2O3/CNF synthesis.
ii) In-situ transformation of nano-V2O3 into nano-Li3V2(PO4)3 on the surface of CNF
As-prepared V2O3/CNF (0.1433 g), CH3COOLi (0.0928 g), and H3PO4 aq. (0.1588 g) were
added to 25 ml of ultrapure water. Then, the UC treatment was performed on the mixed
dispersion for 5 min. The LVP/CNF composites were obtained after drying at 80 °C for 12 h in
vacuo.
The LVP/CNF precursor was reground and sintered at different temperatures ranging from
700 °C to 900 °C under N2 atmosphere at different holding times, as shown in Fig. 4-2. The
calcination temperature was attained within 3 min, and then the temperature was held for 5 min
(Samples A to C in Fig. 4-2). Sample D was an exception, as it was subjected to a
short-duration heating of 3 min at 900 °C; subsequently, the heating was immediately turned off
to allow natural cooling.
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Figure 4-1. Schematic illustrations of the concept of our Li3V2(PO4)3/CNF fabrication (two-step
fabrication process). First ultracentrifugation treatment (UC treatment) is curried out in order to
synthesize nanoplated V2O3/CNF composites. i) Nucleation of V2O3 precursor proceeded on the anchor
site of CNF, which is generated under the strong basic condition (OH-). As a result, nano grains (2-5 nm)
of the V2O3 precursor are formed on the anchors sites of CNF. ii) The nano grains V2O3 precursors are
anisotropically grown into nanoplates (20-200 nm)owing to the 75,000G and the steric hindrance of CNF.
After the sintering process at 800°C 30 min (formation of the V2O3 nanocrystals), second UC treatment
was curried out in order to synthesize Li3V2(PO4)3 nanoplates/CNF composites. iii) After the UC
treatment of a mixture of V2O3/CNF, CH3COOLi , and H3PO4, and the subsequent sintering at 900°C
without holding time (0 min). iv) The V2O3 nanoplates/CNF was transformed into the designated
Li3V2(PO4)3 nanoplates/CNF composites without any dimension changes which was confirmed from
XRD and TEM results (Fig. 4-3 and 4-5).
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Figure 4-2. The calcination protocol for the transfromation from the nano-V2O3/CNF into the
Li3V2(PO4)3/CNF composites. The heating rises from the amibient temperature to the calcination
temperature within 3 min. The precursor of Li3V2(PO4)3/CNF was reground and sintered at different
temperatures ranging from 700°C to 900°C under N2 atmosphere followed by the different holding times.
The temperature rise to the calcination temperature was completed within 3 min, then the temperature
was hold for 5 min (Sample A to C). The exception was the sample D, which was subjected to the
short-duration heating of 3 min to 900°C, then immediate turn-off to let it stand for nature cooling.

4.1.2.3. Physicochemical characterizations of the Li3V2(PO4)3/CNF composite
The detailed nanostructure features of the composites, such as the LVP particle size
distribution and the CNF graphene layer network, were characterized by high-resolution
transmission electron microscopy (HRTEM, Hitachi H9500 model). X-ray diffraction (XRD,
Rigaku SmartLab) was used to characterize the crystalline structure of V2O3/CNF and
LVP/CNF. To examine the stoichiometry of the composites, a thermal analysis was performed
under synthetic air atmosphere (20% O2, 80% N2) using a thermogravimetry differential thermal
analyzer (TG/DTA, Seiko Instruments TG/DTA6300).

74

Chapter 4

4.1.2.4. Electrochemical and battery characterizations of Li3V2(PO4)3/CNF composite
The half-cell was assembled with a Li metal electrode, and a Li3V2(PO4)3/CNF electrode,
using 2032 coin-type cell. The composition of the electrolytes was a battery grade of mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC) containing 1.0 M of lithium
hexafluorophosphate (LiPF6, Kishida Chemical Co., Ltd) as the electrolyte salt. The
Li3V2(PO4)3/CNF electrode was prepared by mixing 90% of the composite and 10% of
polyvinylidene difluoride (PVdF) in N-methyl pyrrolidone (NMP). The slurry was coated on a
Al foil (current collector) and dried at 80 oC in vacuo for 12h. The electrode density was ca.
1.53 g cm-3, calculated from the loading mass of the composite (0.92 mg) on 1.21 cm2 of Cu
current collector and the thickness of the Li3V2(PO4)3/CNF electrode (4±1 µm). The
charge-discharge tests were performed under a constant current mode (CC-mode) between 2.5
and 4.3 V vs. Li/Li+ at several current densities ranging from 1 to 480 C-rate assuming C-rate
being 131 mAh g-1.

4.1.3. Results and discussion
4.1.3.1. Material Design and Synthetic Optimization
High crystallinity, particle size smaller than 2 µm, and impurity-free phases are essential
factors for the ultrafast electrochemical performances of LVP with a reversible capacity higher
than 100 mAh g-1 at a rate above 100C. I identified the optimized calcination conditions that
strongly affect these factors in LVP/CNF composites. Fig. 4-3 (left) shows the XRD patterns of
LVP/CNF at different calcination temperatures: (A) 700 °C with a holding time of 5 min; (B)
800 °C, 5 min; (C) 900 °C, 5 min; (D) 900 °C, no holding time (0 min). The temperature
profiles of each protocol are shown in Fig. 4-2. Overall, the XRD patterns of monoclinic LVP 36
(see the inset of Fig. 4-3, left) were found on the broad peak of the CNF (2θ = 20–30°) in all the
XRD patterns of the four composites (A)–(D). Meanwhile, other peaks generated by impurities
such as Li9V3(P2O7)3(PO4)2 were detected in the samples prepared at the lower temperatures of
700 °C (A) and 800 °C (B). Metastable Li9V3(P2O7)3(PO4)2

37

may be formed by insufficient

thermal agitation or convection for the establishment of precise stoichiometric ratio of Li, V,
and PO4 (3:2:3) for the LVP particles. The impurity phase completely disappeared after
calcination at the high temperature of 900 °C. High temperature above 800 °C may provide the
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LVP particles with enough kinetic energy to allow for a uniform distribution of the resources,
preventing the generation of impurities. The heating protocol D, 3 min of rapid heating up to
900 °C without any holding time, driving a fine-tuned control of the stoichiometry of LVP is of
particular importance and results in a minimization of the undesirable phenomena that occur
during long heating, such as LVP particle growth, agglomeration of the crystal diameter, and
any carbon up-take, which would cause the breakage of the conjugation between the CNF and
LVP.

Figure 4-3. [Left] XRD patterns for Li3V2(PO4)3/CNF composites sintered at different temperatures from
700°C to 900°C. At the highest temperature of (A) 900°C for 0 min, the Li3V2(PO4)3/CNF with three
major peaks (020), (211), and (220) attributed to Li3V2(PO4)3 crystal (JCPDS No. 72-7074; see below)
was

successfully

synthesized

without

any

impurities

such

as

pyrophosphate

compounds

(Li9V3(P2O7)3(PO4)2, Ref. 39). At different sintering conditions, such as (B) 900°C for 5min, (C) 800°C
for 5 min, and (D) 700°C for 5 min, the peaks attributed to Li9V3(P2O7)3(PO4)2 were detected. XRD
patterns (E) is the reference patterns of V2O3 (JCPDS No. 70-8656). [Right] TGA curves for four samples
(A)-(D) of Li3V2(PO4)3/CNF composites (solid line), (E) V2O3/CNF (dotted line), and the pristine CNF
(dashed line). The measurements were performed at a sweep rate of 5°C min−1 from ambient temperature
to 1,000°C under a synthetic air atmosphere. The weight ratio of the (E) V2O3 (=49.1 wt%) in the
V2O3/CNF was converted from the residual weight ratio of (E), V2O5 (=59.0 wt%), which is the oxidation
compound of V2O3. The used equation was as following: wV2O3 = wV2O5 * MV2O3 / MV2O5, where w and M
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represents the weight ratio and molecular weight of the materials.

The average crystallite sizes of the obtained four samples (A)–(D) of the final
LVP/CNF products were calculated from the Scherrer equation with reference to that of
the predecessor (V2O3/CNF) sample (E). The derived full widths at half-maximum
(FWHMs) of the LVP (020) and V2O3 (104) peaks have been converted to the apparent
average crystallite size, reported in Table 1. The order of the calculated crystallite size
is (A) 28 nm < (D) 32 nm < (B) = (E) 35 nm < (C) 48 nm. Notably, the crystallite size
decreased by 20% during the simultaneous phosphation/lithiation from (E) V2O3 to (A)
LVP. This may possibly be preceded by a local phase change process where original
V2O3 is transformed into an intermediate amorphous V2O3 phase (a-V2O3), which is then
fragmented into smaller pieces before finally being converted to LVP. Remarkably,
with the proper annealing conditions, all the V2O3, a-V2O3 (intermediate), and LVP
species have been kept anchored on the surface of the CNF during the entire process.
Clearly, this successfully drives an in-situ formation of nanoscale (20–200 nm) LVP
attached to the CNF without any substantial growth of the crystallites. The CNF
effectively anchors the intermediate a-V2O3 at a calcination temperature of 900 °C for 0
min (D) with a crystallite size of 32 nm. However, the calcination at a lower
temperature (800 °C) and longer holding time (5 min) results in a slight increase of the
crystallite size (35 nm). When a higher temperature (900 °C) was held for 5 min, the
formation of an unanchored LVP pure phase with a slight increase in the crystallite
dimensions (48 nm) was promoted. Such a change in the dimensions of the crystallites
could be explained by a possible re-agglomeration of the fractured a-V2O3 before finally
being transformed into LVP with sizes in the range of 20–200 nm.
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Table 4-1 Abstracted parameters; crystal size, combustion temperature, discharge capacity at 1C,
capactity retention at 300C and 480C for the four Li3V2(PO4)3/CNF composites (A)-(D) and V2O3/CNF
composites (E). The combustion temperature for each temperature was taken as the middle point in the
temperature-decrease line (CNF = 586°C).

Thermogravimetric analysis (TGA) was performed under synthetic air atmosphere to estimate
the residual weight ratio of the CNF to the synthesized LVP crystals in the composites (Fig. 4-3,
right). I firstly checked the thermal behavior of the V2O3/CNF composite (E) under air, and not
under N2 as for the synthetic protocol. In the temperature range of 150–400 °C, the thermal
curve shows a slight weight increase, equal to approximately 5%, due to the oxidation of V2O3
to V2O5.37 Assuming that V2O3 was completely oxidized to V2O5 at 1000 °C, the weight ratio of
V2O3 in the V2O3/CNF composite was derived from the residual weight ratio of V2O5 in the
curve of (E) (see the caption in Fig. 4-3, right). For our synthesized samples, the calculated
weigh ratio of V2O3 was 48 ± 2 wt%; this value leads to the formation of 70 wt% of LVP in the
LVP/CNF composite during the following process. After the transformation of V2O3/CNF into
LVP/CNF composites, the synthesized (A)–(D) LVP/CNF composites contained 67–71 wt% of
LVP in the composite. In combination with the obtained XRD results, this finding indicates that
the in-situ transformation of nano-V2O3 into nano-LVP proceeds by maintaining the designed
dosage ratio of LVP to CNF (70/30), regardless of the CNF and the synthesis temperature.
Furthermore, the decomposition temperatures of the CNF for different LVP/CNF compounds
were compared. As a reference, the pristine CNF was also analyzed under the same TGA
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conditions used for LVP/CNF. Compared with the pristine CNF, a large shift of the CNF
decomposition temperature was observed in LVP/CNF (63–89 °C) and V2O3 (172 °C). Such
temperature shifts have been observed in previous studies on nanoscale metal oxide/carbon
composites; the temperature shift of 100–180 °C depends on the nature of the metal oxide, its
crystal size (5–200 nm), and the composited nanocarbons, such as carbon blacks and
nanotubes.30-34 This may be partially explained by the catalytic influence of the co-existing LVP
nanocrystals on the CNF oxidative decomposition. On the other hand, the smaller temperature
shift of LVP/CNF (89 °C) compared with V2O3/CNF (172 °C) suggests a change of the
conjugation state between the nanocrystals and the functional groups on the CNF surface before
and after the transformation from V2O3 to LVP. Namely, in the case of the V2O3/CNF boundary,
there can be a direct bonding between the functional group of carbon and the dangling bond of
V2O3 such as (–C–O–V–). The –C–O–V– bond formed between V2O3 and CNF resulted in a
catalytic combustion reaction, as observed in Fig. 4-3. Then, through the in-situ transformation
of V2O3 into LVP, the –C–O–V– bond may change into a –C–O–P–O–V– bond because of the
thermodynamic stability between the phosphate and the carbon surface. The formation of the
–C–O–P–O–V– bond may be the main reason for the large difference in the combustion
temperature (100 °C) between V2O3 and LVP, as the P–O bond results stronger than the V–O
bond. Among the (A)–(D) LVP/CNF composites, composite D (900 °C, 0 min) shows the
largest temperature shift (89 °C), indicating the presence of remaining –C–O–V– bonds
between the LVP nanoparticles and the CNF functional groups, as its synthesis protocol has no
holding time. Then, the temperature shift decreases with increasing the calcination temperature
from 700 °C (A) to 900 °C (D). The decrease of the temperature shift suggests a change of
bonding from –C–O–P–O–V– to –C–O–V– due to the long calcination time (5 min), leading to
poor electrochemical properties.

4.1.3.2. Electrochemical Performance
The charge-discharge tests were performed to investigate the electrochemical characteristic
of our Li3V2(PO4)3/CNF composites. Fig. 4-4a shows the initial charge-discharge profiles of the
half-cell Li/Li3V2(PO4)3/CNF) at 1 C in the voltage of 2.5 - 4.3V. In the charge-discharge curves,
three characteristic charge plateaus can be observed at 3.6 V, 3.7 V, and 4.1 V, corresponding
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with the phase transition of LixV2(PO4)3 from x = 3.0 to 2.5, 2.0, and 1.0, respectively.38 In the
case of (A) and (B) which were synthesized at the temperature lower than 800˚C, additional
plateau of 3.7 V, which is identical to the impurity Li9V3(P2O7)3(PO4)2, was observed.39 As
temperature increases to 900˚C (sample (C) and (D)), the plateau of the Li9V3(P2O7)3(PO4)2 was
no longer observed, which is consistent with the results of XRD (Fig. 4-3). The discharge
capacity increases from 90 mAh g-1 per Li3V2(PO4)3 to 126 mAh g-1. As mentioned above XRD
section, at 900˚C of calcination temperature, the objective Li3V2(PO4)3 crystal was
stoichiometrically synthesized without impurity. This might be the main reason for the fact that
the Li3V2(PO4)3/CNF composite (C), which was sintered at the highest temperature of 900˚C,
showed the highest discharge capacity among four samples (A)-(D).

Figure 4-4. Electrochemical properties of 2Li insertion-deinsertion for the prepared Li3V2(PO4)3/CNF
composites. (a) Dependence of charge-discharge profiles on the thermal treatment condition.
Charge-discharge curves at 1C (= 131 mA g-1) for the Li3V2(PO4)3/CNF composites sintered at (A) 700°C
5 min (line blue), (B) 800°C 5 min (green), (C) 900°C 5 min (red), and (D) 900°C 0 min (black). (b) Plots
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of discharge capacity for different Li3V2(PO4)3/CNF samples versus different C-rates from 1C to 480C.
Tested samples are the same Li3V2(PO4)3/CNF composites. Charge rates were fixed at 1C. (c) Charge
discharge profiles of the Li3V2(PO4)3/CNF composite sintered at 900°C 0 min (sample (D)) at different
discharge C- rates from 1 to 480C. (d) Results of cycle tests for the Li3V2(PO4)3/CNF composite sintered
at 900°C 0 min (sample (D)). Both of charge and discharge rates were fixed at 10C. Inset shows the
charge discharge profiles at 1st, 2000th, 4000th, 6,000th, 8,000th, and 10,000th cycle.

4.1.3.3. Ultrafast behavior and long-term cyclability
To investigate the influence of the impurities (Li9V3(P2O7)3(PO4)2) and the bonding (LVP) on
the high-rate performance, charge–discharge tests at variable current densities from 1C to 480C
were performed, as shown in Fig. 4-4b. The capacity retentions at 300C for the samples (A)–(D)
calcinated under different conditions are: (A) 88% (700 °C for 5 min), (B) 76% (800 °C for 5
min), (C) 21% (900 °C for 5 min), (D) 81% (900 °C for 0 min). Such an excellent rate
capability is ever achieved. This might be due to the optimized nanostructure of the LVP/CNF
composites, discussed in the next section (Fig. 4-5), which helped overcome the inherent
problems of the LVP materials, such as their poor electronic conductivity. The capacity
retentions at 480C were: (A) 84% (700 °C for 5 min), (B) 57% (800 °C for 5 min), (C) 7%
(900 °C for 5 min), (D) 69% (900 °C for 0 min). The capacity retention at 480C decreases with
the increase of the calcination temperature. This may be attributed to two possible causes: one is
the presence of LVP particles unanchored from the CNF matrix and the other is the crystallite
growth of LVP. The exception is sample (D), calcinated at 900 °C for 0 min, which shows a
capacity retention of 69% at 480C, higher than that obtained for sample (B) calcinated at 800 °C
for 5 min. This may be due to the calcination conducted with a holding time of 0 min, which
prevents the formation of LVP particles unanchored from the CNF matrix; the provided thermal
agitation is large enough to completely convert V2O3 into LVP crystals while maintaining its
crystallite size. The LVP/CNF composite in sample (D) retains 86% of the initial capacity even
after 10000 cycles at a C-rate of 10C, showing that the LVP/CNF composite is
electrochemically stable in a two-electron charge–discharge process (Fig. 4-4d). The
charge–discharge profiles for different cycles ranging from the 1st to 10000th are shown in the
inset of Fig. 4-4d. After every cycle, the discharge capacity gradually decreases and the ohmic
drop increases, as discussed in other previous reports.40 Such a degradation may be due to the
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disappearance of the electron path in the composites resulting from the presence of resistance
components such as an accumulated solid electrolyte interphase (SEI) layer on the LVP or CNF
surface caused by long-term charge–discharge tests.

4.1.3.4. Structural Control to Nano-sized crystal
The nanostructure of the sample (D) 900˚C for 0-min hold, which gave the best
electrochemical properties at high rate of 480C among four Li3V2(PO4)3/CNF composites
(A)-(D), was observed by HRTEM in order to evaluate its morphology, crystal structure, and
the evidence of the attachment between Li3V2(PO4)3 and CNF surface. The high magnification
HRTEM images (Fig. 4-5a and b) suggest that the one or two of damaged graphene layers on
the CNF surface. In an less magnified image, Li3V2(PO4)3 nanocrystals (< 5nm) can be found
embedded within the damaged surface as shown in Fig 4-5c. The schematic illustration of Fig.
4-5c (Fig. 4-5d) suggests that the Li3V2(PO4)3 nanocrystals are directly attached on the surface
of CNF. As shown in SEM images (Fig. 4-5f and g), most Li3V2(PO4)3 nanocrystals have a
platelet shape with a 20-200 nm side and thickness, and are well entangled within the CNF
matrix. Such a morphology suggests that the electron path between Li3V2(PO4)3 nanocrystals
and CNF became shorter, and the lithium diffusion path became shorter as well due to the
platelet shape, resulted in the excellent rate performance for the sample (D). Besides, a similar
mixed morphology of nanoparticles and platelets for the Li3V2(PO4)3/CNF can be found in the
HRTEM images of V2O3/CNF, suggesting that the transformation from V2O3 into Li3V2(PO4)3
proceeds without any changes in its size and dimension. The results of HRTEM observation are
well correspond to the postulated synthetic mechanism as illustrated in Fig. 4-1. As the
synthetic reaction proceeds, the 5 nm nanocrystals grow to the larger particles, then marge into
the 20-200 nm platelets. The mechanism is under consideration and investigation, as I have not
enough strong evidence on our postulation.
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Figure 4-5. HRTEM images, SEM images, and models image for the synthesized Li3V2(PO4)3/CNF
composites. (a)-(c) and (e) HRTEM images of Li3V2(PO4)3 nanoparticles and nanoplates; showing (c)
Li3V2(PO4)3/CNF nanoparticles directly attached on the CNF tubes, (d) which is Schematic illustration of
Li3V2(PO4)3 nano particles/CNF composite, with (e) clear lattice fringes of Li3V2(PO4)3 crystal. (f) and (g)
SEM images of Li3V2(PO4)3/CNF nano composites; (f) Lower magnification SEM image of Li3V2(PO4)3
nanoparticles (<10 nm) composited highly dispersed within the CNF matrix; (g) most of Li3V2(PO4)3
nanoparticles are impregnated within the CNF surfaces.

N2 adsorption experiments were performed in order to study the pore size distribution within
the sample (D), Li3V2(PO4)3/CNF calcinated at 900˚C for 0-min hold. Fig. 4-6 shows the
nitrogen adsorption-desorption isotherm curves for the pristine CNF and the sample (D). The
shape of both curves is typical IUPAC-IV curve, suggesting the meso porous morphology,
while the total pore volume of the CNF became 0.7 times smaller after compositing with
Li3V2(PO4)3. These isotherm curves were converted into the Barrette-Joynere-Halenda (BJH)
pore-size distribution, which is presented in the inset of Fig. 4-6. The pristine CNF possesses
10-40 nm pore distribution attributed to the entangled structure of CNF matrix. The pore
distribution became wider (5-40 nm) for the Li3V2(PO4)3/CNF composite, while the intensity of
its dVp/drp became smaller than that for the pristine CNF. Such change in the pore distribution
by compositing with Li3V2(PO4)3 may be explained by the generation of the 5-10 nm sized
Li3V2(PO4)3 nanoparticles on the CNF surface, which fills the pore between the entangled CNF
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matrix. Still, the wide pore distribution of the Li3V2(PO4)3/CNF composite suggests that the
electrolyte reservoir of the CNF matrix are well preserved. Such an electrolyte reservoir may
contribute to the fast lithium ion diffusion, and can be additional reason to the nanocrystals and
direct attachment on the CNF surface for the ultrafast electrochemical properties for the
Li3V2(PO4)3/CNF.

Figure 4-6. Nitrogen adsorption-desorption isotherm curves for the Li3V2(PO4)3/CNF sintered at 900°C 0
min (red) and the pure CNF (blue). Inset shows the Barrett-Joyner-Halenda (BJH) pore size distribution
curves from adsorption branches of the Li3V2(PO4)3/CNF and the pure CNF. The dVp/drp of
Li3V2(PO4)3/CNF was normalized by multiplying CNF weight ratio (0.3).

4.1.4. Summary
Anisotropically grown LVP nanocrystals (20–200 nm), which are highly dispersed and
directly impregnated on the surface of a carbon nanofiber (CNF), were successfully synthesized
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by the combination of a UC treatment and the subsequent short-duration heat treatment. The
first step is the formation of anchor sites on the CNF surface by an ultra-centrifugal force field
under strong basic conditions. Simultaneously, nanoplated V2O3 conjugated with the anchor
sites of the CNF was produced using an alkaline precipitation method. The second step is the
in-situ transformation of the nanoplated V2O3 into the non-plated LVP on the surface of the
CNF, without any changes in its conformation or disappearance of the conjugation. Furthermore,
the optimization of the thermal conditions suggested that the purity, conjugation, and crystallite
size depend on the temperature and time conditions. The XRD measurement shows that
high-purity LVP can be produced by calcination at a high temperature of 900 °C. On the other
hand, in the case of high-temperature calcination, the electron path between carbon and LVP
was lost because of the disappearance of the conjugation, resulting in the deterioration of the
rate capability. Moreover, the calcination at high temperature promoted the agglomeration of
the crystallites; however, short-duration calcination can prevent the agglomeration. Based on
these results, I identified the optimized calcination conditions for the high-rate cathode material:
high temperature (900 °C) without any holding time. From the N2 adsorption results and
HRTEM observations, I found that the optimized LVP/CNF composite exhibited
hyper-dispersed LVP crystals entangled within the CNF matrix and electrolyte reservoirs
contributing to the fast lithium ion diffusion. Owing to the smooth lithium ion diffusion from
the electrolyte reservoirs and the good electron path between the LVP crystals and the CNF, the
optimized LVP/CNF composite exhibits an excellent rate capability (83 mAh g-1 at 480C) and
an ultra-long cycle-life stability (86% of the initial capacity after 10000 cycles at 10C).
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4.2. Cathode Properties of Nanocrystalline Li3V1.8Al0.2(PO4)3/Carbon Nanofiber
Composites for Hybrid Capacitor Prepared via Ultra-Centrifugation Treatment
4.2.1. Introduction
In the previous chapter 4.1, the nano-impregnation of Li3V2(PO4)3 particles on the anchor
sites of the CNF surface was attempted via our original method of UC treatment in order to
circumvent the limitation the intrinsically low electric conductivity of Li3V2(PO4)3. The
nano-impregnation approach successfully improved the electrochemical performance of
Li3V2(PO4)3/carbon composites to achieve ultra high rate discharge at 480C (7.5 s discharge).
Aside from the nano-impregnation and other approaches presented in the introduction of chapter
4.1, a cation doping of such Na1, Mg2, Al3, Zr4, Y5, Ti6, Zn7, W8, Nb9, Cr10, Co11 is also
promising to improve electric conductivity of Li3V2(PO4)3 crystal itself. Among them, doping of
Al3+ in particular was found to effectively suppress the capacity fading during cycling.12 K. Liu
et al. reported that Al3+ doping enhances the electrochemical activity of Li3V2(PO4)3 and
facilitates the electron diffusion in the Li insertion and extraction process.13 Considering these
positive effects of Al doping on Li3V2(PO4)3 crystal, the built-up synthesis of Li3V1.8Al0.2(PO4)3
nanoparticles on carbon nanotube surfaces were attempted in a two-step synthesis using an
original method named ultra-centrifuging (UC) treatment (see chapter 4.1). In this chapter, the
nano-sized (20-100 nm) Li3V1.8Al0.2(PO4)3 particles were synthesized, which are directly
impregnated onto the surface of a carbon nanofiber (CNF) and deliver a high rate
electrochemical performance of ca. 85 mA h g-1 per Li3V1.8Al0.2(PO4)3 at 480C.

4.2.2. Experimental
4.2.2.1. Materials
NH4VO3 (>99%, Wako Pure Chemicals) was used as a source of V2O3. Al(NO3)3 9H2O
(98%, Kanto Chemical Inc.) was used as source of Al dopant. A carbon nanofiber (CNF,
received from Mitsubishi Material Corporation) was selected as a carbon matrix to entangle
with growing nanoscale V1.8Al0.2O3 because of its high electronic conductivity and high specific
surface area. Citric acid (C6H8O7, >99.5%, Aldrich), ethylene glycol (C2H6O7, >99%, Wako
Pure Chemicals) were used to drive the sol-gel process via dehydration reaction of a carboxylic
acid and an alcohol; i.e. esterification during the V1.8Al0.2O3 in-situ polymerization.12
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CH3COOLi (>98.0%, Wako Pure Chemicals) and H3PO4 (85.0%, Wako Pure Chemicals) were
used as Li3V1.8Al0.2(PO4)3 sources. Ultrapure water (17 MΩ cm) was used as a medium for the
entire preparation scheme.

4.2.2.2. Preparation of Li3V1.8Al0.2(PO4)3/CNF composite under UC treatment
The Li3V1.8Al0.2(PO4)3 nanoplates/CNF composites were synthesized as following two step
process using UC-treatment.
i) V1.8Al0.2O3 nano-impregnation onto the surface of CNF
0.1869 g of NH4VO3, 0.0672 g of Al(NO3)3 9H2O, 0.3391 g of citric acid, 0.4263 g of ethylene
glycol, 0.1621 g of CNF, and 20 ml of distilled water were subjected to UC treatment, whereby
75,000G of mechano-chemical agitation applied to the whole mixture for 5 min to give the
blackish gel. The resultant precipitate solution was dried at 80 °C for 12 h in vacuo, and then
calcinated at 800 °C for 30 min under N2 atmosphere to complete the V1.8Al0.2O3/CNF synthesis.
ii) In-situ transformation of nano- V1.8Al0.2O3 into nano- Li3V1.8Al0.2(PO4)3 on the surface of CNF
As-prepared V1.8Al0.2O3/CNF (0.1433 g), CH3COOLi (0.0928 g), and H3PO4 aq. (0.1588 g)
were added to 25 ml of ultrapure water. Then, the UC treatment was performed on the mixed
dispersion for 5 min. The Li3V1.8Al0.2(PO4)3/CNF composites were obtained after drying at 80 °C
for 12 h in vacuo.
The Li3V1.8Al0.2(PO4)3/CNF precursor was reground and sintered at 900 °C under N2
atmosphere at different holding times. The calcination temperature was attained within 3 min,
subsequently, the heating was immediately turned off to allow natural cooling. As the reference
sample, I prepared Li3V2(PO4)3/CNF composite without Al dopant with same synthesis scheme
of Li3V1.8Al0.2(PO4)3/CNF composite.

4.2.2.3. Physicochemical characterizations of the Li3V2(PO4)3/CNF composite
The experimental procedures are basically the same as written in Chapter 4.1.2.3. Briefly, the
detailed nanostructure features of the composites, such as the Li3V2-xAlx(PO4)3 (n = 0 and 0.2)
particle size distribution and the CNF graphene layer network, were characterized by
high-resolution transmission electron microscopy (HRTEM, Hitachi H9500 model). X-ray
diffraction (XRD, Rigaku SmartLab) was used to characterize the crystalline structure of
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V2-xAlxO3/CNF (n = 0 and 0.2) and Li3V2-xAlx(PO4)3/CNF (n = 0 and 0.2). To examine the
stoichiometry of the composites, a thermal analysis was performed under synthetic air
atmosphere (20% O2, 80% N2) using a thermogravimetry differential thermal analyzer
(TG/DTA, Seiko Instruments TG/DTA6300).

4.2.2.4. Electrochemical and battery characterizations of Li3V2(PO4)3/CNF composite
The experimental procedures are basically the same as written in Chapter 4.1.2.4. Briefly, the
half-cell was assembled with a Li metal electrode, and a Li3V2-xAlx(PO4)3/CNF (n = 0 and 0.2)
electrode, using 2032 coin-type cell. The composition of the electrolytes was a battery grade of
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) containing 1.0 M of lithium
hexafluorophosphate (LiPF6, Kishida Chemical Co., Ltd) as the electrolyte salt. The
Li3V2-xAlx(PO4)3/CNF (n = 0 and 0.2) electrode was prepared by mixing 90% of the composite
and 10% of polyvinylidene difluoride (PVdF) in N-methyl pyrrolidone (NMP). The slurry was
coated on a Al foil (current collector) and dried at 80 oC in vacuo for 12h. The electrode density
was ca. 1.2 g cm-3, calculated from the loading mass of the composite (0.6 mg) on 1.21 cm2 of
Cu current collector and the thickness of the Li3V2-xAlx(PO4)3/CNF (n = 0 and 0.2) electrode
(4±1 µm). The charge-discharge tests were performed under a constant current mode
(CC-mode) between 2.5 and 4.3 V vs. Li/Li+ at several current densities ranging from 1 to 480
C-rate assuming C-rate being 131 mAh g-1.

4.2.3. Results and discussion
4.2.3.1. Material Design and Synthetic Optimization
Firstly, the crystal structures of synthesized particles were identified by XRD measurements.
Figure 4-7 (a) shows the XRD patterns of two composite: Li3V2-xAlx(PO4)3/CNF (n = 0 and 0.2)
composites. The major diffraction peaks of these composites (as shown from Fig 4-7a (red line)
and (blue line)) are well indexed to the orthorhombic structure of Li3V2(PO4)3 (JCPDS card No.
72-7074). No peaks for impurities were found, suggesting that the synthesized Li3V2(PO4)3
crystals possess pure crystal phases. The sharp XRD profiles suggest that the prepared
phosphate crystals have high crystallinity. The refined lattice parameters for these crystals are
shown in Table 4-2. Changes in the lattice parameters and the unit cell volume of the above
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samples compared to the parent member of Li3V2(PO4)3 are presented in Table 4-2. The
differences in the cell volume of the various samples can be due to a difference in ionic radii of
the transition metals (V3+ = 0.64 Å and Al3+ = 0.58 Å) in the Li3V2-xAlx(PO4)3 crystal. The lattice
parameter change are in good agreement with Vegard’s law, indicating the successful substation
of V by Al, meaning the successful formation of Li3V1.8Al0.2(PO4)3 crystal.

Table 4-2 XRD-derived crystallographic parameters for V2-xAlxO3/CNF (n = 0 and 0.2) and
Li3V2-xAlx(PO4)3/CNF (n = 0 and 0.2) (corresponding delithiated composite), and Li3V2(PO4)3/CNF.
Li3V2(PO4)3 and LiV2(PO4)3 (corresponding delithiated compound) are also tabulated as a reference.

A thermogravimetric analysis (TGA) was performed under synthesis air atmosphere to
estimate the weight ratio of Li3V2-xAlx(PO4)3 (x = 0 and 0.2) and CNF in the composite from the
residual Li3V2-xAlx(PO4)3 weight after oxidative decomposition of CNF from 510 to 580 oC (Fig.
4-7 (b)). The obtained Li3V2-xAlx(PO4)3/CNF (x = 0 and 0.2) were typically 70/30, which is
consistent with the initially dosed Li, V, Al, PO4 sources and CNF. It is noteworthy, however,
that there are large differences in the decomposition temperature between the pristine CNF and
the Li3V2-xAlx(PO4)3/CNF composites. The CNF contained within the Li3V2-xAlx(PO4)3/CNF
composites combusted at 430 oC, which is 220 oC lower than the pristine-CNF decomposition
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temperature (650 oC). This may be partially explained by the catalytic influence of the
co-existing Li3V2-xAlx(PO4)3 nanocrystals on the CNF oxidative decomposition, as details were
elucidated in the previous chapters; chapter 2 (SnO2), chapter 3 (LiMnFeMgPO4) and chapter
4.1 (Li3V2(PO4)3).

Figure 4-7 (a) XRD patterns for V2-xAlxO3/CNF (n = 0 and 0.2) and Li3V2-xAlx(PO4)3/CNF (n = 0 and 0.2)
composites, showing that Li3V2(PO4)3 crystal (JCPDS No. 72-7074) was successfully synthesized. (b)
TGA curves for Li3V2-xAlx(PO4)3/CNF (n = 0 and 0.2) composites, and the pristine CNF. The
measurements were performed at a sweep rate of 10 °C min−1 from ambient temperature to 800 ˚C under
a synthetic air atmosphere. The used equation to obtain the composition ratio was as following: mcarbon =
(m300˚C - m700˚C + (m400˚C - m300˚C)/(T400˚C - T300˚C)* (T700˚C - T400˚C)) / m300˚C, where m and T represents the
weight ratio and temperature, respectively. T300˚C is the temperature where Li3V2-xAlx(PO4)3 starts to be
oxidized (weight gain). T400˚C is the temperature where the CNF starts to be burned (weight loss).

The nanostructure and crystallinity of V2-xAlxO3 (x = 0 and 0.2), Li3V2-xAlx(PO4)3 (x = 0
and 0.2) and CNF in the composite were observed by HRTEM (Fig. 4-8 (a)-(f)). The particle
distribution of V2-xAlxO3 and Li3V2-xAlx(PO4)3 within the composites was also shown at the
bottom of four figures (Fig.4-8 (a)-(d)). As shown in Fig. 4-8 (a) and (b), the nano-sized
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V2-xAlxO3 (x = 0 and 0.2) particles were successfully synthesized on CNF regardless of Al
doping. There was, however, a difference in the particles size and distribution of V2-xAlxO3
(V1.8Al0.2O3: 20-100 nm, V2O3: 50-200 nm), indicating the effect of Al doping on the particle
size and dispersibility of Li3V2-xAlx(PO4)3. Fig. 4-8 (c) and (d) show that all of the
Li3V2-xAlx(PO4)3 (x = 0 and 0.2) particles are entangled and integrated within CNF network.
Being consistent with the V2-xAlxO3, smaller particle size and sharper particle distribution were
observed for the Li3V1.8Al0.2(PO4)3 (= 20-100 nm) compared to those for Li3V2(PO4)3. Fig. 4-8
(e) and (f) suggest that the Li3V1.8Al0.2(PO4)3 nanocrystals are directly attached on the CNF
surface.

Figure 4-8 HRTEM images and particle size distribution of Li3V2-xAlx(PO4)3/CNF (n = 0 and 0.2)
precursors; (a)V2O3/CNF and (b)V1.8Al0.2O3/CNF composites. HRTEM images of the final products;
(c)Li3V2(PO4)3/CNF, (d)Li3V1.8Al0.2(PO4)3/CNF composites. Both (e) and (f) shows magnified HRTEM
images of (Li3V1.8Al0.2(PO4)3 nanoparticles (= ca. 10 nm) highly dispersed within the CNF matrix. All
particle size distributions estimated from HRTEM images.

4.2.3.2. Electrochemical Performance
Charge-discharge tests were performed on both Li3V2-xAlx(PO4)3/CNF (x = 0 and 0.2) to
investigate the effect of Al doping on electrochemical characteristics of the Li3V2(PO4)3. Fig.
4-9 shows the initial charge-discharge profiles of the half-cell Li/ Li3V2-xAlx(PO4)3/CNF (x = 0
and 0.2) at different C-rate raging from 1C to 480C in the voltage range of 2.5 - 4.3V. In the
both charge-discharge curves at 1C (black line), three characteristic charge plateaus can be
observed at 3.6 V, 3.7 V, and 4.1 V, corresponding with the phase transition of LixV2(PO4)3
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from x = 3.0 to 2.5, 2.0, and 1.0, respectively. Compared with capacity of 119 mAh g-1 at 1C for
the Li3V2(PO4)3/CNF (Fig. 4-9 (a)), 10 atomic % (x = 0.2) of Al-doping improved the reversible
capacity of Li3V1.8Al0.2(PO4)3 to 124 mAh g-1 per composite (Fig. 4-9 (b)). With an increase of
discharging current density, curves with clear three plateaus gradually became the characteristic
slope curves with larger ohmic drop. Nevertheless, the discharge capacity of the
Li3V1.8Al0.2(PO4)3/CNF composite cathode still reaches 124 mA h g-1 at 1C, 122 mA h g-1 at
100C, 100 mA h g-1 at 300C, and 85 mA h g-1 at 480C, respectively. Such high rate performance
actually surpasses most of the previous reports on the rate-capability for the Li3V2(PO4)3
materials synthesized by other processes.

Figure

4-9

Charge-discharge profiles
of

the

Li3V2-xAlx(PO4)3/

CNF (n = 0 and 0.2)
composites

at

different

discharge C-rates from 1 to
480C (1C = 131 mA g-1)
under

constant-current

(CC)

mode;

(a)

Li3V2(PO4)3/CNF and (b)
Li3V1.8Al0.2(PO4)3/CNF.
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Then, the mechanism of improved electrochemical performance by Al doping was further
investigated from the EIS analysis. The corresponding spectra for the blocking cells containing
either Li3V2-xAlx(PO4)3/CNF (x = 0 and 0.2) are shown in Fig. 4-10. The spectra for the two
samples are both semicircular in the high to medium frequency region. The semicircular is
attributed to the charge transfer resistance (Rct) at different interfaces, such as between the
current collector and composites, grain boundaries, and the electrolyte and composite surface.
The diameter of the semicircle, which is proportional to Rct, was evaluated by fitting the EIS
semicircular spectra with the equivalent circuit (Fig. 4-10 inset). The Rct for the
Li3V1.8Al0.2(PO4)3 (= 26Ω) became smaller compared to that for the Li3V2(PO4)3 (= 35Ω),
which is in good agreement with the previous results of rate capability (see chapter 4.2.3.2).

Figure 4-10 Nyquist plots of electrochemical impedance spectroscopy for the blocking cells for the
Li3V2-xAlx(PO4)3/CNF (n = 0 and 0.2), tested at an open-circuit voltage. Each EIS spectrum was
normalized to start from 0 Ω in Z’ (subtracting the x-intercept at the high frequency) for the comparison
of semi-circles at high-middle frequency. The blocking cells (2032-type coin cells) were assembled with
two identical electrodes (1.2 cm2) separated by a 25 µm separator. Used electrolyte composition was 1 M
LiPF6/EC+DEC (EC/DEC = 50/50, v/v). The inset shows the corresponding equivalent circuit to the
semi-circles in obtained EIS spectra. Rs and CPE represent the charge-transfer resistance and constant
phase element, respectively.
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Summary of rate performance for both Li3V2-xAlx(PO4)3/CNF (x = 0 and 0.2) composites
are shown and are compared with the performances in the previous reports. Note that the weight
of the electrode is naturally dependent upon the electrode thickness, the state of charge, the
voltage ranges. Therefore, for the simple comparison, the highest-achieved values were selected
from other reports.

14-16

As shown in Fig. 4-11 (a), the rate capability for the

Li3V2-xAlx(PO4)3/CNF (x = 0 and 0.2) was the highest among the reported Li3V2(PO4)3.14-16 The
stability during long-term charge discharge for Li3V2(PO4)3/CNF and Li3V1.8Al0.2(PO4)3/CNF
composites were also investigated. As shown in Fig. 4-11(b), Li3V2(PO4)3/CNF and
Li3V1.8Al0.2(PO4)3/CNF composite electrodes delivered a high capacity retention of 85% for
Li3V2(PO4)3/CNF and 89% for Li3V1.8Al0.2(PO4)3/CNF even after 10,000 cycles, respectively.

Figure 4-11 (a) Discharge capacity
with

respect

to

C-rates

Li3V2(PO4)3/CNF

for
and

Li3V1.8Al0.2(PO4)3/CNF composites.
(b)

Cycleablity

for

Li3V2(PO4)3/CNF

the
and

Li3V1.8Al0.2(PO4)3/CNF composites,
both showing stable performance
over 10,000 cycles. Both of charge
discharge rates were fixed at 1C
under CC-mode. The figure inset
shows

the

charge-discharge

profiles for the Li3V2(PO4)3/CNF
and

Li3V1.8Al0.2(PO4)3/CNF

composites at 10,000th cycle.
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4.2.4. Summary
Highly-dispersed Li3V1.8Al0.2(PO4)3 nanoparticles which are directly impregnated onto the
surface of carbon nanofiber (CNF) were successfully synthesized via a unique two-step process
using an ultracentrifugation at 75,000G. The synthetic procedure of the Li3V1.8Al0.2(PO4)3/CNF
composite involves the following two steps: i) precipitation of V1.8Al0.2O3 (10-100 nm)
nanoparticles on the surface of CNF, and ii) the subsequent transformation of the V1.8Al0.2O3
into the Li3V1.8Al0.2(PO4)3 nanoparticles without any change of their shape and dimensions. The
10% of Al-doping brought out an increase in the discharge capacity from 119 to 124 mAh g-1
per Li3V2-xAlx(PO4)3, which corresponds to a 14% increase of the Li3V2-xAlx(PO4)3 utilization
ratio. The Al-doping also reduced its electric resistance by 26%. The Li3V1.8Al0.2(PO4)3/CNF
with such an efficient electron transport can deliver excellent electrochemical performances
ever attained to date; capacity density of 85 mAh g-1 at a high discharge rate of 480C and stable
cycle performance over 10,000 cycles at 10C rate with 85% retention of the initial capacity.
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In my doctor’s thesis, novel active materials carbon composites have been investigated as
tin dioxide (SnO2), Mg-doped lithium manganese iron phosphate (LiMn0.792Fe0.198Mg0.010PO4),
lithium vanadium phosphate (Li3V2(PO4)3), and Al-doped lithium vanadium phosphate
(Li3V1.8Al0.2(PO4)3) with carbon material composites for high performance electrodes in order to
establish the high safety, energy density, and power density lithium ion battery.

In chapter 1 “Introduction,” the historical backgrounds and the previous research and
developments in those fields was introduced and the significance, objectives and general
description of my doctor’s thesis was described.

In chapter 2 “Origin of Anomalous Large Reversible Capacity for SnO2 conversion
reaction,” single-nanocrystalline SnO2 (2-4 nmφ) particles hyperlinked and encapsulated within
hollow-structured carbon black (Ketjen Black (KB), typically 40 nmφ) were prepared using our
original in-situ ultracentrifugation (UC) materials processing technology (UC process).
Ultracentrifugation at 75,000G induces an in-situ sol-gel reaction that brings about optimized
hyperlinks between limited-size SnO2 nanocrystals and microcrystalline graphitic carbons of
KB. Efficient entanglement and nanonesting has been accomplished by simultaneous
nanofabrication and nanohybridization in the UC process, specifically at a ratio of SnO2/KB =
45/55. This composite exhibited a reversible capacity of 837 mAh g-1 per composite, equivalent
to 1444 mAh g-1 (per pure SnO2 after subtracting of capacity attributed to KB in the composite)
for remarkably many cycles, over 1200. Such high performance in regard to both capacity and
cyclability has never been attained so far for SnO2 anode materials. The reversibility of the
changes in Sn valence state (defined as “formal valence state” in the manuscript) from Sn(2.9+)
to Sn(4.4-) was demonstrated by in-situ XAFS measurement during the lithiation-delithiation
process. Peculiar nanodots of typically 2–4 nm that look like single-crystal SnO2/carbon
core-shell structures were found for the optimized dose ratio (45/55) in the HRTEM observation.
After 10 cycles, all the materials showed complete encapsulation of the same-sized
nanoparticles, which were covered and nested within the KB matrix and an electrolyte-derived
polymeric film. These results indicate that the initially prepared SnO2/KB composites were
transformed into a new species, represented as LixSnO1.45 (x: 0–7.3), which shows perfect

100

Chapter 5

reversibility and cyclability. This species can exchange a total of 7.3 electrons, including 2.9
electrons for the conversion reaction (1–2 V) and 4.4 electrons for the subsequent alloying
process (0–1 V).

In chapter 3 “Ultrafast Nano-Spherical Single-Crystalline of LiMn0.792Fe0.198Mg0.010PO4
Solid-Solution Confined among Unbundled Interstices of SGCNT,” spherical
LiMn0.792Fe0.198Mg0.010PO4 nanocrystals, which are highly dispersed and encapsulated within the
interstices of supergrowth (single-walled) carbon nanotubes (SGCNTs), were successfully
synthesized by in situ material processing technology called “ultra centrifuging (UC) treatment”.
TEM images of these LiMn0.792Fe0.198Mg0.010PO4/SGCNT composites suggest the direct
attachment of the LiMn0.792Fe0.198Mg0.010PO4 nanocrystals (10-40 nm) onto the surface of highly
conductive SGCNT. The Mg-doping brought out 10% increase of Li+ capacity in Mn site with
200% increase of Li+ diffusivity and 50 % decrease of electric resistance owing to such peculiar
“nano-nano LiMn0.792Fe0.198Mg0.010PO4/SGCNT composites”. The synthesized
LiMn0.792Fe0.198Mg0.010PO4/SGCNT composites overcome the inherent restrictions of
one-dimensional diffusion and deliver high electrochemical capacity density of ca. 54 mAh g-1
per composite (corresponding to 77 mAh g-1 per pure LiMn0.792Fe0.198Mg0.010PO4) at a high rate
of 50 C, while showing excellent cycle life, retaining 84% of the initial capacity over 3,000
cycles.

In chapter 4 “Ultrafast Nanocrystalline-Li3V2(PO4)3 (and Li3V1.8Al0.2(PO4)3) /Carbon
Nanofiber Composites Cathode for Hybridcapacitor System,” anisotropically-grown
Li3V2(PO4)3 nanocrystals which are highly dispersed and directly impregnated onto the surface
of carbon nanofiber (CNF) were successfully synthesized via a two-step synthesis process; i)
precipitation of nano-plated V2O3 precursors (20-200 nm) and ii) the subsequent transformation
of the V2O3 into the Li3V2(PO4)3 nanoplates without any size changes. The direct attachment of
Li3V2(PO4)3 nanocrystals onto the carbon surface improves the electronic conductivity and Li+
diffusivity in the whole Li3V2(PO4)3/CNF composites, simultaneously producing a mesoporous

101

Chapter 5

network (around 10 nm of pore size) that acts as an electrolyte reservoir owing to the pillar
effect of impregnated Li3V2(PO4)3 crystals. This ideal nanostructure of the Li3V2(PO4)3/CNF
enabled 480C rate (7.5 seconds) discharge with 83 mAh g-1, 69% of capacity retention at the
slowest discharge rate (1 C). Such an ultrafast charge discharge performance opens the
possibility of Li3V2(PO4)3 use as a positive electrode of hybrid capacitors, as its performance is
2-fold enhancement in the capacity of conventional activated carbons (AC) with a stable cycle
performance over 10,000 cycles at 10 C rate, maintaining 86% of the initial capacity.
The 10% of Al-doping brought out an increase in the discharge capacity from 119 to 124
mAh g-1 per Li3V2-xAlx(PO4)3, which corresponds to a 14% increase of the Li3V2-xAlx(PO4)3
utilization ratio. The Al-doping also reduced its electric resistance by 26%. The
Li3V1.8Al0.2(PO4)3/CNF with such an efficient electron transport can deliver excellent
electrochemical performances ever attained to date; capacity density of 85 mAh g-1 at a high
discharge rate of 480C and stable cycle performance over 10,000 cycles at 10C rate with 85%
retention of the initial capacity.

So far it was confirmed in my doctor’s study that the materials that have nano-structure,
such as crystal structure, orientation, surface functions, and assembly arise the excellent
electrochemical performances like enhance charge utilization, rate capability, and repeated
cycles. By strategically controlling such nano-structures, further enhancement of the device
performance should be possible.
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