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ABSTRACT 

 
This article is concerned with the systematic design of 

nanobattery prototyping. Miniaturization of power sources 
is a challenging area of nanotechnology research. There are 
four major parts in miniaturized Li-Ion nanobattery: anode, 
cathode, electrode and separator. Correspondingly, some 
appropriate material must be distinguished. The multi-
walled carbon nanotube array electrode is used as anode, 
which exhibits high current density. LiMn2O4 spinel oxide 
is used as the cathode. Nanoporous dielectric membrane is 
selected for mixture storage of gel electrolyte. Ni is chosen 
as a suitable current collector. The separator and electrolyte 
container accounts for the reduction of dendrites and 
compatibility increment of electrode-electrolyte. According 
to nanobattery physical mechanism, mathematical model 
has been identified. At last, some numerical simulations of 
nanobattery characteristics have been conducted.  

Keywords: modeling, identification, miniaturization, nano- 
technology, nanobattery 
 

1 INTRODUCTION 
 

Nanobattery technology is crucial to active nano-devices 
which has numerous applications on miniature cameras, 
miniature cell phones, micro-sensors and nano-sensors, 
micro-chips and nano-chips, and so on. Scaling laws are 
applicable to miniaturized nano-system design. Geometrical 
scaling is strictly dependent on the size of physical objects 
(volume and surface). Phenomenological scaling reflects 
phenomenological behaviors of miniaturized power source 
[Hsu, 2002]. The simulation of a Li-Ion battery with phase 
change material thermal management system has been 
studied. Mathematical model is applied to Li-Ion battery 
design in electric scooter. Li-Ion discharge curves under 
various thermal conditions are clearly plotted [Khateeb, 
2004].  A low temperature approach has been proposed for 
fabricating nanostructure of LiMn2O4 spinel oxide instead 
of high temperature solid-state reaction. Electrochemical 
impedance spectrum demonstrates that reaction activity and 
diffusion property of electrode material are significantly 
improved at nano-scale due to the stronger interaction of 
lithium ion with nano-material at the surface than inside the 
bulk [Ye, 2004]. Carbon nanotube array electrodes are 

prepared in another case using alumina template. Lithium 
ions are shown to diffuse through outer surface and upper 
tips into the inner graphene without any interference of 
binder and conductor in an ordered carbon nanotube. The 
electrodes could tolerate high current density of a micro-
battery [Zhao, 2002]. It is concluded that the Li-Ion system 
provides the highest energy density among rechargeable 
battery systems available so far. It is thus necessary to 
investigate mathematical models of Li-Ion batteries in order 
to simulate the behavior of single electrode particles, single 
electrodes and full cells under a variety of operating 
conditions like constant current discharge, pulse discharge, 
impedance, cyclic voltammetry. In this paper, nano-scale 
characteristics of electrode and electrolyte material are 
identified and different components of nanobattary are 
determined. Suitable fabricating method is also presented 
on a basis of anode, cathode, electrolyte and separator being 
identified [1-16].   

 
Fig. 1 Operating Mechanism of Li-Ion Battery 

 
2 NANOBATTARY DESIGN AND 

EXPERIMENT PROCEDURE 
 

Nanobattary design problem should be accompanied by 
suitable fabricating methods for anode, cathode, electrolyte, 
and miniaturized separator. Firstly mathematical modeling 
and optimization must be conducted theoretically. Then 
numerical simulations have to be applied to inspect possible 
properties out of the current design. Experimental methods 
will be the next step for preparing nanostructures for all 
components and procedures during fabricating should also 
be identified. Eventually, all prototypes must be tested.  
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2.1 Design of Anode 

Carbon nanotube array electrode can provide high Li-ion 
intercalation in the hexagonal structure. It is selected as a 
suitable anode in a miniature Li-Ion battery, which shows 
rechargeability with almost 100% couloumbic efficiency, 
high current density, high capacity and light weight. Multi-
walled carbon nanotube can be conducted using Chemical 
Vapor Deposition method. Uniform and straight pores can 
be formed in alumina substrate. The template method has 
the advantage of simple reproduction. It is predictable in 
the sense that both the diameter and length of the pores can 
be adjusted in order to obtain nanotubes of any desired size. 
Another advantage is that all pores are vertically oriented in 
the same direction. The minute defects existing in the array 
electrode after dissolution of alumina template have a very 
little effect on the regular array of carbon nanotubes. These 
nanotube attributes have a remarkable impact on making 
genuine anode material. 
 
2.2 Design of Cathode 

Rechargeable Li-Ion batteries require broad environment 
acceptability, low cost and preparation simplicity. LiMn2O4 
spinel oxide is obviously much better a cathode candidate 
than those of nickel and cobalt oxides. Lithium insertion 
and extraction can be easily conducted on nano-material 
with the enhanced electrochemical reaction activity and 
diffusion capacity. It acts as the best potential candidate for 
miniaturization presently. It is known that the particle size, 
surface morphology and homogeneity are difficult to adjust 
precisely. The simple and adjustable method is ball-milling 
approach, where particles of sample will be provided with 
more homogeneous crystal grains. It is less complex than 
template method and soft chemistry method. From Thermo-
Gravity simulation differential curves, temperature of raw 
material treated with ball milling decreased substantially 
compared to raw material untreated. The low synthetic 
temperature gives rise to a decrease of particle size and an 
increase of the oxidation state of manganese. It takes a 
more important role on surface than inside bulk. 
 
2.3 Design of Electrolyte 

Conventional battery contains aqueous acidic or alkaline 
electrolyte. Non-aqueous electrolyte possesses the quality 
of zero electrolyte leakage when conversion of electrolytes 
in electrochemical cell occurs. It is adhesiveness to active 
electrode material, which shows high ionic conductivity in 
a wide temperature range, provides low vapor pressure, 
prevents electrolyte leakage, enhances thermal stability,  
reduces solvent decomposition and improves life cycle. 
Therefore, it is possible for polymer electrolyte to absorb 
solvent up to three times its weight. The phase separation 
method can be used for preparations of gel electrolyte 
membranes. The copolymer is dissolved and dispersed in 
acetone via stirring inside container. Then ethanol is slowly 

added when the gel solution is stirred. Resulting slurry is 
cast for evaporation at ambient temperature. After vacuum 
drying, the liquid electrolyte can be absorbed by thick and 
stable membranes obtained. 
 
2.4 Design of Separator 

In the one-step membrane, electrolyte wet pores are more 
effective for reasons of high porosity, low pore tortuosity, 
big pore density, extraordinary hardness, uniform thickness.   
At the nano-scale range, oxidized anodical aluminum is 
capable of keeping this mechanical and dielectric property 
over vast temperature conditions. Anodizing of aluminum 
is used for fabricating nanoporous alumina membranes. The 
specimen is detached from the substrate and treated in the 
sulphuric acid solution. Then it is washed and dried so as to 
immerse in a hot colloid solution at once. The gelatin 
powder is added to water under room temperature, when 
solid gelatin particles imbibe water as discrete swollen 
particles. The mixture is then heated gently until all swollen 
gelatin particles collapse and hydrated gelatin goes into 
solution. The solution is heated and spread to surface of the 
porous film. Now its surface tension has reduced which 
allows the gelatin sol to penetrate into pores by capillary 
action. The uniform pore size, high pore density, pore 
thinness and vertical pore structure of porous films result 
from anodic oxidation of aluminum possess. 
 

In summary, Li-Ion nanobattery has been proposed. Its 
anode is designed as multi-walled carbon nanotube array 
electrode and cathode is designed as LiMn2O4 spinel oxide. 
Nanoporous dielectric membranes made from anodically 
oxidized aluminum foil is used for storing LiPF6 in gel 
electrolyte, vinylidene fluoride polymer and hexafluoro-
propylene copolymer. A separator and electrolyte container 
is required to reduce formation of dendrites and to increase 
electrode-electrolyte compatibility.  

 
3 MATHEMATICAL MODELING         

AND SIMULATION 
 

Coupled nonlinear differential equations are used for the 
modeling of Li-Ion nanobattery. The equations contain six 
dependent variables and two independent variables (length 
x and time t), representing both galvanostatic charge and 
discharge processes using concentrated solution theory 
instead of dilute solution theory for accuracy consideration. 
As a matter of fact, interactions occur among all species in 
solution in concentrated solution theory. Interactions occur 
between ion and solvent while nothing happens among ions 
in dilute solution theory. Composite electrodes consist of 
inert conducting material, electrolyte and active insertion 
particle. One dimensional transport of those lithium ions is 
taken into account for mathematical models from negative 
electrode through separator into positive electrode.  
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To reduce computational complexity, some assumptions 
are made to solve the complex and coupled mathematical 
equations. Firstly, transport of lithium ions from negative 
electrode through separator to positive electrode is regarded 
as one dimensional. Secondly, conditions of binary solvent 
and electrolyte are assumed whose transport model follows 
the concentrated solution theory. Thirdly, the transference 
number of lithium ion, electrical conductivity, the diffusion 
coefficient of lithium ion are fixed. In addition, Al and Cu 
are taken as collectors for negative electrode and positive 
electrode, respectively. 

Composite cathode consists of inert conducting material, 
polymer/salt electrolyte and solid active insertion particles 
in these equations. The material balance on the lithium at 
polymer/salt phase gives rise to (1). 
�(�c/�t) = .(D c) – (i2. t+

0)/F + ajn(1- t+
0 )    (1) 

The variation in potential of separator is calculated by: 
i2 = -� �2 + 2�RT/F (1 + � ln f+/� ln c)(1+t+

0) ln c     (2) 
The pore wall flux of lithium ions across the interface is 

averaged over the interfacial area between solid matrix and 
electrolyte, which is related to divergence of current flow or 
current density at electrolyte phase by eq. (3). 
ajn = (1/F) i2                                                (3) 

The current flowing in the matrix follows the Ohm’s law. 
i1 = -� �1                                                              (4) 
where, active cathode material is assumed to be made up of 
spherical particles with diffusion considering mechanisms 
of the lithium transport.  
�cs/ �t = Ds [�2cs/ �r2 + (2/r) �cs/ �r]                    (5) 

Its direction is to the surface of particles. Eqs (4-5) are 
electrode phase equations. Its boundary condition is given 
by the relationship between the pore wall flux across the 
interface and the rate of diffusion of Li-Ion into the surface 
of the insertion material: 
jn = -Ds � cs/ � r at r = Rs                                 (6) 

Butler-Volmer kinetics model shows the cell kinetics. 
jn = kc1/2(ct – cs)1/2(cs)1/2 {e (F/2RT(� – U)) -e (-F/2RT(� – U))}   (7) 

The over-potential is modeled by eq. (8). 
�  = �1 - �2                    (8) 

Eqs (1-8) formulate a set of coupled nonlinear differential 
equations which need solving simultaneously, where � is 
Bruggeman’s exponent, D is diffusion coefficient without 
turtuosity correction, � is electronic conductivity without 
tortuosity correction, T is temperature, t+

0 is initial time and 
F is Faraday’s constant (96,487 C/mol). There are six 
dependent variables all together: solid phase concentration 
of lithium cs, electrode phase potential �1, electrolyte phase 
potential �2, concentration c, reaction rate jn and current 
density at electrolyte phase i2. 
 

4 SOME SIMULATION RESULTS 
 

A practicable Li-Ion battery is designed via a thorough 
study of battery behavior. Fig. 2 shows the relationship 
between cell potential and utilization. Discharge curves are 
shown as a function of manganese electrode stoichiometric 

parameter in LiMn2O4. The cell can achieve a maximum 
stoichiometry in a positive electrode of 0.76, demonstrating 
that this cell is negative-electrode limited where the carbon 
runs out of lithium ahead of manganese oxide. 

 

Cell Potential vs. Utilization of 
Positive Electrode
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Fig. 2 Cell Potential v.s. Utilization 

 
The current density at solution phase is plotted across the 

cell with 1.75mA/cm2 discharge. Current density increases 
in negative electrode, remains constant in separator region 
and gradually decreases in positive electrode. This current 
density increases dissimilarly along different time instants 
at the discharge phase, while it reaches the maximum in the 
separator showing electrolytic current density occurs in the 
separator exclusively since it contains only the electrolyte. 
After certain durations, gradient of current density decays 
with time increment since a low salt concentration appears 
after a certain period of discharge (Fig. 3). 
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Fig. 3 Current Density of Electrolyte across Cell 

 
Li-Ion battery simulations of macro scale have been 

conducted above using mathematical models with satisfied 
performance characteristics. Scaling law of dimensionality 
states if certain parameter is proportional to a dimension, 
then a change in that dimension by a certain factor changes 
the parameter by the same factor. By applying scaling law, 
values of all relevant parameters at nano-scale are obtained.  
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For nanobattery simulations, the unchanged mathematical 
model is assumed and values are scaled down to nano-
scale. Each of four graphs in Fig. 4 has shown the cell 
potential against discharge time curves when the battery 
thickness keeps diminishing. Initially, it is of an order of 
microns. Then it is scaled down by certain factor of ten. 
Other parameters can be scaled down in a similar way. An 
analysis of these four graphs reveals that for the same 
current density, discharge time of nanobattery increases 
significantly. It has shown that the discharge time is 
inversely proportional to current density for any fixed 
thickness. From Fig. 4, it is concluded that the discharge 
time increases with the decrement in dimension under the 
condition that the current density remains a constant.  
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Fig. 4 Cell Potential v.s. Discharge Time  
Curves for Simulated Nano-battery 

 
 

5 CONCLUSIONS 
 

In this preliminary research, Li-Ion is picked up owing to 
its competitive properties over other rechargeable batteries. 
Then the mathematical model is proposed for nanobattery.  
For numerical simulations, scaling law has been considered, 
where exactly the same mathematical model is assumed 
whose values are scaled down to nano-scale. The result 
indicates the relationship of cell potential against discharge 
time along with the reduction of battery thickness. For other 
parameter scaling cases, similar numerical simulations are 
conducted. It gives an insight into extensive investigation of 
the nanobattery performance in future, where more precise 
modeling and optimization should be involved and further 
clean room fabrication should be followed. 
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