
Batteries for Mobile Applications 
 
Dr A.R. Armstrong and Dr A.D. Robertson, School of Chemistry, University of St. Andrews 
February 2002 
 

Portable electronic devices are an increasingly vital element of the electronics industry, and already 

comprise in excess of 50% of the manufacturing output. Levels of miniaturisation have reached a point 

where the industry can produce devices that are small, light and have a vast array of functions. For example, 

we now have palmtop computers in addition to laptops; mobile phones are capable of connecting to the 

internet and sending/receiving email and there are digital camcorders/cameras that allow extremely clear 

images to be imported directly to a laptop.  In addition, “smart” cards capable of storing vast amounts of 

information and powered by miniature batteries will soon replace today’s plastic bank and identification 

cards. The markets for these products are growing rapidly and it is increasingly evident that the battery itself 

provides a barrier to further miniaturisation.  Production of smaller and lighter units requires improvements in 

the power sources’ ability to store energy per unit volume (volumetric energy density, units watt hours per 

litre) and per unit mass (gravimetric energy density, units watt hours per kilogram).  In order for a battery to 

have a good energy density several factors must be considered: the operating voltage, the amount of charge 

that can be stored (or the capacity of the cell = current x time, Ah), the volume of the cell and its mass.  

Energy density is defined either as capacity x voltage per unit volume (volumetric) Whl-1 = (Ah)(V)(l-1) or 

capacity x voltage per unit mass (gravimetric) Whkg-1 = (Ah)(V)(kg)-1.  In order to improve a battery’s energy 

density the operating voltage and/or the capacity must be raised without increasing its mass or volume.  

Refining the battery packaging and cell design can yield improvements, but ultimately better component 

materials offering superior performance are required. 

 In addition to having excellent volumetric and gravimetric energy densities, an ideal battery for 

mobile applications should be capable of recharging many hundreds of times (charge-discharge cycles) and 

operating over a wide temperature range (e.g. –30 to +70oC).  The rates at which the battery can be charged 

and discharged with minimal loss in performance should also be extensive (minutes to tens of hours).  New 

electrode materials should possess high capacities delivered at a high (cathode) or low (anode) voltage and, 

in addition, have good electronic and ionic conductivity to ensure rapid ion and electron mobility thus 

ensuring good performance at low temperatures and high discharge rates (kinetic effects).   Minimal 

structural or volume changes during charge and discharge are also desirable otherwise strain is induced 

within the particles and a loss of contact between the electrode and metal current collector can occur 

rendering the material electrochemically inactive and giving rise to capacity losses.  In this article we will 

examine the advances in materials and cell design that are being made towards producing smaller, lighter 

and more flexible rechargeable cells with improved performance for tomorrow’s portable devices.  

Until the last few years, nickel-cadmium rechargeable batteries were widely used for mobile 

applications.  Environmental concerns over the use of cadmium have led the European Commission to 

propose a ban on all nickel-cadmium batteries by 2008 and alternatives such as lithium ion and nickel metal 

hydride have been cited as the power sources of the future.  Nickel metal hydride batteries, consisting of a 

NiOOH cathode, aqueous electrolyte and metal hydride anode, have satisfactory energy densities but suffer 

substantial losses in capacity during storage caused by self-discharge reactions - up to 25% in the first 



month.  Lithium-ion cells offer the highest energy densities of any currently used system and suffer less than 

a third of the capacity loss due to self-discharge of Ni-MH batteries.   

The first commercial rechargeable lithium-ion cell was produced by Sony in 1990 and uses a LiCoO2 

cathode, a non-aqueous liquid electrolyte and a graphite anode (Figure 1).  Lithium-ion cells are also termed 

“rocking chair batteries” because the lithium ions are shuttled between the electrode materials during charge 

and discharge.  On charging a lithium-ion cell, lithium ions are removed from the positive LiCoO2 electrode, 

pass through the electrolyte and are then inserted between the graphite layers of the negative electrode.  

Discharge reverses this process.  These cells have up to three times the volumetric and gravimetric energy 

density of conventional Ni-MH systems and are becoming very widely used to power both portable devices 

and in medical applications.  The lithium ion cell design represents a real technological success story for 

solid state electrochemistry.  In 1998 the annual cell production was 600 million cells and has doubled each 

subsequent year.  

The Sony cell, however, represents only the first generation lithium ion battery design and all three 

major elements of the cell: cathode, electrolyte and anode need improvement.  LiCoO2 has a practical 

capacity of around 130mAhg-1, which corresponds to only about 50% of its theoretical capacity.  In addition, 

cobalt is expensive and a possible biohazard.  The liquid electrolyte is moisture sensitive and toxic meaning 

that the batteries must be hermetically sealed in a rigid metal case, adding considerably to the weight and 

severely limiting possible cell designs. The graphite anode suffers from a significant irreversible capacity 

during the initial charge caused by an irreversible chemical reaction between the electrolyte and the graphite 

to form a thin film on the surface of the graphite particles, termed a passivation layer.  This necessitates an 

excess of cathode material to compensate, thereby reducing the energy density of the cell and increasing 

the cost.  There are also safety concerns regarding the battery in the highly charged state, i.e. when the 

positive electrode is highly oxidised and the negative electrode highly reduced such that x ≅ 0 for LixCoO2 

and y ≅ 1 for LiyC6. Co4+-rich compounds and highly lithiated graphite are both rather unstable and highly 

reactive, particularly in contact with a relatively volatile organic electrolyte.    

 

A number of possible replacements for LiCoO2 are under consideration. Transition metal oxides are 

favoured as they deliver high operating voltages (>3V) versus lithium and therefore excellent energy 

densities.  In order to permit facile lithium ion mobility in and out of the cathode material, the crystal structure 

must possess a network of interconnected sites through which the lithium ions diffuse.  Lithium ion mobility is 

generally greatest in either layered structures where the cations are ordered and the lithium ions are free to 

move within the two-dimensional lithium layers, as in LiCoO2 (Figure 2), or in certain framework structures 

that possess three dimensional pathways.  In all cases this mobility can be hindered if immobile cations, 

such as transition metal ions, block the 2 or 3-D pathways, highlighting the importance of precise synthetic 

control.  Examples of layered compounds under investigation are LiNiO2, LiNi1-yCoyO2, and the metastable 

LixMnyO2 compounds.  Framework solids include the spinel LiMn2O4 and olivine LiFePO4. 

 Layered lithium nickel oxides offer higher capacities (180mAhg-1) than LiCoO2, however precise 

control of the synthesis conditions is required to prevent disorder of lithium and nickel between their 

respective crystallographic sites with consequent obstruction of lithium diffusion pathways and a significant 

decline in reversibility.  The substitution of 20-30% cobalt for nickel can prevent this phenomenon, yielding 

excellent long term cycle life. As of the last 2 years these mixed lithium nickel cobalt oxides are used 



commercially in second generation lithium cells.  They are finding uses in small scale applications such as 

mobile phones, laptop computers and in large scale applications such as electric vehicles.  However, like 

Co4+, Ni4+ is an unstable ion, 2+ and 3+ oxidation states being preferred. Ni4+ has a tendency to cause 

oxidation of the electrolyte so it can be reduced to a more stable oxidation state.  Heat generated from this 

reaction, in conjunction with the volatility of liquid electrolyte solvents, has prompted safety concerns, 

especially in large scale batteries. However, partial substitution of Ni3+ with non-electrochemically active Ti4+ 

and Mg2+ prevents reaction with the electrolyte up to 4.5V and 300oC, thus greatly improving safety.  

 Manganese has the benefits of being cheap (1% of the cost of cobalt) and relatively non-toxic, as 

well as being stable in both +3 and +4 oxidation states leading to improved safety characteristics.  

Manganese (IV) oxides have been used for many years in primary alkaline batteries, however, manganese 

chemistry has only recently been successfully deployed in rechargeable lithium ion batteries.  This is 

probably because there are two major disadvantages with manganese oxides – anisotropic phase transitions 

and a tendency for manganese dissolution into the electrolyte, particularly at elevated temperatures.   

The most widely studied lithium manganese oxide is the cubic spinel LiMn2O4 where lithium can 

either be inserted (at 3V versus Li) or removed (4V). Lithium insertion in LiMn2O4 causes more than 50% of 

the manganese ions to be trivalent inducing an anisotropic cubic to tetragonal phase transition.  The cycle 

life is very poor over this compositional range.  LiMn2O4 spinel can be cycled successfully over the 4 volt 

region i.e. Li1-xMn2O4 (0 ≤ x ≤ 1), particularly if a small amount of the Mn3+ ions are substituted by ions such 

as Li, Mg, Co, Al or Cr.  The practical capacities are relatively small, around 110mAhg-1, yet lithium-ion 

batteries utilising LiMn2O4 spinel are now commercially available. 

A lithium manganese oxide capable of delivering a capacity in excess of 200mAhg-1 with excellent 

reversibility has been the object of intense research. In 1996 worldwide interest was generated when our 

group at St. Andrews University reported the synthesis of layered LiMnO2, analogous to LiCoO2.  This 

material cannot be prepared directly, but by first synthesising NaMnO2, which does adopt a layered structure, 

followed by a low temperature (less than 160oC) ion exchange reaction, layered LiMnO2 can be prepared. A 

whole family of layered lithium manganese oxide compounds has now been developed with the optimum 

compositions delivering capacities in excess of 200 mAhg-1 and >99.9% reversibility per cycle.  One 

interesting feature of these materials is that whilst they adopt a layered structure before electrochemical 

cycling, they gradually transform to a spinel-like structure after several charge-discharge cycles.  Unlike 

conventionally prepared spinels these materials are able to cycle over both 3V and 4V regions without loss of 

capacity. 

  

A viable iron-based compound could be regarded as the Holy Grail on grounds of cost and toxicity.  

Unfortunately no LiFeO2 compound, regardless of structure type, has been found to offer satisfactory 

performance.  In 1997, John Goodenough and co-workers at the University of Texas at Austin discovered 

that by using different anionic groups such as phosphates or sulphates the potential of the Fe2+/Fe3+ couple 

could be raised to a commercially interesting level (i.e. ≥ 3 volts).  The compound LiFePO4 (the olivine 

mineral triphylite) is the most attractive of these with a theoretical capacity of 170 mAhg-1 delivered at 3.5 

volts, however the conductivity is very low presenting a major drawback.  Solutions are now being found to 

counter this problem.  One approach is to synthesise the material in the presence of a gel that decomposes 

to coat the individual grains with carbon.  Carbon is an excellent electronic conductor thus the conductivity 



between grains is greatly enhanced although the bulk intrinsic conductivity of the olivine remains unchanged.  

Another method uses a lower reaction temperature, leading to smaller grains and higher surface areas.  

These routes yield LiFePO4 with capacities approaching the theoretical value. 

 

Metal and metal alloy systems have been studied for some years as alternative anode materials to 

graphite.  The initial capacities are much higher than carbons and they offer better safety characteristics, but 

operate at slightly higher potentials (0.3-2.0V vs. Li+/Li).  Their main disadvantage is that large irreversible 

structural and volume changes occur on initial reaction with lithium leading to structural degradation and 

limited cycle life.  Since 1996 the search for new anodes has focussed on a range of tin compounds.  

Anodes comprising amorphous tin composite oxide (ATCO) materials have been used by Fujifilm Celltec. 

These are nanoscale intermetallic compounds with the active material embedded within a matrix that allows 

the large volume changes to be more readily accommodated.  These materials have advantages in bulk 

density and reversible specific capacity compared to graphite, but have a large irreversible capacity that has 

so far limited their successful introduction into commercial Li-ion cells. 

Considerable interest was thus generated when Jean-Marie Tarascon’s group (Université de 

Picardie Jules Verne, Amiens) showed last year that electrochemically optimised cobalt (II) oxide could 

deliver capacities of up to 700mAhg-1, more than twice that of graphite, with no capacity fade over 100 

cycles.  Subsequently it has been shown that a variety of other transition metal oxides such as Co3O4, NiO, 

Cu2O, CuO and FeO behave similarly.  The reaction mechanism with lithium is believed to be rather different 

from both insertion-deinsertion and Li-alloying and involves the formation/decomposition of a Li2O matrix and 

metal nanoparticles.  Their main limitation is that this reaction occurs at a voltage more than 1.5V greater 

than graphite, thus causing a significant reduction in overall cell voltage and energy density of the battery.  

Further research will undoubtedly lead to greater understanding of the mechanism and improvements in 

performance. 

 

All solid state rechargeable lithium-ion batteries offer several advantages over cells containing liquid 

electrolytes.  They have higher energy densities, are leak-proof as there are no liquid components, and have 

improved safety characteristics as there are no volatile solvents.  There are various types of solid 

electrolytes, including ionically conducting ceramics, glasses and polymer complexes. Polymer electrolytes 

offer the greatest versatility as they are mechanically flexible and able to adapt to the volume changes that 

occur in the electrodes during cycling without loss of electrical contact.  

Polymer electrolytes typically consist of an inorganic salt such as LiPF6 or LiClO4 dissolved in a high 

molecular weight polymer such as polyethylene oxide (PEO) (CH2CH2O)n.  The main factor limiting the 

commercial use of polymer electrolytes has been their relatively low room temperature conductivity, up to 

about 10-4 Scm-1
 for amorphous polymer-salt complexes.  Much effort has been devoted to understanding the 

conduction mechanism with the aim of improving the low temperature performance. The development of 

novel salts such as lithium imide (Li(CF3SO2)2N), nanocomposite polymer electrolytes incorporating inert 

metal oxides such as Al2O3 or TiO2, and modification of the complexes’ crystal structures have allowed room 

temperature conductivities approaching 10-3 Scm-1 to be realised.  In addition, polymer gel electrolytes have 

been developed that combine a conventional non-aqueous liquid electrolyte with an amount of polymer.  

These materials have comparable conductivities to liquid electrolytes (>1 Scm-1) yet retain the desirable 

macroscopic features of polymer electrolytes i.e. high thermal stability, ease of processing, excellent 



flexibility and improved safety.  The main disadvantage of gels is the potential loss of volatile components 

that cause the battery to become starved of electrolyte limiting long term cycleability. 

The latest lithium-ion batteries for mobile applications from major companies such as GS-Melcotec, 

Sony, Ultralife, and Valence Technology all use polymer-type technologies, and cells capable of operating 

over a wide temperature range (-20 to +60oC) for more than 500 cycles are available.  Figure 3 shows typical 

cell constructions for prismatic lithium ion cells with a) steel casing and b) aluminium laminated film casing. 

The former design is most common for liquid electrolyte cells while the laminated casing is used for polymer-

type batteries where weight and flexibility are critical.  

Table 1 compares the specifications and energy densities for several comparable batteries currently 

available for small scale mobile applications.  It is evident that rechargeable lithium ion batteries offer 

significantly higher energy densities than Ni metal hydride systems.  The polymer-type cells offer better 

gravimetric energy densities but are slightly bulkier than conventional liquid electrolyte-based lithium ion 

cells.  It will be interesting to see what will happen in the near future as polymer-based lithium cells gain a 

greater foothold in this rapidly developing market.   

The use of very thin layers of polymer electrolyte (< 100 microns) represents another means of 

obviating the low conductivity, along with making the contact surface between electrodes and electrolyte as 

large as possible.  In mobile applications thin film batteries are particularly attractive and polymer batteries’ 

flexibility means that they can be adapted to the design of the device and are more durable.  Smart cards are 

already widely used, however, in the near future 20% of smart cards will be battery powered thus leading to 

orders of magnitude gains in memory storage and additional functional capabilities.  Among the uses for 

such technology include a replacement for car keys.  The card’s memory contains the owner’s access 

authorisation and the vehicle automatically opens the doors as the driver approaches.  Such a device is 

already available on the European market for the Mercedes-Benz S-class and more recently the Renault 

Laguna. The car engine can also be started or switched off with the pressing of a button on the smart card 

while also pressing the brake pedal (additional safety feature). 

 

Looking further into the future microscopic batteries fabricated on silicon wafers are in the 

development stage by companies such as US Nanocorp but not yet commercially available.   These 

microbatteries are typically the size of a pinhead but can be as small as the breadth of a human hair.  Since 

the cell is on a wafer, the weight and bulk of connections, wiring etc. is eliminated, thereby increasing the 

effective energy density.  These cells are under development for use in the new range of so-called 

MicroElectroMechanicalMachines (MEMS).  It can be readily seen that great advances in battery technology 

are taking place, driven by the progress in microelectronics.  There can be no doubt that the future of 

rechargeable batteries is a bright one. 

 

 

Box of Definitions 
 

Capacity: The ability of a material to store charge. For a cell it is expressed as current x time (units Ah), 

whilst the the specific capacity of an electrode material is capacity per unit mass (units mAhg-1 or Ahkg-1). 

 



Energy density:  The ability of a battery to store energy per unit volume (volumetric energy density, units watt 

hours per litre) or per unit mass (gravimetric energy density, units watt hours per kilogram).  In order for a 

battery to have a good energy density several factors must be considered: the operating voltage, the amount 

of charge that can be stored (or the capacity of the cell = current x time, Ah), the volume of the cell and its 

mass.  Energy density is defined as either Whl-1 = (Ah)(V)(l-1) or capacity x voltage per unit volume 

(volumetric) or Whkg-1 = (Ah)(V)(kg-1 or capacity x voltage per unit mass (gravimetric). 

 

Cycle:  A single charge and discharge process is referred to as a cycle.  

 



Table 1. Comparison of a) specifications and b) energy densities for several typical battery systems currently 

available*. 

a) Specifications 

Dimensions / mm Battery- type Casing Capacity / 
mAh L W T 

Cell voltage 
/ V 

Mass 
/ g 

NiMH metal 550 46 34 11 3.6 37 

Li-ion, liquid 
electrolyte, A 

steel 540 46 22.2 6.4 3.6 19 

Li-ion, liquid 
electrolyte, B 

steel 680 48 30 6.3 3.75 22 

Li-ion, liquid 
electrolyte 

Al, 

laminate 

550 54.5 29.2 3.6 3.7 13.6 

Li-ion 
polymer-type 
electrolyte 

Al, 

laminate 

560 59 32 4.4 3.7 13 

 

b) Energy density comparisons 

Battery- type Casing Volumetric Energy Density / Whl-1 Gravimetric Energy Density / Whkg-1

NiMH metal 115.2 53.6 

Li-ion, liquid 
electrolyte, A 

steel 297.4 102.2 

Li-ion, liquid 
electrolyte, B 

steel 281.1 115.9 

Li-ion, liquid 
electrolyte 

Al, 
laminate 

355.2 149.5 

Li-ion 
polymer-type 

electrolyte 

Al, 
laminate 

249.38 159.5 

 

*Data taken from several press releases available on the web.



1. Schematic representation of a Li-ion battery 
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2    LiCoO2-type layered rocksalt structure showing layers of CoO6 octahedra (blue) and lithium ions 

(green spheres). 

 
 

 

 

 



3 Typical cell constructions for lithium ion cells: 

 

3a) steel    3b) aluminium laminate 

 

a) Steel is most common for liquid electrolyte-based systems whereas b) aluminium laminate is typical for 

polymer electrolyte-based systems.  

  
 Reproduced by kind permission from Gs-Melcotec Co. Ltd.. 

       


