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Abstract

The rechargeable lithium-ion polymer battery has become a popular power source
for many applications; typically, mobile phones, laptop computers and other small-
size electronic equipment.

Poly(ethylene oxide) (PEO) is often seen as the prototype polymer electrolyte
for modern battery concepts. Since PEO-based electrolytes are generally poor
ion conductors at ambient temperatures due to their high degree of crystallinity,
research focuses on the ways to improve their conductivities and mechanical prop-
erties at ambient and elevated temperatures.

Work over the last 20 years has shown that adding inorganic nanoparticles to a
polymer/lithium-salt complex improves its ionic conductivity by an order of mag-
nitude. This also increases the mechanical stability of the polymer host and the
electrolyte-electrode interfacial stability.

Molecular Dynamics (MD) simulation is here used to study the structural and dy-
namical effects of adding Al � O � -nanoparticles to the LiX(PEO) � systems, where
X = Cl, Br, I and BF � and n = 10, 20, 35, 50. Simulation temperatures have been
290, 293, 330, 360 K.

Clear MD-simulation evidence for increased Li
�

ion mobility is obtained on
adding the nanoparticle into the PEO-LiBF � system. Ion-pairing/clustering effects
and ion-mobility dependence on salt-type, concentration and temperature confirm
earlier experimental observations. Changes are observed in the PEO/lithium-salt
structure on adding the particle, especially the formation of an immobilised PEO
“coordination sphere” around the particle; the influence of this on ion mobility is
discussed.
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Chapter 1

Introduction

1.1 The World’s energy problem

There is no doubts that one of the key challenges facing humanity is the energy
problem: from where will our future energy come and where will we store it?
There are two common types of energy source: fossil fuels and renewable energy
sources. Until recently, fossil energy – energy from oil, gas, coal – corresponded
to around 80 % of the World’s energy supply. However, fossil-fuel resources are
not endless; in fact, some will run out during the 21 �

�
Century. The burning of

fossil fuel gives rise to global warming through the “green-house effect”. The goal
to replace all fossil fuels by renewable energy sources – combustible renewables
(biomass), waste, hydro-energy, wind energy, solar energy, geothermal energy –
is a monumental challenge [1]. New problems arise like the too low efficiency
of solar panels, wind- and wave-to-energy transformers, lack of hydro, wave and
wind energy resources in some regions. Fuel cells as a means of energy conver-
sion are also still in an early phase of development.

There is a one specific distinction between fossil-fuel and renewable energy sour-
ces: the renewable energy can be stored. Fossil fuels are natural energy stores be-
fore the energy is released, i.e., the fuel is burnt where needed and when needed.
Most of the renewable energy sources (except biomass and hydro) lack such a
feature. This is why the energy produced is usually transformed into electricity,
which can then be readily transmitted over long distances and distributed to the
consumers by power cables.

Since our means of storing electrical energy directly are limited, it must first
be converted into some more convenient form: potential, kinetic, thermal or
chemical. The focus of this Thesis is on chemical storage; namely, on secondary
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(rechargeable) batteries in general, and the Lithium-Ion Polymer Battery (LIPB)
in particular, as a device capable of electrical-to-chemical energy conversion and
storage. The LIPB represent the present frontier in battery development.

1.2 The Li-ion polymer battery

The voltaic cell discovered in 1800 by Volta [2] is generally seen as the father
(or perhaps the grandfather) of the modern battery. Interestingly, archaeologists
believe [3] that a five-inch-long clay jar containing a copper cylinder encasing an
iron rod, unearthed in 1938 in Khujut Rabu, outside Baghdad, Iraq, by the Ger-
man archaeologist Wilhelm Konig was indeed the very first battery. Such a battery
dates back to the period 250 BC to 225 AD – at least 1575 years before Volta’s
experiments!

The lithium-ion polymer battery (LIPB) is a rechargeable electrochemical device
consisting of an anode and a cathode separated by solid polymer electrolyte con-
taining a dissolved lithium salt to provide charge carriers. The most used cathode
material today is LiCoO � [4, 5]. However, recent studies focus on LiFePO � [6]
as a very promising cheaper cathode material. The anode consists typically of
graphite; LiBF4 � and LiPF � are widely used lithium salts in the polymer elec-
trolyte [7]. The electrolyte itself is usually a modification of poly(ethylene oxide)
(PEO) (see below).

The advantages of an LIPB are:

� rechargeability – the same device can be used many times, typically � 1000
charge-discharge cycles;

� it is a leak-proof system which is flexible under vibration and mechanical
deformation;

� environmentally friendly - it contains no acids or heavy-metals;

� flexible and simple structure making possible the design of batteries in dif-
ferent shape;

� safety - no risk for explosion;

� it is already on the market – in laptops, mobile phones and other electronic
equipment.
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1.3 An improved electrolyte

Poly(ethylene oxide), (CH � –CH � –O) � [8], where the number of ethylene oxide
(EO) units (n) (Fig. 1.1) can be as many as one million, is probably the most stud-
ied host material for solid polymer electrolytes. The greatest strength of PEO is
its ability to dissolve lithium salts and serve as an ion-conducting host. This was
first noted for semi-crystalline PEO/alkali-salt complexes around 1973 [9, 10]. In
1978, the idea of a thin-film battery with a polymer electrolyte was presented.
This marked the start of much research into solid polymer electrolytes for several
electrochemical devices, including the rechargeable battery [11].

Figure 1.1: A PEO unit.

Polymer electrolytes, based on partially crystalline PEO and a high melting-point
lithium salt, have good mechanical properties, but ion conductivities no better than
10 �

�

S cm �
� at room temperature; while a useful electrolyte for Li-ion battery

applications should have a conductivity in the range 10 �
� -10 �

� S cm �
� [7, 11].

The amorphous phase between crystalline regions is generally believed to be re-
sponsible of the ionic conductivity [12]. It was found that amorphous PEO and
lithium-salt complexes can have conductivities upto 10 �

�

S cm �
� at 373 K, but at

the expense of poorer mechanical properties [7].
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The PEO chain provides coordination sites for Li ions, with typically 4-5 ether
oxygens coordinating to each lithium [13]. The polarisability of the ether oxy-
gens gives the ethylene groups an ability to dissolve a wide variety of salts [14].
The cation diffuses by changing its coordination sites along the chain by means of
segmental motion, or by “hopping” between chains or between different parts of
the same chain [7]. Anion diffusion is almost independent of the polymer chain.

There have been many attempts to increase the ionic conductivity and improve the
mechanical properties of PEO as a host material, e.g., introducing new lithium-
salt types or modifying PEO structure – different chain-lengths of PEO mixed
together or combined with other polymer types to create disorder and thus reduce
local crystallinity [15, 16]; segmented random or block copolymers or polymers
with different side-chains (comb-branched copolymers) [17]; short PEO chains
with reactive end-groups (methacrylate) forming cross-linked polymer networks
with low or zero crystallinity at room temperature [18,19]. Nevertheless, the high-
est conductivity achieved is still only about three orders of magnitude higher than
that for partially crystalline PEO lithium-salt systems.

Another way to increase conductivity in polymer electrolytes without decreasing
their mechanical properties is to introduce a “plasticizing agent” – small polar
molecule – into the polymer matrix. This results in so-called plasticized polymer
electrolytes, polymer hybrids and gel electrolytes. The ionic conductivity in such
systems is close to that in liquid electrolytes. A number of polymer hosts (70–80
wt. %) in combination with different plasticising solvents (10–12 wt. %) have
achieved the ionic conductivities in the range of 10 �

� -10 �
� S cm �

� at room tem-
perature [20].

PEO has been the polymer host most commonly “plasticized”. Quite good con-
ductivities (10 �

� S cm �
� ) were achieved at the expense of poor mechanical sta-

bility, mostly due to the increased solubility of the PEO in the solvent [21]. This
can be reduced by cross-linking the polymers, which also helps to trap the liquid
electrolyte inside the polymer matrix. Conductivities in the range of 10 �

�

-10 �
� S

cm �
� and good mechanical properties were achieved at 293 K [22].

1.4 Nanocomposite polymer electrolyte

Incorporating nanoparticles into the polymer electrolyte is one way to “plasticize”
the system. Nano-size particles are expected to decrease polymer crystallinity and
increase the amorphous phase, thus increasing the ionic conductivity of the poly-
mer, Li

�
ion transport number and the mechanical stability of the polymer host.
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One of the first studies of a composite polymer was made in 1982 [23]. A study of
LiClO � (PEO) � containing � -Al � O � powder showed that an inorganic filler greatly
improves the mechanical stability of the polymer host; the optimal filler content
was � 10 vol. % within a limited temperature range; the Li

�
transport number

was � 0.25 and was independent of temperature; however, the effect on ion con-
ductivity was negligible.

A number of experimental studies have since shown evidence of enhanced ionic
conductivity on adding an inorganic filler to a polymer-salt system. Some ex-
amples are presented in the Table 1.1. The filler types vary, including active,
inert, conducting, organic and even ferroelectric particles: � -Al � O � [23–25, 30],
� -Al � O � [28], � -Al � O � [31], TiO � [25,32], SiO � [26], NASICON [27], polyacry-
lamide (PAAM) [33], BaTiO � [29, 34], LiNbO � [29], PbTiO � [29], C ��� [35] etc.;
filler-sizes cover the range from � m-size [29,31,34] down to nm-size [24–26,28].
Different polymer hosts, like amorphous and crystalline PEO [23–29, 31, 33–35],
oxymethylene linked PEO (OMPEO) [33], poly(ethylene glycol) (PEG) [30],
3PEG [32] with or without organic plasticizers such as dioctylphthalatate (DOP),
dibutylphthalatate and dimethylpthalatate [28] have also been used. The most
popular lithium salts are LiBF � [24] and LiPF � [29] since these are favourable
in commercial lithium-ion polymer batteries; also LiI [36], LiClO � [23, 25, 28–
30, 32, 34], lithium triflate (LiCF � SO � ) [29, 35], lithium TFSI (LiN(CF � SO � ) � )
[26, 29, 32], as well as salts containing other cations, like NaI [27, 31, 33], have
also been studied.

One of the classical studies by Croce et al. [25] shows clear conductivity enhance-
ment in the nanocomposite polymer electrolyte in the temperature range 303–353
K using TiO � and Al � O � . They also show stable conductivity in the amorphous
nanocomposite electrolyte at room temperature during several days, and a Li

�

transfer number as high as 0.6 in the temperature range of 318–363 K, compared
to the normal range of 0.2–0.3 in polymer/lithium-salt complexes.

Earlier studies [31] with micrometer-size fillers have already indicated that the
conductivity enhancement may depend on filler size, with a large effect for smaller
particle sizes. Krawiec et al. [24] find clear ionic conductivity dependence on par-
ticle size and ceramic content in the system. The conductivity reaches a peak at
10 wt. % of the nanosized fillers; this is at least an order of magnitude higher than
for micrometer-size particles.

The conductivity dependence on filler-content with a peak at 10 vol. % is also

15



Table 1.1: Nanocomposite polymer electrolytes

Filler
Polymer-salt system Type Size /nm Content � /S cm

� �

T /K Ref.
LiClO � (PEO) � �-Al � O � 10 vol. % 5.0x10

� �

373 [23]
LiBF � (PEO) � Al � O � 13 10 wt. % 5.0x10

� �

303 [24]
LiClO � (PEO) � �-Al � O � , TiO � 6–13 10 wt. % 10

� �

–10

� �

303–353 [25]
LiN(CF � SO � ) � (PEO) � SiO � 7 13 wt. % 6.9x10

� �

373 [26]
NaI(PEO) �	 NASICON 1.1x10

� �

303 [27]
LiClO � (PEO) � :DOP 
-Al � O � 10 10 wt. % 4.3x10

� �

302 [28]
LiClO � (PEO) � BaTiO � 600–1200 1.4 wt. % 1.2x10

� �

343 [29]
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shown by Przyłuski et al. [33]. Capiglia et al. [26] found that the conductivity is
dependent on filler content, with a maximum at 13 wt. % in the case of SiO � at
373 K. The conductivity maximum is found to occur at a filler concentration of
between 10 and 20 wt. % even for micrometer-size fillers [31].

Conducting NASICON was used as filler in the NaI-PEO complex in one of the
earlier studies by Płocharski et al. [27]. The conductivity enhancement is believed
to occur by increasing the proportion of amorphous phase.

Organic C ��� is also believed to work well a structure-breaking plasticizer in the
PEO-LiCF � SO � complex [35]. Raman studies show that it stabilises the poly-
mer/salt structure at high temperatures, but otherwise has the rôle of an inert filler.

It is suggested that the increase in ionic conductivity for the PEG- � Al � O � -LiClO �

system [30] results from the interaction of the particle-surface acidic groups with
anions and polyether oxygens, leading to a lowering of the transient cross-link
density and a weakening of ion-ion interactions over the salt concentration range,
where the increase in conductivity and decrease in viscosity are observed.

Ferroelectric materials (BaTiO � , LiNbO � and PbTiO � ) as micrometer-size fillers
in polymer-salt systems have also increase the ionic conductivity. It is suggested
that the spontaneous polarisation of the ferroelectric material facilitates salt disso-
ciation into charged fragments and produces a higher volume for the amorphous
phase [29, 34].

Interfacial and mechanical stability is found to increase on adding fillers in a num-
ber of studies. Krawiec et al. report a factor two improvement in interfacial
stability on the addition of Al � O � . The addition of BaTiO � assures interfacial
stability [29, 34]. NMR and X-Ray studies show the stability of the amorphous
structure at room temperature [31].

Several studies have shown higher Li
�

transport number compared to the same
polymer/salt system without nanoparticles. As well as the 0.6 of Croce et al. [25],
Capiglia et al. [26] reach the number 0.19 at 13 wt. % SiO � filler at 373 K; Sun et
al. [29, 34] 0.37 at 343 K, and 0.52 at 358 K.

1.5 Aim of the Thesis

The main aim of this Thesis is to provide some deeper insights into the structure
and dynamics of nanocomposite polymer electrolytes for lithium-ion polymer bat-
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tery applications. This is achieved by performing Molecular Dynamics (MD) sim-
ulations of models representing the structure of the nanocomposite polymer elec-
trolyte, consisting of amorphous poly(ethylene oxide) (PEO) as a host material
complexed with various lithium salts and an inorganic filler. MD is a remarkable
tool which can extend our knowledge and understanding of materials and their
properties for situations where common experimental methods are less effective
or even unrealistic. The problems to be studied are:

� The effect of an Al � O � nanofiller on PEO structure and dynamics:

- with different lithium salts: LiCl, LiBr, LiI and LiBF �

- at different salt concentrations (Li:EO ratio): 1:10, 1:20, 1:35 and 1:50

- at different simulation temperatures: 290, 293, 310, 330 and 360 K

� The effect of the nanofiller on salt aggregation at different salt concentra-
tions and at the simulation temperatures stated above.

18



Chapter 2

Molecular Dynamics (MD)
simulation

2.1 Computer-aided materials science

Molecular Dynamics (MD), Molecular Mechanics (MM), Monte Carlo (MC) sim-
ulations and Quantum Chemistry (QC) calculations are all the tools of computer-
aided materials science. Although the precise terminology varies, the principle is
simply that we use computation in support of experimental materials science [37].
In fact, both move along together: computer calculations can help to prepare ex-
periments and predict results. On the other hand – they can help explain experi-
mental results. The computer is often also needed to extract ‘humanly readable’
data from a complex calculations; we call this “analysis”.

Computer-aided materials science involves not only calculations; visualisation
also has a very important rôle in understanding materials and bringing a math-
ematical representation “to life”. Crystallographers often plot structures that re-
sult from diffraction data. Such models can be rotated and manipulated in space;
structural differences between similar structures can be compared and visualised.
There are a number of other ways to use visualisation as a valuable tool in mate-
rials research.

Computers can also help us to design new materials, or study the properties of
materials yet unexplored experimentally. In computer calculations, it is also com-
mon that the complexity of the system must be reduced or simpler subsystems
created. These must be simple enough to be represented by viable models, so that
analytical and/or numerical methods can be used to analyze the system and its
behaviour.
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2.2 The simulation method

Molecular Dynamics (MD) simulation [38–41] is one way to perform ‘computer
experiments’. In reality, atoms, ions and molecules are not static. MD allows us
to simulate the dynamics of the particles and give us deeper insights into the local
structure and into the changes in structure with time. Motion is inherent to all
chemical processes; simple vibrations, like bond-stretching and angle-bending,
can be registered by infrared (IR) spectra. Chemical reactions, hormone-receptor
binding, and other complex processes are associated with many kinds of inter- and
intramolecular motion.

According to statistical physics, physical quantities are represented by averages
over configurations distributed according to a certain statistical ensemble. Since
MD is a statistical mechanics method, and a trajectory in the 6N-dimensional
phase space obtained by MD provides such a set of configurations, a measure-
ment of a physical quantity by simulation involves an arithmetic averaging of the
various instantaneous values assumed by that quantity during the simulation. The
most used ensembles in MD correspond to different experimental conditions like:

- A canonical ensemble (NVT); where the number of atoms (ions) N, volume
V and temperature T are kept constant.

- A microcanonical ensemble (NVE); a constant system energy.

- An isothermal-isobaric ensemble (NpT); where the system pressure p is
constant.

In this way, statistical mechanics links microscopic behaviour with thermodynam-
ics, thus making MD simulation a good tool to measure thermodynamic proper-
ties.

In short, classical MD can be defined as a computer simulation technique where
the time evolution of a set of interacting atoms (and/or ions) in an appropriately
chosen simulation box is followed by integrating their Newton’s equations of mo-
tion. It is clear that this definition is somewhat formal and needs some explanation.

In MD, Newton’s equation of motion;

���������	�
�
(2.1)

is applied for each atom i in the system of N atoms. Here, m
�

is the atom mass,� � ��� �� ��� ��� � its acceleration, and
� �

the force acting upon it due to its inter-
actions with other atoms. The atoms are assigned initial velocities that conform
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to the total kinetic energy of the system which, in turn, is dictated by the desired
simulation temperature. This is achieved by slow “heating” of the system (usually
starting at 0 K in an NVE ensemble) and then equilibrating the system at a desired
temperature (often as an NVT ensemble). The simulation then follows, and the
choice of ensemble depends on the problem in hand. Under normal conditions, it
would be NpT.

The basic steps of the MD simulation are the simultaneous calculations of the
force on each atom and, from this, the determination of the position of each atom
over a specific period of the time. The force on an atom can be calculated as the
derivative of the energy with respect to the change in atom-position:

� ���
�  �

� � � � ��� � �� �
� � � (2.2)

The position for each atom over a series of very small time-steps can be calcu-
lated knowing the atomic forces and masses. The resulting series of snapshots
of structural changes over time is a trajectory. This is not obtained directly from
Newton’s equations of motion due to the lack of an analytical solution. Instead
, a number of numerical methods are used. The most common is probably the
‘leapfrog’ algorithm, where:

1. The acceleration
� �

at time t is calculated according to (2.2).

2. The velocity �
�

is updated at
����� � �	�

as:

�
��
 ���� � �	��� �

�
��
 � � � � �	��� � �
��
 � � � �

(2.3)

where
�

t is the time-step between two following states.

3. The atom position  � at
����� �

is updated as:

 ��
 ����� � � �  ��
 � � � �
��
 ����� � �	��� � �

(2.4)

Usually, the choice of method depends on the problem in hand. Classical MD
allows us to simulate systems containing 1000–100000 atoms. The time-step is
of order of 1 femtosecond; the simulation time is upto 1 microsecond. The appro-
priate system-size and simulation-time depends on the computing power and time
available.

MD simulation is based on some approximation: first, the Born-Oppenheimer
approximation is applied – where the system’s wavefunction consists of two sep-
arate parts: the wavefunction for electrons and the wavefunction for nuclei. This
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can be done because of the mass of the nuclei is much greater than that of the
electrons. The electronic Schrödinger equation can then be solved for each set of
nuclear position to get the energy contributed by the electrons. This energy, along
with nuclear-nuclear repulsion, then determines the total potential energy and can
be used to find the forces on the atoms. The electronic energy and forces can
be calculated once for a set of nuclear coordinates, and the forces and energies
extrapolated between these coordinates. This energy (now a function of atomic
position only) is called the potential energy surface.

The nuclei are then treated as classical particles moving on the potential energy
surface, and the Schrödinger equation is replaced by Newton’s equations of mo-
tion (2.2). This is the second approximation.

Thirdly, the potential energy surface is approximated to by an analytic potential
energy function which gives the potential energy and interatomic forces as a func-
tion of the coordinates.

Introducing these approximations, especially a classical force field, rises the ques-
tion whether it is justified to move atoms as classical particles without applying
quantum laws? A classical approach is clearly poor for very light systems like H �

and He. Also, quantum effects become important when the temperature becomes
sufficiently low.

2.3 Potential Energy (PE) function

Results of an MD simulation depend largely on the interatomic forces, and the
use of MD simulation depends on the availability of good interatomic potential
energy functions [38, 41]. The three main ways to obtain interatomic forces are:

� analytic potentials based on ad hoc functional forms and assumptions;

� analytic potentials with forms derived from quantum-mechanical concepts;

� forces obtained directly from quantum-mechanical electronic structure cal-
culations.

The first two methods fit the parameters of some type of function to a set of sys-
tem properties like bond lengths, energies, vibrational frequencies for molecules;
lattice constants, elastic moduli, solid defect energies. The third method does not
need a functional form, but requires more computing resources and and a choice
of basis-set, etc.
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To represent real system behaviour in a simulation, a potential function must have
sufficient accuracy to reproduce interesting properties; transferability to be us-
able in situations for which the potential function was not fitted, since the calcu-
lation of forces is the most time consuming part of the simulation; and computa-
tional efficiency. Also, the nature of the potential function depends on the type
of bonding being modelled: metallic, covalent, ionic, van der Waals, etc.
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Chapter 3

The simulated model

3.1 The nanoparticle

The nanoparticle was constructed from the crystal structure of � -Al � O � (corun-
dum). Corundum has a rhombohedral crystal structure with unit-cell parameters:
a = 4.75 Å and c = 12.99 Å (hexagonal setting) [42] corresponding to the space
group R � c (No. 167) [43].

A neutral section of the corundum structure was extracted to be as spherical as
possible. A smaller particle contained 23 Al � O � units (115 atoms) (Fig. 3.1), a
larger one 67 units (335 atoms). The particles were then “computer-annealed” at
2000 K in vacuum to relax the particles.

Usually, relaxation occurs only for a certain depth from a material surface. Since
the particles are nano-sized, relaxation influences the whole particle. As a result,
the particle deforms a little, especially at the surface (see Fig. 3.2). The parti-
cle loses its symmetry, and ends up as a quasi-spherical particle. The corundum
crystal structure is destroyed, and the oxygens tend to move to the surface. The av-
erage Al-O ��� coordination number was 5, since Al is usually 4- or 6-coordinated.

3.2 Details of the simulation

The simulated models are summarised in the Table 3.1. The simulation-box sizes
were chosen to leave the minimum distance between the particle surfaces in the
periodic arrangement of particles the same as the particle diameter. The surface
area of the 14 Å diameter particle is 300 m � /cc; for the 18 Å diameter particle
600 m � /cc. The 14 Å diameter particle occupies ca. 6 % of the total volume and
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Figure 3.1: Crystal structure of a 14 Å diameter “spherical” corundum particle.

10 % of total mass; this is 10 % and 16 %, respectively, for the case of the 18 Å
diameter particle.

For lithium tetrafluoroborate (LiBF � ) in C models, the tetrafluoroborate ion (BF �� )
was treated as rigid ion, with B-F distances 1.39 Å and F-F distances 2.27 Å [44].

The first step to construct a simulation box was to place the ”computer annealed”
nanoparticle in the middle of the box. Salt ions were then inserted randomly
around the particle. The last step was to fill the simulation box with an amor-
phous PEO chain by pivotal Monte-Carlo simulation [45] around the particle and
salt ions (Fig. 3.3). In a model with no particle, only salt ions were inserted ran-
domly into the simulation box and the amorphous PEO chain was then generated
around the salt ions. In models with no particle or salt, the simulation box was
only filled with an amorphous PEO chain (Fig 3.4).
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MD simulations were performed with a local version of DL POLY [46]. The
long-range interaction potential U(r) was described by the expression

� 
�� � �������
	 
 �
�
�
� �

�
� �

�

� �

� � � � �
�
���

�
� (3.1)

A, B, C and D are potential parameters listed in Tables in papers I, II and III;
r is the distance between atoms/ions participating in the interaction (in Å); q

�
is

the charge of an atom/ion participating in the interaction; electric constant
�
� =

8.854x10 �
� � F/m. The potential parameters were developed earlier for PEO [47],�

”-alumina [48], LiBr and Br-PEO [49, 50], LiCl, LiI, Li-PEO, Cl-PEO and I-
PEO [51], LiBF � [44].

The simulations use periodic boundary conditions and an Ewald summation to
calculate the electrostatic forces at longer distances. Each simulation consists of
equilibrium period of 50 ps, followed by NVT (constant volume and temperature)
simulation for 100 ps, and then NpT (constant pressure and temperature) sim-
ulation (Nosé-Hoover model) for upto 1000 ps. Sampling was made every 1 ps
(every 1000 time-steps) during the NpT simulation. The models were prepared on
local PC’s and the final simulations made using the resources of the Parallel Com-
puter Centre (PDC) of the Royal Institute of Technology (KTH) in Stockholm, the
High Performance Computing Centre North (HPC2N), and our local PC-Wulfkit
cluster of 4 Pentium III double-processor nodes.
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Figure 3.4: A section of an amorphous PEO chain.
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Table 3.1: Simulated models

Type Simulation box EO Salt Li:EO Particle Temp. /K
/ÅxÅxÅ diameter /Å

A01 26x21x22 200 – – – 360
A02 26x21x22 200 LiCl 1:10 – 360
A03 26x21x22 200 LiBr 1:10 – 360
A04 26x21x22 200 LiI 1:10 – 360
A05 31x31x31 455 – – 14 360
A06 31x31x31 455 – – 14 360
A07 31x31x31 455 – – 14 360
A08 31x31x31 455 LiCl 1:10 14 360
A09 31x31x31 455 LiBr 1:10 14 360
A10 31x31x31 455 LiI 1:10 14 360
A11 37x37x37 787 – – 18 360
A12 37x37x37 787 – – 18 360
A13 37x37x37 787 – – 18 360
A14 37x37x37 787 LiCl 1:10 18 360
A15 37x37x37 787 LiBr 1:10 18 360
A16 37x37x37 787 LiI 1:10 18 360

B01 24x24x24 200 LiBF � 1:20 – 293
B02 31x31x31 455 LiBF � 1:20 14 293
B03 14x14x200 294 LiBF � 1:20 slab 293

C01 28x22x24 200 LiCl 1:20 – 290, 330
C02 28x22x24 200 LiCl 1:35 – 290, 330
C03 28x22x24 200 LiCl 1:50 – 290, 330
C04 33x33x33 455 LiCl 1:20 14 290, 330
C05 33x33x33 455 LiCl 1:35 14 290, 330
C06 33x33x33 455 LiCl 1:50 14 290, 330
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Chapter 4

Results

4.1 Effect of nanofiller on PEO structure and dynamics

The nanoparticle has a clear effect on the structure of the PEO host. It appears
that the concentration of ether-oxygens (O �

� ’s) increases in the region ca. 3–4 Å
from the particle surface (Fig. 4.1). This can be seen as the formation of a PEO
“coordination sphere” around the nanoparticle. This forms for both particle sizes,
and the process is independent of temperature, salt-type and concentration – it is
even independent of the presence of a salt. This is not a result of the polymer
simply being forced away from the particle surface; on the contrary, the polymer
was generated so as to fill the space left in the simulation box around the particle.
Within the “coordination sphere”, a continuous section of PEO does not curl itself
around the particle, but rather that the same chain approaches and leaves the par-
ticle at several points along its length (see Fig. 4.3), with upto 5 successive O �

� ’s
in close proximity to the particle.

Wieczorek and co-workers have applied the effective medium theory to explain
the higher conductivity on adding nanofillers to the polymer/salt system [33, 52].
According to this theory, the dispersed insulating particles are covered by a highly
conductive interface layer on the surface of the particle additive.

Almost all the space around the nanoparticle and its PEO “coordination sphere” in
the simulation box can be considered as a conductive interface due to the periodic
boundary conditions applied to the simulation box during the simulation. The par-
ticles are close enough in the periodic arrangement that there are no polymer-salt
regions not affected by the nanoparticle. The PEO “coordination sphere” serves
as a contact layer between the particle surface and the highly conductive polymer
regions.
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Figure 4.1: Atom density distribution for the 14 Å diameter Al � O � particle-
LiCl(PEO) ��� system at 360 K.

The PEO “coordination sphere” influences lithium-salt dissociation. Simulation
results show that, for the lithium salts with monoatomic anion, some lithium ions
are bound to the particle surface covered by polymer chain (Fig. 4.3). This means
that less lithium ions occur in the regions away from the particle surface. This
effect appears at all concentrations and temperatures. From simulations with LiCl
at lower temperatures and concentrations, it appears that some Cl � ions and even
Li

�
-Cl � ion-pairs can also be located in the region of the PEO “coordination

sphere”.

In the case of the lithium salt with a polyatomic anion (BF �� ), the anions are found
between the particle surface and “coordination sphere”. This effect should leave
more lithium ions in the region away from the particle surface than anions. The
particle along with the “coordination sphere” thus helps the polymer to disassoci-
ate the salt-ions.

The formation of the PEO “coordination sphere” around the nanoparticle can
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be explained by Lewis acid-base reactions involving a filler, polymer and salt
ions [30, 53–55]. � -Alumina has Lewis-acid centres on the surface Al atoms
and Lewis-base centres on the surface-O atoms. The competition between the
Lewis-base ether-O’s in the polymer chain and the filler Lewis-base centres in the
complexing of alkali metal cations (for example, Li

�
) is suggested to lead to the

formation of different types of complexes, and thus to modification to the polymer
structure. Although the simulated nanoparticle has only Al and O atoms on the
surface, with no other surface groups like -OH, a similar process is also assumed
to take place during the simulation. The acidic centres of alumina win the compe-
tition with the Lewis-acid alkali metal cations in the formation of complexes with
the polymer chain. Some salt ions also win to form complexes with filler.

A nanofiller certainly has an effect on PEO chain dynamics. At all temperatures
and in all simulated models with a nanoparticle, the PEO chain mobility decreases
dramatically in the region of the PEO “coordination” sphere. This is certainly an
artifact of the particle-chain interaction. The part of the chain forming the “co-
ordination sphere” is bound to the particle; this makes it immobile. The chain
mobility is higher in regions away from the immobilised “coordination sphere”
but still lower than in models without a particle. Interestingly, the chain is seen to
be more mobile both near and away from the 18 Å diameter particle than for the
14 Å diameter particle. This could well be an unfortunate artifact of the arbitrary
condition that the distance between the particles is equal to the particle diameter,
since there is more “bulk” PEO in the 18 Å diameter particle case. For LiBF � , the
ether-O mobility increases slightly more than in the particle-free system; t is still
quite low in the “coordination sphere” region.

4.2 Effect of nanofiller on ion mobility

Since the polymer structure with and without salt changes on adding the nanopar-
ticle, the salt-ion mobility also changes. Common to all salt types, temperatures
and concentrations, the Li

�
ion mobility is an order of magnitude smaller in the

region of the immobilised PEO “coordination sphere”. This is reasonable consid-
ering the salt concentration is low in this region and some of these ions or ion-pairs
are bound to the particle. Since Li

�
ion diffusion mechanism in the polymer host

must be closely related to the dynamics of the polymer chain, then low mobility
of the “coordination sphere” is another factor which reduces the Li

�
ion mobility.

At the same time, Li
�

mobility is relatively high in regions away from the particle
surface, where the polymer chain is much more mobile and the salt concentration
higher.
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Figure 4.3: Mean-square displacement (MSD) for Li
�

ion in LiBF � (PEO) ���
(particle-free) and in the LiBF � (PEO) ��� -14 Å diameter Al � O � particle system at
293 K.

The nanoparticle was expected to increase Li
�

ion mobility in the regions away
from the particle surface compared to the particle-free models. This effect ap-
peared clearly on adding the particle into the LiBF � -PEO system; the Li

�
ion

mobility almost doubles (see Fig. 4.3)

The temperature and concentration dependence study for LiCl shows the same
general trends for Li

�
ion mobility in regions away from the particle surface as

those in a particle-free system. The most noticeable overall effect is that, at all
temperatures, the Li

�
ion mobility passes through a minimum at intermediate

concentration (n = 35) (Fig. 4.4). Also, the mobilities are slightly higher (not
more than 25 %) in regions away from the particle surface than in the particle-free
system. This agrees with experimental results for the LiPF � -PEO system [56],
where PEO conductivity peaks at a Li:EO ratio of 1:30, passes a minimum on
lowering the concentration, and decreases again after n

�
100.

It is seen that higher concentrations do not increase the Li
�

ion mobility away
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ticle-free) and � 4 Å from a 14 Å diameter Al � O � particle in LiCl(PEO) � ; x = 20,
35, and 50

from the particle surface, independent of temperature. However, a low concen-
tration (1:50) at 330 K gives a clear increase in mobility away from the particle
surface; only 40 % of this mobility is found in the particle free system; the oppo-
site effect appears at 290 K.

Li
�

ion conductivity normally increases when temperature increases. However,
simulation shows lower mobility at higher temperature. It is found experimen-
tally [57] that, at least for the highly concentrated (1:4.5) LiCl-PEO system, the
conductivity has a minimum around 333 K.

4.3 Effect of nanofiller on salt aggregation

Three parameters were used to characterise the “structure” in the analysis of sim-
ulation results:

- radial distribution function (RDF)
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- coordination number (CN)

- number of “free” Li
�

ions

The first RDF peak can usually indicate the general correctness of a simulation.It
can also validate the quality of the force field used. If the first RDF peak for two
atom-types is at too short a distance, then the forces between these atoms are too
attractive.

The RDF data shows that the distances between Li and anions are in the expected
range – for example, 2.25 Å for Li-Cl, 2.50 Å for Li-Br, and 2.70 Å for Li-I at
360 K (n = 10; see Fig. 4.5). The differences come from the different sizes of
anions: Cl � ion is the smallest and I � the biggest. The value around 3 Å is also
reasonable for Li-B distances considering the B-F distance is 1.39 Å. These val-
ues remain the same if the nanoparticle is added into the system, and independent
on salt concentration and simulation temperature.

The integral of the RDF over distance is called the coordination number. It shows
how many atoms of one atom-type coordinate to atoms of another type versus dis-
tance. This is also a valuable parameter to show the relationship between an atom
and its neighbours.

The coordination-number data suggest a highly sensitive ion-clustering effect with
respect to the presence of the nanoparticle, anion-type, simulation temperature
and salt concentration. Coordination-number values 1.5 for LiCl, 2.4 for LiI and
2.7 for LiBr at 360 K without the particle show that, in pure PEO-salt systems,
there is large ion-clustering for salts with larger anions and ion-pairing for LiCl.
Signs of ion-pairing appear also in the LiBF � -PEO system, where the Li-B coor-
dination number is slightly below 1 (Fig. 4.6). It is worth mentioning that, since
LiCl shows the lowest coordination number among of the three salts simulated
with monoatomic anions, it was chosen for temperature and concentration effect
studies; and it appears that the Li-Cl CN does not rise above 1.5 during those sim-
ulations.

The addition of a nanoparticle certainly has an effect on ion aggregation. The
effect is greatest in the LiBF � -PEO system, where CN decreases from 0.9 to 0.7
(Fig. 4.6). The CN also decreases slightly at 290 K and 330 K for LiCl at n =
35, and more at 330 K and n = 50 (from 1.5 to 0.9). Other salt type, temperature
and concentration combinations show increased coordination number on adding
the nanoparticle.
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Figure 4.5: Radial distribution function (RDF) and coordination number (CN) for
Li-I for LiI(PEO) ��� and 14 and 18 Å diameter Al � O � particles in LiI(PEO) ��� at
360 K.

The ion-aggregation effect can also be determined by counting “free” Li
�

ions;
these are important as charge carriers. “Free” implies that these ions do not par-
ticipate in ion-pairs and larger aggregates. Here, the best results again occur for
the LiBF � -PEO system, where around 30 % of the Li

�
ions can be considered as

“free”. Adding the nanoparticle into this system has a noticeable effect – increas-
ing the ratio of “free” Li

�
ions to 40 %. Lithium salts with monoatomic anions

show much poorer results. Very large salt clusters (10 and more ions) form at
360 K, especially in the case of LiBr and LiI; a tendency to form larger clusters
on adding the nanoparticle can noted. The cluster charges are not large though,
as seen from the Fig. 11 in paper I. The number of “free” Li

�
ions in LiCl does

not reach to the level shown for LiBF � as temperature and concentration changes.
The higher concentration n = 20 shows a significant lack of “free” Li

�
ions. But

it appears here that the addition of the nanoparticle increases the ratio of “free”
Li

�
ions. The only case showing the opposite effect is n = 50 at 290 K.

A challenge facing polymer electrolytes is to dissociate the lithium salt and re-
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lease as many mobile lithium ions as possible. Salt crystallisation is common
to organic (including biological) and inorganic systems; depending on the sys-
tem, this may be a desired effect (we all make good use of our fingernails!). In
the design of the lithium-ion polymer battery, much effort is made to dissolve
the lithium salt as well as possible. The conductivity depends on the number of
mobile “free” charge carriers. However, high salt concentrations can lead to the
formation of ion-pairs and larger aggregates, resulting in decreased conductivity;
also, the polymer chain becomes stiffer, leading to an additional lowering of the
conductivity [58].

The salt-ion pairing/clustering effect has been studied previously both experimen-
tally and theoretically by molecular dynamics simulation. Experimental results
show that the ion-pairing depends on the salt concentration in NaCF � SO � -PEO
complexes [59]. The fraction of “free” ions decreases with increasing salt con-
centration. This is believed to be a result of decreasing the distances between ions
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with increasing salt concentration, until ion-ion interactions become significant.
Also, the fraction of ions participating in ion-pair formations is seen to increase
with temperature for these same complexes. This temperature dependence is ex-
plained [60] to be a result of entropy changes during salt dissociation-association.
If salt dissociates in the polymer matrix at lower temperature, then the decrease in
entropy is the result of restricted segmental and translational vibrational modes of
the polymer. At higher temperatures the entropy increases again due to the ions
associating less with the polymer and more with each another, possibly leading to
an “out-salting” effect at high temperatures.

Molecular mechanics and dynamics studies of LiBr-PEO complexes [61] show
Li-Br pairing to be likely even for an Li:EO ratio of 1:50. The concentration of
Li-Br pairs is seen to increase with LiBr concentration in PEO. Also, more ion
pairs are found to form at 400 K than at 300 K. In LiI-PEO, MD simulation [62]
shows the fraction of “free” ions to decrease with increasing salt concentration.
Large clusters become more important at higher salt concentrations, as also re-
ported for amorphous PEO-NaI complexes [63].

Salt aggregation is the key to understanding why the Li
�

ion mobility sometimes
increases on adding the nanoparticle and sometimes decreases. Three variables
play their rôle together: salt-type, salt-concentration and simulation temperature.
On adding the nanoparticle into LiBF � (PEO) ��� system at 293 K, the Li

�
ion mo-

bility increases. It appears that large polyatomic anions have some advantages
over their mono-atomic counterparts in promoting lithium mobility: the salt dis-
solves better, even without the nanoparticle; adding the particle decreases the Li-
B coordination number, indicating that there are potentially more mobile lithium
ions in regions away from the particle surface. The anions bound to the particle
surface leave potentially “free” mobile lithium ions away from the particle sur-
face. Apparently, the chosen simulation temperature and salt concentration is a
successful combination to give increased Li

�
ion mobility on adding the nanopar-

ticle.

Although lithium salts with mono-atomic anions have a greater tendency to clus-
ter, it is still possible to enhance Li

�
ion mobility on adding the nanoparticle by

reducing the salt concentration and changing the temperature, as seen for LiCl.
Adding the nanoparticle at n = 50 and 330 K, the Li-Cl coordination number de-
creases and the number of free ions increases from 0 % to 11 %. All this leads to
increased Li

�
ion mobillity. Here, low salt concentration can be seen as a key to

mobility enhancement.
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The opposite occurs at higher salt concentrations: n = 10 is apparently too high a
concentration for all simulated lithium salts with monoatomic anions. The LiCl
example shows that even n = 20 is too high a concentration; adding the nanopar-
ticle increases the Li-Cl coordination number and consequently the ion-pairing.
This is also reflected in the low ratio of “free” Li

�
ions away from the particle

surface.
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Concluding remarks

This Thesis summarises the results of molecular dynamics studies of the effect of
an inorganic nanofiller on polymer/lithium-salt complexes. The results are a good
illustration of what can realistically be achieved through MD simulation. One
must admit that real systems are much more complicated both from a particle as
well from a polymer-salt complex viewpoint. The limiting factors of simulation
of real systems are the lack of suitable force fields, the limited number of atoms
in the simulation box, and the simulation time due to the availability of computa-
tional power and time. Nevertheless, some important features are seen relevant to
lithium-ion polymer battery design:

� MD simulations show clear evidence of enhanced Li
�

ion mobility away
from the particle surface compared to that in a particle-free LiBF � -PEO
system.

� Li
�

ion mobility enhances at lower salt concentration on adding the nanopar-
ticle in the regions away from the particle surface.

� Higher salt concentrations lead to a decreased fraction of “free” Li
�

ions
and the formation of larger clusters. Adding nanoparticles increases this
effect and consequently decreases Li

�
ion mobility away from the particle

surface.

� Formation of an immobilised PEO “coordination sphere” around the nano-
particle is independent of salt-type, concentration and simulation tempera-
ture.

� Li
�

ions bind to the particle surface for LiCl, LiBr and LiI salts at all tem-
peratures and concentration, thus reducing the ratio of potentially mobile
Li

�
ions in regions away from the particle surface and thus also the mobil-

ity. Bound Li
�

ions are immobile as is the polymer chain and thus do not
contribute to the mobility.
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� BF �� ions bind to the particle surface, leaving potentially mobile “free” Li
�

ions in regions away from the particle surface which can contribute to en-
hancing the Li

�
ion mobility.

For a battery electrolyte, the salt-type must be chosen carefully. More atten-
tion must be paid to lithium salts with polyatomic anions like lithium triflate
(LiCF � SO � ), lithium imide (LiN(CF � SO � ) � , LiTFSI), LiPF � , LiBF � , etc. Salt
concentration should be low enough to avoid the serious ion-pairing/clustering
effects. These effects also depend strongly on temperature. The particle concen-
tration can also be optimised – usually to around 10 wt. %.
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Future work

The lithium-ion polymer battery is not immune to the growing importance of
“Nanoscience”. Many studies have been made of TiO � and Al � O � nanoparti-
cles in different polymer-lithium salt systems in Monash University, Melbourne
[64]. MD is an appropriate tool to expand our understanding of these experi-
mental results. Research groups from Utah (USA) and Gothenburg (Sweden)
[65] have already made some initial MD and quantum chemistry calculations of
TiO � /PEO/lithium-salt system. TiO � is interesting because of its natural chemical
activity. Nevertheless, passive SiO � nanoparticles are also an interesting subject
for simulation in the polymer electrolyte. Also, the simulation of organic C ��� in
the polymer/lithium-salt system [35] would be an interesting challenge.

MD simulations are also underway of novel crystalline PEO/lithium-salt systems.
For at least the last 20 years, crystalline PEO/lithium-salt systems have shown
orders of magnitude lower conductivity than their amorphous counterparts. Re-
cently, however, a new crystalline PEO/lithium-salt system has shown higher con-
ductivity than in its amorphous form [66–69]. MD simulations of this new crys-
talline system, LiPF � (PEO) � , are underway and promise to give us valuable data
about structural and dynamical aspects of this fundamental question. There are
also interesting possibilities to study the effects of chain length and displacement
on ion dynamics and local structure in this type of system.

An exciting vision is also to simulate a nano-system containing an effective cath-
ode, anode and polymer electrolyte – indeed, a lithium-ion polymer “nano”-battery!
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Kokkuvõte / Summary

Anorgaaniliste nanolisandite mõju liitiumiooni
liikuvusele polümeerelektrolüüdis

Liitiumioon-polümeeraku on muutunud väga populaarseks ja laialt kasutatavaks
energiaallikaks mitmekesistes portatiivsetes elektroonikaseadmetes nagu mobiil-
telefonid, laptop- ja pihuarvutid jne.

Polüetüleenoksiid (PEO) on palju-uuritud materjal, mis on kaasaegse polümeer-
aku struktuuris saavutanud olulise tähtsuse kui elektrolüüdi prototüüp. Et PEO-l
põhinevate elektrolüütide ioonjuhtivus on normaaltemperatuuril suhteliselt väike
polümeeri kristalse faasi suure osakaalu tõttu ega ole piisav rahuldamaks reaalsete
rakenduste vajadusi, siis on uuringutes keskendutud antud elektrolüütide juhtivus-
ja mehaaniliste omaduste parendamisele normaaltemperatuuril.

Viimase 20 aasta uuringute tulemused on näidanud, et anorgaaniliste nano-osakes-
te lisamine polümeerelektrolüüdi ja liitiumsoola kompleksi parandab elektrolüüdi
ioonjuhtivust mitme suurusjärgu võrra. Samaaegselt paranevad ka selle mehaani-
lised omadused ning elektrolüüdi-elektroodi puutekihi stabiilsus.

Käesolevas töös kasutatakse molekulaardünaamilist (MD) simulatsiooni, et uurida
struktuuri- ja dünaamika muutusi Al � O � nano-osakeste lisamisel LiX(PEO) � süs-
teemi. Liitiumsoola anioonideks (X) on Cl � , Br � , I � ja BF �� ; soola kontsentrat-
sioon (etüleenoksiidi monomeeride arv ühe liitiumiooni suhtes (n)) on 10, 20, 35
ja 50; simulatsioond teostati temperatuuridel 290 K, 293 K, 330 K ja 360 K.

Töös arutletakse PEO/liitiumsoola struktuuri muutuste, eriti nano-osakese ümber
moodustuva PEO-kihi tekkepõhjuste ja mõju üle ioonide liikuvusele. Nano-osa-
keste lisamisel PEO-LiBF � süsteemi temperatuuril 293 K saavutatakse MD-simu-
latsioonis osakesest eemalejäävates piirkondades ligikaudu kaks suurem Li-iooni
liikuvus võrreldes süsteemiga, kus osakene puudub.
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Simulatsioonides leiab kinnitust varasematest katseandmetest teadaolev soola-ioo-
nide paardumise ja klasterdumise sõltuvus soola tüübist (kasutatavast anioonist),
soola kontsentratsioonist ja temperatuurist. Soola väiksema kontsentratsiooni kor-
ral on nanoosakese lisamisel liitiumiooni liikuvus osakesest kaugemal olevates
piirkondades suurem osakeseta süsteemiga võrreldes. Soola suurem kontsent-
ratsioon vähendab “vabade” liitiumioonide arvu ja suurendab soolaklastritesse
hõlmatud ioonide arvu. Nano-osakese lisamisel süsteemi suureneb selle efekti
mõju ja väheneb seega täiendavalt liitiumiooni liikuvus.

Väheliikuv PEO-kiht moodustub nano-osakese ümber kõigi kasutatavate soola-
tüüpide, kontsentratsioonide ja temperatuuride korral. See kiht hoiab enda sees
olevad soolaioonid väheliikuvad ja lahutab need kihist väljaspoole jäävatest vas-
tasmärgilistest ioonidest. Mono-aatomilise aniooniga soola korral seob nano-
osake koostöös ümbritseva PEO-kihiga endaga liitiumioone, vähendades potent-
siaalselt liikuvate liitiumioonide arvu kihist väljaspool; LiBF � korral seotakse
nano-osakesega aga BF �� -anioon, mistõttu suureneb potentsiaalselt liikuvate “va-
bade” liitiumioonide arv väljaspool kihti. Seega on PEO-kihi mõju kahetine sõl-
tuvalt kasutatavast liitiumsoolast.
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Abstract

The amorphous LiBF4(PEO)20 system has been simulated alone and containing a ca. 14-Å diameter Al2O3 nanoparticle and

in juxtaposition with a ca. 65-Å thick a-Al2O3 slab at a nominal temperature of 293 K by Molecular Dynamics (MD) methods.

Li-ion mobility in the poly(ethylene oxide) (PEO) host is found to increase on the addition of the nanoparticle; the effect is also

noticeable for the alumina slab. This can be seen as theoretical confirmation of the positive influence of nanoparticles on ion

mobility in a PEO–salt system, as observed earlier experimentally. Other effects observed are related to this Li-ion mobility

enhancement: PEO forms an immobilised coordination sphere around the particle and an immobilised layer at the surface of the

a-alumina slab. No Li ions are found near the particle or at the slab surface. Instead, two to three unpaired BF4
� anions are

found attached to the particle within the region of immobilised PEO and at least one is found immobilised on the slab surface,

leaving free Li ions in the regions away from the particle and slab surfaces. No more than 60% of the Li ions form ion pairs and

ion clusters in the regions away from the particle surface and up to 87% of the Li ions form ion pairs and ion clusters in the

regions away from the slab surface. D 2002 Published by Elsevier Science B.V.

PACS: 82.20.Wt; 82.35.Np; 82.35.Rs

Keywords: Polymer battery; Polymer electrolytes; Nanofillers; Poly(ethylene oxide); Lithium tetrafluoroborate

1. Introduction

The secondary lithium-polymer battery is an

important power source in a number of applications,

e.g. in the communications and in the fast-growing

electric vehicle sectors. Experimental and theoretical

efforts have been focused to improve the performance

of all parts of the battery. One of the clearest research

goals is to improve the conductivity and mechanical

properties of the polymer electrolyte at ambient and

elevated temperatures. We have here chosen poly-

(ethylene oxide) (PEO) as a host polymer in our

model system because of its wide use as prototype

polymer electrolyte; its properties and structure are,

thus, well documented.

It is known that the Li-ion conductivity of PEO is

generally quite poor at ambient temperatures due to

the high degree of crystallinity [1]. Different methods

have been used to improve its conductivity: adding

organic [2,3] or inorganic plasticizers [4] to form a

0167-2738/02/$ - see front matter D 2002 Published by Elsevier Science B.V.

PII: S0167 -2738 (02 )00013 -9
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PEO-based gel electrolyte, using lithium salts with

different anion types [1]. Our research has focused on

another strategy: the effect of adding nanosize inor-

ganic particles (‘‘nanoparticles’’) to the PEO–lithium-

salt system and especially its influence on ion con-

ductivity at room temperature.

Experimental data show that inorganic nanopar-

ticles increase ionic conductivity by up to an order of

magnitude: adding TiO2 and Al2O3 nanoparticles to

the LiClO4–PEO system increases ionic conductivity

to 10� 4 S cm� 1 at 50 jC and 10� 5 S cm� 1 at 30

jC [5]. The effect of nanoparticles on ion conductivity

has also been seen in the LiClO4–3PEG–TiO2 system

[6] and a-Al2O3 nanoparticles increase conductivity

in the LiBF4(PEO)8 system at room temperature [7].

The effect of nanoparticles seems to depend on

particle size and concentration. Nanoparticle diame-

ters are usually in the range of 6–13 nm, but up to

micron-size particles are also used [7]. Best results are

seen at 10 wt.% filler [5,7,8].

Significant ion-clustering effects are seen in MD

simulations of polymer systems containing lithium

salts involving monoatomic anions [9]. On the other

hand, lithium salts with polyatomic anions tend to

exhibit little or no ion clustering. We also know from

our previous simulations that ion clustering is temper-

ature-dependent, increasing when the simulation tem-

perature is above room temperature.

In this present work, we have simulated the PEO–

LiBF4 systems at room temperature with and without

Al2O3 nanoparticles and in juxtaposition with an a-

Al2O3 slab. The anion type and simulation temper-

ature (293 K) has been chosen to avoid ion-clustering

effects. The nanoparticle concentration was roughly

chosen to reproduce experimental conditions, which

have resulted in the highest ion conductivities. The

PEO–LiBF4–Al2O3 slab system was used to simulate

the effect of adding a large a-Al2O3 particle to the

PEO–salt system.

2. The model

The simulation boxes were filled with PEO by

controlled pivotal Monte Carlo growth. Lithium-salt

ions and a nanoparticle were added into the simulation

box prior to chain generation. Lithium tetrafluorobo-

rate (LiBF4) was used as lithium salt; BF4
� was treated

as a rigid ion with B–F distance 1.39 Å and F–F

distance 2.27 Å [10]. Salt ions were inserted randomly

into the simulation box with an Li/EO ratio of 1:20. A

neutral piece of a-Al2O3 (corundum) was extracted

from its rhombohedral crystal structure (space-group:

R3̄c (No. 167) [11]; unit-cell parameters: a = 4.75 Å,

c = 12.99 Å (hexagonal setting) [12]). The particle was

then ‘‘computer annealed’’ at 2000 K to give it a

roughly spherical form (diameter 14 Å; 115 atoms)

with oxygen atoms predominantly at its surface.

Table 1

Potential parameters describing the long-range interactions

(Oet : ether oxygen; OAl: particle oxygen)

Atom pair A/kcal/mol B/Å C/kcal

Å6/mol

D/kcal

Å4/mol

Oet. . .Oet 58298.9 0.24849 192.1 0.0

Oet. . .C 42931.6 0.27550 352.8 0.0

Oet. . .H 20432.6 0.24450 98.8 0.0

C. . .C 31615.1 0.30251 647.8 0.0

C. . .H 15046.7 0.27151 181.5 0.0

H. . .H 7161.2 0.24050 50.8 0.0

Al. . .Al 0.0 0.10000 0.0 0.0

Al. . .OAl 33652.8 0.29912 0.0 0.0

OAl. . .OAl 524957.1 0.14900 530.4 0.0

Oet. . .Al 928077.6 0.24997 1139.9 0.0

Oet. . .OAl 951969.6 0.15784 239.7 0.0

C. . .Al 170201.1 0.30315 2160.9 0.0

C. . .OAl 1172167.0 0.24855 4537.0 0.0

H. . .Al 110177.8 0.26812 669.5 0.0

H. . .OAl 998796.7 0.19945 919.0 0.0

Li. . .Li 44195.0 0.13742 0.0 9.3

Li. . .Oet 191106.0 0.17510 0.0 76.9

Li. . .C 8140.0 0.37994 0.0 473.2

Li. . .H 13139.0 0.22852 0.0 77.4

Li. . .Al 1415454.0 0.09091 3.5 0.0

Li. . .OAl 5744045.0 0.15038 1155.6 0.0

B. . .B 0.0 0.10000 0.0 0.0

B. . .Oet 0.0 0.10000 0.0 0.0

B. . .C 0.0 0.10000 0.0 0.0

B. . .H 0.0 0.10000 0.0 0.0

B. . .Al 0.0 0.10000 0.0 0.0

B. . .OAl 0.0 0.10000 0.0 0.0

Li. . .B 0.0 0.10000 0.0 0.0

F. . .F 1295087.0 0.13990 65.9 0.0

F. . .Oet 4530495.0 0.15616 49.1 0.0

F. . .C 2509348.0 0.17017 56.5 0.0

F. . .H 453450.4 0.16385 40.7 0.0

F. . .Al 8843424.0 0.20262 3023.4 0.0

F. . .OAl 9833345.0 0.15373 264.0 0.0

Li. . .F 1148106.7 0.12752 45.1 0.0

F. . .B 0.0 0.10000 0.0 0.0
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An additional (so-called ‘‘slab’’) model was created

to simulate the interface between the polymer electro-

lyte and a larger nanoparticle. A slab of 3� 3� 5 a-

Al2O3 unit cells was arranged at the bottom of a

hexagonal simulation box. The slab was also ‘‘com-

puter annealed’’ at 2000 K to relax its surface. The rest

of the simulation box was then filled with the amor-

phous PEO–LiBF4 system with Li/EO ratio 1:20.

A total of three systems were simulated:

A. A rectangular ‘‘particle-free’’ simulation box

(24� 24� 24 Å) containing LiBF4 and an

amorphous PEO chain of 200 EO monomers.

B. A cubic ‘‘particle’’ simulation box (31� 31�
31 Å) containing salt, particle, and an amor-

phous PEO chain of 455 EO monomers.

C. A ‘‘slab’’ model (14.25� 12.35� 200 Å; hexa-

gonal setting) containing randomly inserted salt

ions, a-Al2O3 slab and an amorphous PEO

chain of 294 EO monomers.

3. The simulation method

Molecular Dynamics (MD) simulation involves the

simultaneous solution of Newton’s equations of

motion for all atoms (or ions) in an appropriately

chosen simulation box. A local version of DL_POLY

with force fields developed earlier for PEO [13], hW-

alumina [14], and LiBF4 [10,15,16] was used. Param-

eters in the Buckingham potential:

UðrÞ ¼ A exp �
B

r

� �

�
C

r6
�

D

r4
þ

q1q2

4pe0r

are listed in Table 1.

The middle layer of the a-Al2O3 slab was kept

tethered in the simulation box to represent the ‘‘bulk’’

of the large nanoparticle. Harmonic tethering potential

(U(r) = kr2/2) was used with force constant k = 652.0

kcal/(mol Å2) for Alt and k = 545.4 kcal/(mol Å2) for

Ot [17] (Alt: tethered Al in the slab, Ot: tethered

oxygen in the slab).

The MD simulations use periodic boundary con-

ditions and an Ewald summation to calculate the elect-

rostatic forces at longer distances. Each simulation

consists of an equilibration period of 50 ps followed

by NVT simulation for 100 ps, followed by NpT

simulation (Nose–Hoover model) for 1000 ps at no-

minal temperature 293 K. Sampling was made every 1

ps (every 1000 time-steps) in the simulation. Models

Fig. 1. Mean-square displacement (MSD) for Li + for LiBF4(PEO)20 (particle-free); 14 Å diameter Al2O3 particle in LiBF4(PEO)20;

and a-Al2O3 slab in LiBF4(PEO)20.
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were prepared on a local array of PCs. This research

was conducted using the resources of the High Per-

formance Computing Centre North (HPC2N) and our

local PC-Wulfkit cluster.

4. Results and discussion

The space around the particle was divided into the

regions called ‘‘near particle’’ (0–4 Å from the

Fig. 2. MSD for B� for LiBF4(PEO)20 (particle-free); 14 Å diameter Al2O3 particle in LiBF4(PEO)20; and a-Al2O3 slab in LiBF4(PEO)20.

Fig. 3. Atom density distribution for the 14 Å diameter Al2O3 particle in LiBF4(PEO)20.
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particle surface) and ‘‘away from particle’’ ( > 4 Å

from the particle surface). The PEO sheet in the

‘‘slab’’ model was divided into zones parallel to the

Al2O3 surface: 0–5 Å (‘‘at slab’’), 5–20 Å (‘‘near

slab’’), and >20 Å from the slab surface (‘‘away from

slab’’).

Since our goal is to study the influence of the

nanoparticles on the structure and dynamical proper-

Fig. 4. Atom density distribution for the a-Al2O3 slab in LiBF4(PEO)20.

Fig. 5. MSD for Oet for LiBF4(PEO)20 (particle-free); 14 Å diameter Al2O3 particle in LiBF4(PEO)20; and a-Al2O3 slab in LiBF4(PEO)20.
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ties of the polymer–salt system, let us first look at the

mobility of the Li + ion as the most interesting

lithium-polymer battery related feature.

We see the first and one of the most important

effects of the nanoparticle in Fig. 1: the slope of the

Mean-Square Displacement (MSD) plot for Li + ions

Fig. 6. Local structure around the anion bound to the nanoparticle.

Fig. 7. Radial distribution function (RDF) and coordination number (CN) for Li–B for LiBF4(PEO)20 (particle-free); 14 Å diameter Al2O3

particle in LiBF4(PEO)20; and a-Al2O3 slab in LiBF4(PEO)20.
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‘‘away from particle’’ (directly proportional to Li-ion

self-diffusion constant and conductivity) is at least

twice as large as in the system without nanoparticles.

The ion conductivity clearly increases on adding the

nanoparticle. Note that Li + ion concentration is the

same in both systems (1:20).

The effect is not as large in the ‘‘slab’’ system (Fig.

1); there is very little difference in the slopes of the

MSD curves for Li + ions in the ‘‘away from slab’’

region and in the ‘‘particle-free’’ system.

The anion mobility away from the particle surface is

comparable to that in the ‘‘particle-free’’ system as seen

in Fig. 2. Away from the slab surface, the slope of the

MSDcurve is greater than in the ‘‘particle-free’’ system.

Closer to the particle surface, we see (Fig. 1) that

the mobility of Li + ions decreases greatly. It is remark-

able that Li + ions show no mobility in the region < 5

Å from the a-Al2O3 slab surface (Fig. 1) and in the

‘‘near slab’’ region, the mobility of Li + ions is low.

Almost the same applies to the anion mobility: near

the particle surface, the mobility is very low (Fig. 2).

There is still a slight mobility in the region < 5 Å from

the slab surface, where Li + ions have no mobility at

all. Anion mobility is smaller in the ‘‘near slab’’

region than in the ‘‘particle-free’’ system.

A second important observation is that Li + ions

are not found near the particle surface; they all stay

outside the immobilised PEO ‘‘coordination sphere’’

around the nanoparticle. Fig. 3 shows this very low

Li + -ion concentration near the particle surface. At the

same time, the BF4
� ion concentration is higher than

the Li + ion concentration near the particle surface.

The atomic density distribution plot for the ‘‘slab’’

system (Fig. 4) shows the presence of anions at the

Fig. 8. Local structures of ion pairs and ion clusters: (a) ion pair in LiBF4(PEO)20 (charge: 0); (b) ion cluster in LiBF4(PEO)20 (charge: 0);

(c) ion-cluster in 14 Å Al2O3 particle–LiBF4(PEO)20 system (charge: � 1); (d) ion-cluster in a-Al2O3 slab–LiBF4(PEO)20 system.
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slab surface, but with no Li + ions in the same region.

The first Li + ions appear ca. 8 Å from the slab surface

along with anions; no ions are then found 20–35 Å

from the slab surface. The rest of the salt ions are in

the ‘‘away from particle’’ region.

The third observed effect of adding a particle is that

the PEO chain forms a ‘‘coordination sphere’’ around

the nanoparticle (Fig. 3). This does not involve a

continuous section of chain, but rather successive

chain segments at different points along its length,

each containing four to five EO monomers. In the

‘‘slab’’ system, PEO forms a 20-Å-thick layer near the

slab surface, followed by a 15-Å-thick layer of low-

concentration PEO (Fig. 4). The PEO concentration

then increases again.

The MSD plot for the ether oxygens (Fig. 5) shows

that this ‘‘coordination sphere’’ around the particle is

highly immobile. Away from the particle, the ether-

oxygen mobility increases to a level slightly higher

than in the ‘‘particle-free’’ system. The layer near the

slab surface is similarly immobilised in the ‘‘slab’’

system. In regions away from the slab surface, the

ether-oxygen mobility is roughly the same as in the

‘‘particle-free’’ system.

The structural effects on the PEO–salt system of

adding the nanoparticle or the alumina slab are

intimately related to the effects seen for Li-ion mobi-

lity. The most interesting is the formation of the

immobilised PEO sphere around the nanoparticle. It

must be stressed that this sphere is a direct effect of

the nanoparticle, not simply a trivial result of the

polymer being forced away from the inserted particle.

On the contrary, the chain was generated to fill the

space around the particle. As seen from the atom

density plot, the sphere immobilises two to three

anions, releasing ‘‘free’’ Li ions into the outlying

PEO (Fig. 6).

A similar effect is seen in the ‘‘slab’’ system, where

one to two anions bind to the slab surface. Although

we find no Li + ions at the slab surface, they exist in

this immobilised ‘‘near slab’’ region.

The mobility of Li + ions is higher away from the

particle and slab surfaces than in ‘‘particle-free’’

system despite ion-clustering effect between Li +

and BF4
� ions. This cluster formation is clearly seen

in Fig. 7, where the Li–B coordination number is

the highest for the ‘‘slab’’ system and lowest for the

‘‘particle’’ system. Up to 70% of Li + ions are in-

volved in cluster formation in the ‘‘particle-free’’

system; up to 60% in the ‘‘particle’’ system, and up

to 87% in the ‘‘slab’’ system. These percentages in-

clude Li + ions occurring both in Li + . . . BF4
� pairs

Fig. 9. RDF and CN for Li–Oet for LiBF4(PEO)20 (particle-free); 14 Å diameter Al2O3 particle in LiBF4(PEO)20; and a-Al2O3 slab in

LiBF4(PEO)20.
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(Fig. 8a) and in larger ion clusters. In the ‘‘particle-

free’’ system, two complexes were found comprising

two anions and one Li ion (Fig. 8b). These are the

same complex as found in the ‘‘particle’’ system,

where we also find a complex of three anions and two

Li + ions (Fig. 8c). The slab system contains only one

complex comprising two anions and two Li + ions

(Fig. 8d).

We see from Fig. 9 that there are no significant

differences in the Li. . .O coordination between the

different systems.

5. Conclusions

The results presented here constitute the first sim-

ulation evidence of the effect of adding inorganic

nanosized fillers on the mobility of Li ions in a

polymer host.

The enhancement of Li + -ion mobility away from

the particle surface and, to a lesser extent, away from

the slab surface compared to Li + -ion mobility in the

‘‘particle-free’’ system is a result of structural changes

in the PEO–salt system on adding the particle or slab.

The formation of the immobilised ‘‘coordination

sphere’’ around the particle and the immobilised layer

near the slab surface can be seen as the most important

single factor influencing ion mobility. The immobi-

lised chain binds a fraction of the anions to the particle

and slab surfaces, resulting in an excess of Li + ions in

the regions away from these surfaces.

Ion pairing and clustering also occur in the regions

away from the surfaces for all systems, but is largest

for the ‘‘slab’’ system and smallest for the ‘‘particle’’

system, where Li + -ions exhibit at least twice as high a

mobility away from the particle surface as in the

‘‘particle-free’’ system. Since ion clustering is less in

the ‘‘particle’’ system than in the ‘‘particle-free’’

system, we can conclude that the nanoparticle serves

to dissociate the LiBF4 salt. This effect is not so clear

in the ‘‘slab’’ system, where the mobility of Li + ions

is only slightly higher than in ‘‘particle-free’’ system,

but the ion clustering is larger.
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Received 19 May 2002; accepted 17 October 2002

/14 /Abstract

/15 /

/16 / A system involving amorphous LiCl(PEO)x for x�/20, 35 and 50, and a 14 Å diameter Al2O3 ‘filler’ particle has been simulated at

/17 /nominal temperatures 290 and 330 K by the molecular dynamics method. The mobility of Li-ions is found to increase on the

/18 /addition of the nanoparticle at 330 K and Li:EO ratio 1:50, but decreases or remains unchanged at other temperatures and

/19 /concentrations. Lower temperature and concentration are generally associated with a lower Li�/Cl coordination number and a

/20 /correspondingly higher number of unpaired/unclustered ions in the system. A number of free Li� ions and some Li�/Cl pairs/

/21 /clusters are found in an immobilised poly(ethylene oxide) (PEO) ‘coordination sphere’ around the nanoparticle. This reduces the

/22 /number of Li� ions in regions away from the particle surface. The number of ‘free’ Li� ions away from the particle surface is largest

/23 /for the intermediate composition x�/35 and at 290 K (�/23% of the total number of lithium ions in the system); smaller for x�/50

/24 /(�/11% at both temperatures), and even smaller at x�/20 (�/5% at 290 K and �/9% at 330 K).

/25 /# 2003 Published by Elsevier Science Ltd.

/26 /Keywords: Molecular dynamic method; Filler; Poly(ethylene oxide)

/27 /1. Introduction

/28 / The rechargeable lithium-ion battery has now become

/29 /a popular power source for many applications; typically

/30 /mobile phones, laptop computers and other small-sized

/31 /electronic equipment. The development of even safer

/32 /lithium-ion polymer batteries has been a general goal for

/33 /many years. Poly(ethylene oxide) (PEO) is often seen as

/34 /the prototype polymer electrolyte host material for

/35 /battery concepts. At ambient temperature, PEO has

/36 /quite a poor lithium-ion conductivity as a result of its

/37 /high degree of crystallinity [1]; higher values can be

/38 /achieved around 60�/80 8C [1,2]. However, recent ex-

/39 /perimental work has shown that some crystalline PEO�/

/ 40/lithium salt systems have a potentially higher ionic

/ 41/conductivity than their amorphous counterparts [3].

/ 42/ Our interest here is concentrated on the effect of

/ 43/nanosized inorganic ‘plasticiser’ particles on the con-

/ 44/ductivity of amorphous LiX/PEO. There is much

/ 45/experimental evidence to show improved conductivity

/ 46/on adding nanoparticles of different types and sizes to

/ 47/the PEO�/lithium salt system [2,4�/11].

/ 48/ We have earlier made a number of computer simula-

/ 49/tions of PEO�/lithium salt systems [12�/16]. Recent

/ 50/molecular dynamics (MD) simulations of the PEO/

/ 51/LiBF4/Al2O3-nanoparticle system [17] have confirmed

/ 52/the available experimental evidence for increased Li-ion

/ 53/mobility on the addition of nanosized inorganic particles

/ 54/to the amorphous PEO�/lithium salt system. Our earlier

/ 55/simulations involving PEO/lithium-salt/nanoparticle

/ 56/systems with monoatomic anions like Cl�, Br� and

/ 57/I� [18] showed significant levels of outsalting and

/ 58/reduced Li-ion mobility at higher temperature and salt
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3 * Corresponding author. Tel.: �/46-18-513548.

4 E-mail address: josh.thomas@mkem.uu.se (J.O. Thomas).

5

6

7

8

9
10
11
12

13

Electrochimica Acta 00 (2003) 1�/6

www.elsevier.com/locate/electacta

1 0013-4686/03/$ - see front matter # 2003 Published by Elsevier Science Ltd.

2 doi:10.1016/S0013-4686(03)00214-7

ARTICLE IN PRESS



UNCORRECTED P
ROOF

/59 /concentrations. Since LiCl had earlier shown the least

/60 /tendency to cluster, we chose to follow up this case in

/61 /the present work. Moreover, potentials involving the I�

/62 /ions are difficult to derive reliably by quantum me-

/63 /chanics, making it more difficult to create a reliable

/64 /force field for LiI. Also, Müller-Plathe and van Gun-

/65 /steren [19] have already shown a mechanism for ion-pair

/66 /formation in the LiI�/PEO system.

/67 / We wish to suppress salt clustering and crystallization

/68 /effects in the lithium-ion polymer battery. This makes it

/69 /important to seek optimal conditions to avoid crystal-

/70 /lization. Also, in a more general sense, phase-separation

/71 /phenomena are important, not least in a biological

/72 /context. This present work can thus be seen as an

/73 /extension to our earlier work on nanoparticles in

/74 /LiX(PEO)20 for X�/Br, Cl and I [18]. We have used

/75 /MD simulation to study the temperature and salt-

/76 /concentration dependence of the effect of ‘nano-fillers’

/77 /on the PEO/LiCl/Al2O3 system. We here choose a

/78 /lithium salt which had earlier shown the least tendency

/79 /to cluster (LiCl), a single particle-size (14 Å), lower

/80 /temperatures (290 and 330 K) and concentrations

/81 /(Li:EO ratios of 1:20, 1:35 and 1:50).

/82 /2. The model

/83 / A charge-neutral fragment of a-Al2O3 (corundum)

/84 /was extracted from its rhombohedral crystal structure:

/85 /space-group R3c (No. 167) [20]; unit-cell parameters:

/86 /a�/4.75 Å, c�/12.99 Å (hexagonal setting) [21]. The

/87 /particle was then ‘computer-annealed’ at 2000 K to give

/88 /it a roughly spherical form (diameter 14 Å; 115 atoms)

/89 /with predominantly oxygen atoms at its surface.

/90 / Two systems were simulated:

/91 / �/ A ‘particle-free’ simulation box (27.9�/22.3�/23.5

Å) containing Li� and Cl� ions and an amorphous

/93 /PEO chain of 200 EO monomers; effectively,

/94 /LiCl(PEO)x for x�/20, 35 and 50.

/95 / �/ A cubic simulation box (33.0�/33.0�/33.0 Å) con-

/96 /taining Li� and Cl� ions and an amorphous PEO

/97 /chain of 455 EO monomers; effectively, LiCl(PEO)x
/98 /for x�/20, 35 and 50, but with the addition of a

/99 /approximately 14 Å diameter Al2O3 particle.

/100 / The particle represents �/10% of the total mass and

/101 /�/6% of the total simulation-box volume. This also

/102 /corresponds to a particle-area density of 300 m2/cm3 and

/103 /to 2.8�/1019 particles/cm3. The particle was placed at

/104 /the centre of the cubic simulation box during system

/105 /generation. The Li� and Cl� ions were then added

/106 /randomly into both simulation boxes to give Li:EO

/107 /ratios of 1:20, 1:35 and 1:50. The two simulation boxes

/108 /were then filled with PEO: the chain was generated using

/109 /pivotal Monte Carlo generation techniques to have as

/ 110/low an energy as possible in the simulation box around

/ 111/the particle and/or salt ions. The salt ions were fixed

/ 112/during the chain generation process.

/ 113/3. Simulation details

/ 114/ MD simulation involves the simultaneous solution of

/ 115/Newton’s equations of motion for all atoms (ions) in an

/ 116/appropriately chosen simulation box. A local version of

/ 117/DL_POLY [22] was used with force fields developed

/ 118/earlier for PEO [12], a-alumina [23], LiCl, Li�/PEO and

Y:/Elsevier Science/Shannon/EA/articles/ea5292/EA5292.3d[x] 15 April 2003 11:16:32

Table 1

Potential parameters describing the long-range interactions in the

systems LiCl(PEO)x (particle-free) and with a 14 Å-diameter Al2O3

particle for x�/20, 35 and 50 (OAl: particle oxygen; Oet: ether oxygen),

where V (r )�/Aexp(�/B /r )�/C /r6�/D /r4

Atom

pair

A

(kcal mol�1)

B (Å) C

(kcal Å6 mol�1)

D

(kcal Å4 mol�1)

Oet/� � �/

Oet

58298.9 0.24849 192.1 0.0

Oet/� � �/C 42931.6 0.27550 352.8 0.0

Oet/� � �/

H

20432.6 0.24450 98.8 0.0

Oet/� � �/

Al

928077.6 0.24997 1139.9 0.0

Oet/� � �/

OAl

951969.6 0.15784 239.7 0.0

C/� � �/C 31615.1 0.30251 647.8 0.0

C/� � �/H 15046.7 0.27151 181.5 0.0

C/� � �/Al 170201.1 0.30315 2160.9 0.0

C/� � �/

OAl

1172167.0 0.24855 4537.0 0.0

H/� � �/H 7161.2 0.24050 50.8 0.0

H/� � �/Al 110177.8 0.26812 669.5 0.0

H/� � �/

OAl

998796.7 0.19945 919.0 0.0

Al/� � �/Al 0.0 0.10000 0.0 0.0

Al/� � �/

OAl

33652.8 0.29912 0.0 0.0

OAl/� � �/

OAl

524957.1 0.14900 530.4 0.0

Li/� � �/

Oet

191106.0 0.17510 0.0 76.9

Li/� � �/C 8140.0 0.37994 0.0 473.2

Li/� � �/H 13139.0 0.22852 0.0 77.4

Li/� � �/Al 53082940.0 0.14873 0.0 0.0

Li/� � �/

OAl

62774060.0 0.11668 0.0 0.0

Li/� � �/Li 44195.0 0.13742 0.0 9.3

Li/� � �/Cl 30868.0 0.31797 0.0 729.4

Cl/� � �/

Oet

40353.0 0.31056 1005.0 536.3

Cl/� � �/C 17926.0 0.36590 1273.3 67.2

Cl/� � �/H 7543.0 0.32701 263.0 0.0

Cl/� � �/Al 2633313.0 0.27671 14322.4 0.0

Cl/� � �/

OAl

654978.0 0.23133 491.7 0.0

Cl/� � �/Cl 70768.4 0.39622 29699.1 0.0
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/120 /potential are listed in the Table 1. The simulations use

/121 /periodic boundary conditions and an Ewald summation

/122 /to calculate the electrostatic forces at longer distances.

/123 /Each simulation consists of an equilibration period of 50

/124 /ps, followed by NVT (constant volume and tempera-

/125 /ture) simulation for 100 ps, and then NPT (constant

/126 /pressure and temperature) simulation (Nosé-Hoover

/127 /model) for upto 1000 ps. The system energy was

/128 /monitored during equilibration until the energy reached

/129 /a minimum. The simulation temperatures used were 290

/130 /and 330 K. Sampling was made every 1 ps (every 1000

/131 /time-steps) during the NpT simulation. The models were

/132 /prepared on local PC’s and the final simulations made

/133 /using the resources of the High Performance Computing

/134 /Centre North (HPC2N), and our local PC-Wulfkit

/135 /cluster of 4 double-processor nodes.

/ 136/4. Results and discussion

/ 137/ For convenience, we refer to the region around the

/ 138/particle as ‘near particle’ (0�/4 Å from the particle

/ 139/surface) and ‘away from the particle’ (�/4 Å) from the

/ 140/particle surface). The 290 K temperature is referred to as

/ 141/the ‘lower’, and 330 K as the ‘higher’ temperature;

/ 142/similarly, the 1:20 concentration as ‘higher’, 1:35 as

/ 143/‘intermediate’, and 1:50 as ‘lower’ concentration.

/ 144/4.1. Ion mobility

/ 145/ Let us first probe the concentration and temperature

/ 146/dependence of the effect of the nanoparticle on the

/ 147/mean-square-displacement (MSD) of the Li� ions. In

/ 148/the ‘near particle’ region, the Li� MSD is at least an

/ 149/order of magnitude lower than in the region ‘away from

/ 150/the particle’. This effect is also maintained for the Cl�

/ 151/ions and the ether oxygens at all concentrations and

/ 152/temperatures studied. Fig. 1 shows Li� ion mobilities at

/ 153/different temperatures and concentrations in the region

/ 154/�/4 Å away from the particle surface compared to that

/ 155/in the particle-free system. At the higher concentration,

/ 156/the Li� ion mobility becomes slightly smaller away

/ 157/from the particle on the addition of the nanoparticle at

/ 158/both temperatures. This effect is greater at 330 K, where

/ 159/the mobility is only half that in the particle-free system.

/ 160/Interestingly, such effects disappear at the intermediate

/ 161/concentration, where mobilities are only approximately

/ 162/25% (perhaps insignificantly) higher away from the

/ 163/particle than in the particle-free system; moreover, the

/ 164/lithium-ion mobility at 330 K is identical away from the

/ 165/particle to that at the higher concentration, while a clear

/ 166/increase occurs as we decrease the concentration further

/ 167/(to x�/50). Notably, the mobility in the particle-free

/ 168/system is only 40% of that away from the particle at this

/ 169/concentration, while the opposite effect is seen at 290 K.

/ 170/The most noticeable overall effect is that (at all

Y:/Elsevier Science/Shannon/EA/articles/ea5292/EA5292.3d[x] 15 April 2003 11:16:34

Fig. 1. Relative diffusion coefficients (D ) for Li� in LiCl(PEO)x
(particle-free) and �/4 Å from a 14 Å diameter Al2O3 particle in

LiCl(PEO)x ; x�/20, 35 and 50.

Fig. 2. Relative diffusion coefficients (D ) for Cl� in LiCl(PEO)x
(particle-free) and �/4 Å from a 14 Å diameter Al2O3 particle in

LiCl(PEO)x ; x�/20, 35 and 50.

Fig. 3. Atom density distribution for the Al2O3�/LiCl(PEO)35 system

at 330 K.
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ROOF/171 /temperatures) the Li� ion mobility passes through a

/172 /minimum at the intermediate concentration. There is,

/173 /indeed, clear experimental evidence [1,25] to show that

/174 /Li� ion conductivity passes through a minimum as a

/175 /function of salt concentration. Also, for a particle-free

/176 /system, Rietman et al. [26] show conductivity minima

/177 /for LiBr and LiCl in PEO on increasing the temperature.

/178 /Their results are in the same temperature range as our

/179 /simulations.

/180 / It is also interesting to examine the Cl� mobility (Fig.

/181 /2): this follows the same general trends as seen in the

/182 /Li� mobility. One clear and perhaps significant differ-

/183 /ence, however, is that the Cl� mobility only passes

/184 /through a minimum at the intermediate concentration in

/185 /the particle-free system at 290 K, but increases linearly

/186 /away from the particle with decreasing concentration at

/ 187/both temperatures, with the largest difference compared

/ 188/to the particle-free system occurring at x�/50.

/ 189/4.2. Polymer structure and dynamics

/ 190/ An immobilised PEO ‘coordination sphere’ is seen to

/ 191/form around the particle upto approximately 4 Å away

/ 192/from the particle surface at all temperatures and

/ 193/concentrations (Fig. 3). This same effect was seen earlier

/ 194/for 14 and 18 Å diameter Al2O3 nanoparticles in the

/ 195/LiCl/LiBr/LiI(PEO)20 systems at 360 K [18]. It should be

/ 196/stressed strongly that this effect is not a result of the

/ 197/polymer simply being forced away from the inserted

/ 198/particle; on the contrary, the polymer was generated so

/ 199/as to fill the space left in the simulation box around the

/ 200/particle. The mobility of ether oxygens (Oet’s) (Fig. 4) is

/ 201/lower in regions away from the particle compared to the

/ 202/particle-free case for all concentrations at 330 K*/by

/ 203/approximately 50% at x�/20 and by 20% at lower

/ 204/concentrations. In contrast, at 290 K, the Oet mobility

/ 205/increases by approximately 50% for x�/20 and by

/ 206/approximately 20% for x�/35; it then decreases by

/ 207/approximately 30% for x�/50.

/ 208/4.3. Ion-pairing/clustering

/ 209/ We can note that the immobilised PEO chains in the

/ 210/‘near particle’ region also host Li� and Cl� ions; see

/ 211/Fig. 3. In [18], some Li� ions were found to bind to the

/ 212/oxygens of the Al2O3 particle surface. This is also seen

/ 213/here (Fig. 5), along with a number of Cl� ions. Even

/ 214/Li��/Cl� ion-pairs are seen to occur in this region. The

/ 215/Li�/Cl coordination numbers indicate that Li��/Cl�

/ 216/pairs and smaller clusters form at all temperatures, both

Y:/Elsevier Science/Shannon/EA/articles/ea5292/EA5292.3d[x] 15 April 2003 11:16:35

Fig. 4. Relative diffusion coefficients (D ) for ether O’s in LiCl(PEO)x
(particle-free) and �/4 Å from a 14 Å diameter Al2O3 particle in

LiCl(PEO)x ; x�/20, 35 and 50.

Fig. 5. A general view of a region near the Al2O3 particle showing a ‘free’ Li� ion linking PEO to the particle, and a [LiCl2]
� cluster near the

particle.
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/217 /in the particle-free and in the nanoparticle-containing

/218 /systems (Fig. 6); Li�/Cl coordination numbers are 5/1.5

/219 /at 3.5 Å in all systems and at all temperatures and

/220 /concentrations. At 330 K, the Li��/Cl� coordination

/221 /number increases from 1.2 to 1.4 on the addition of the

/222 /particle at the higher concentrations, but again falls

/223 /from 1.3 to 1.2 at the intermediate, and from 1.5 to 0.9

/224 /at lower concentrations. At 290 K, a lower Li��/Cl�

/225 /coordination number is seen in the particle system than

/226 /in the particle-free system (from 1.0 vs. 0.9) only at

/227 /intermediate concentration. The coordination number

/228 /increases from 1.3 to 1.5 and from 0.75 to 0.85,

/229 /respectively, at the higher and lower concentrations.

/230 / All this combines to suggest highly sensitive ion-

/231 /clustering effects*/both with respect to temperature and

/232 /ion concentration. This is summarized in Fig. 7 in terms

/233 /of the percentage of ‘free’ Li� ions occurring in different

/234 /situations; this number is seen generally to increase on

/235 /the addition of the nanoparticle. The effect is stronger at

/236 /lower concentrations and higher temperatures, but at

/ 237/x�/50 and at 290 K, a slightly opposite effect is seen on

/ 238/the addition of the particle. It can be that, at higher salt

/ 239/concentrations, Li� ions form more ion-pairs/clusters

/ 240/since they have access to and hence more opportunity to

/ 241/form bond with a larger number of Cl� ions. At the

/ 242/lowest concentration studied (1:50), the number of Cl�

/ 243/ions around Li� ions is lower, resulting in more ‘free’

/ 244/Li� ions.

/ 245/ It is seen from Table 2 that the Li�/Oet coordination

/ 246/number increases on the addition of the particle only for

/ 247/x�/50 and at 330 K, but decreases in all other cases. In

/ 248/the ‘particle’ system, the Li�/Oet coordination number

/ 249/shows clear concentration dependence, increasing as we

/ 250/lower the concentration.

/ 251/5. A general comment

/ 252/ While it is difficult from the above set of observations

/ 253/to discern any simple overriding trends, one thing is very

/ 254/clear: our simulations demonstrate highly sensitive

/ 255/temperature and concentration dependence in the effect

/ 256/on ion-pairing/clustering phenomena of the introduction

/ 257/of small nanoparticles into a polymer electrolyte.

/ 258/Implicitly, such phenomena will have a decisive influ-

/ 259/ence on lithium-ion transport and consequently on

/ 260/battery performance.
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Fig. 6. Radial distribution function (RDF) and coordination number

(CN) for Li� �/Cl� in LiCl(PEO)x (particle-free) and 14 Å diameter

Al2O3 particle in LiCl(PEO)x at 290K; x�/20, 35 and 50.

Fig. 7. Histogram of ‘free’ Li� ions in LiCl(PEO)x (particle-free) and

14 Å diameter Al2O3 particle in LiCl(PEO)x ; x�/20, 35 and 50.

Table 2

Coordination number for Li�/Oet in LiCl(PEO)x (particle-free) and

with a 14 Å-diameter Al2O3 particle for x�/20, 35 and 50 (Oet: ether

oxygen)

290 K 330 K

Concentration Free Particle Free Particle

1:20 4.6 4.0 4.7 4.3

1:35 5.3 4.6 4.8 4.3

1:50 5.3 5.1 4.6 5.0
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Figure 3.2: A 14 Å diameter “spherical” Al � O � particle after “computer anneal-
ing” at 2000 K.

Figure 3.3: A 14 Å diameter Al � O � particle in LiBF � (PEO) ��� before simulation.



Figure 4.2: A PEO chain around a 14 Å particle in LiBr(PEO) ��� at 360 K, showing
the detailed structure around the Li

�
ion bound to the particle, and an example of

an ion cluster.
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