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Research is being conducted to address materials, 

manufacturing, and cost challenges that hamper 

broader use of lithium ion batteries.

There is no single lithium ion battery. With the variety of materials and 
electrochemical couples available, it is possible to design battery cells specif-
ic to their applications in terms of voltage, state of charge use, lifetime needs, 
and safety. Selection of specific electrochemical couples also facilitates the 
design of power and energy ratios and available energy.

Integration in a large format cell requires optimized roll-to-roll electrode 
manufacturing and use of active materials. Electrodes are coated on a metal 
current collector foil in a composite structure of active material, binders, 
and conductive additives, requiring careful control of colloidal chemistry, 
adhesion, and solidification. But the added inactive materials and the cell 
packaging reduce energy density. Moreover, degree of porosity and compac-
tion in the electrode can affect battery performance.

In addition to these materials challenges, cost is a significant barrier to 
widespread adoption of this technology. Pathways are being explored to 
bring batteries from the commercially available 100 Wh/kg and 200 Wh/L 
at $500/kWh up to 250 Wh/kg and 400 Wh/L for just $125/kWh.

Fundamentals of Lithium Ion Batteries

The lithium ion battery was made possible by the discovery of lithium cobalt 
oxide (LiCoO2), which allows the extraction of lithium ions and creation 
of large amounts of vacancies (without a crystal change) up to the removal 
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of half of the existing ions. The pairing of LiCoO2 with 
graphite allows the intercalation of lithium ions between 
the graphene layers that occupy the interstitial site 
between every hexagonal ring of carbon atoms (Besen-
hard and Schöllhorn 1976; Mizushima et al. 1980; Whit-
tingham 1976). 

The lithium ions travel during charge from the posi-
tive electrode (the cathode) through a solid or liquid 
electrolyte to the negative electrode (the anode) and, 
during discharge, in the opposite direction. At each 
electrode, the ion either maintains its charge and inter-
calates into the crystal structure occupying interstitial 
sites in existing crystals on the anode side or reoccu-
pies a vacant site in the cathode that formed when the 
lithium ion left that crystal. While transferring the ion, 
the host matrix gets reduced or oxidized, which releases 
or captures an electron.1

Variety of Cathode Materials

The search for new cathode materials is driven in part 
by important disadvantages of LiCoO2. The battery has 
a core temperature of 40–70°C and may be susceptible 
to some low-temperature reactions. But at 105–135°C 
it is very reactive and an excellent oxygen source for a 
safety hazard called a thermal runaway reaction, in which 
highly exothermic reactions create temperature spikes 
and accelerate rapidly with the release of extra heat 
(Roth 2000). 

Replacement materials for LiCoO2 are less prone to 
that failure. The compounds replace parts of the cobalt 
with nickel and manganese to form Li(NixMnyCoz)O2 
compounds (with x + y + z = 1), often referred to as 
NMC as they contain nickel, manganese, and cobalt; or 
they exhibit a completely new structure in the form of 

phosphates (e.g., LiFePO4) (Daniel et al. 2014). These 
cathode materials all exhibit capacities in the range of 
120–160 Ah/kg at 3.5–3.7 V, resulting in maximum 
energy density of up to 600 Wh/kg. 

When packaged in real devices, however, much 
inactive material mass is added and the energy den-
sity tends to drop to 100 Wh/kg on the pack level. 
To push for higher energy density, researchers have 
sought higher capacity and higher voltage—and found 
them in lithium- and manganese-rich transition met-
al oxides. These compounds are essentially the same 
materials as NMC but an excess of lithium and higher 
amounts of manganese replace nickel and cobalt. The 
higher amounts of lithium (as much as 20 percent 
more) allow the compounds to have higher capacity 
(Thackeray et al. 2007) and a higher voltage, resulting 
in cathodes with up to 280 Ah/kg when charged up to 
4.8 V. However, these new compounds show stability 
problems and tend to fade fast.

Balancing of Materials in Cells

Lithium ion batteries are made of layers of porous elec-
trodes on aluminum and copper current collector foils 
(Daniel 2008). The capacity of each electrode pair 
needs to be balanced to ensure battery safety and avoid 
risk of overcharge of the anode (which can result in 
lithium metal plating and short circuiting) or overdis-
charge of the cathode (which can result in a collapse of 
the crystal structure and loss of vacancies for lithium to 
reintercalate, dramatically reducing capacity).

Graphite has a theoretical capacity of 372 Ah/kg, 
double that of the available lithium in NMC cath-
odes. So in balanced lithium ion batteries, the cathodes 
typically exhibit double the thickness compared to the 
anode. This inherent flaw of the cell design causes prob-
lems with mass transport and kinetics, and thus prompt-
ed the search for high-capacity cathodes.

To increase cell-level energy density, inactive materi-
als are being minimized in battery cells. For example, 
one way to reduce the current collector is to increase 
the thickness of the electrodes, but this further drives 
transport problems and requires a highly engineered 
porosity in the electrode.

Cost Challenges in Manufacturing Lithium Ion 
Batteries

The costs of lithium ion batteries are much higher than 
the automotive market will bear for full penetration 
of electric vehicles and a cost-neutral product com-

1 If the ion changed its state of charge, it would be called a con-
version battery (e.g., an air battery; Daniel and Besenhard 2011).

Higher amounts of  
lithium enable higher  

capacity and voltage, but 
they are associated with  

stability problems.
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pared to cars run by internal combustion engines. The 
US Department of Energy cost target for all electric 
vehicle batteries is $125/kWh of usable energy (DOE 
2013). The current cost of commercial batteries is  
$400–500/kWh and their projected cost with current 
experimental materials is $325/kWh. Most of the cost 
reduction thus far has been achieved by energy density 
increases at similar cost to the older-generation products.

Further cost reduction is possible through optimiza-
tion of manufacturing schemes. Lithium ion batteries 
are manufactured in sets of electrodes and then assem-
bled in cells. Active material is mixed with polymer 
binders, conductive additives, and solvents to form a 
slurry that is then coated on a current collector foil 
and dried to remove the solvent and create a porous 
electrode coating. The solvent of choice, N-methylpyr-
rolidone (NMP), is considered an indirect material (it is 
needed for production but not contained in the final 
device), but it is expensive, exhibits flammable vapors, 
and is highly toxic.

The flammable vapors of NMP require all process-
ing equipment during the production of electrodes to 
be explosion proof, meaning all spark-producing elec-
trical components need to be shielded from the vapors 
and spaces need to be highly ventilated to keep vapor 
concentrations low. These measures increase the capital 
cost of such equipment considerably.

In addition, the electrode manufacturing plant is 
required to recapture the solvent from its exhaust 
stream, distill it, and recycle it. This is again an addi-
tional cost.

Cost Reduction by Water-based Processing
The replacement of NMP by water is a tremendous 
opportunity to reduce cost in the production of lithium 
ion batteries. The cost of water is negligible compared 
to that of NMP; water is not flammable and does not 
produce flammable vapors; and water is environmen-
tally benign. However, water is a polar solvent and 
its behavior is completely different from that of the 
nonpolar NMP. Furthermore, active materials tend to 
agglomerate and metal current collector surfaces are 
hydrophobic, making the coating process more difficult.

Knowledge of surface charges on particles (by mea-
suring zeta potential) enables the design of surface 
polarity in the presence of water by introducing small 
amounts of surfactants. In the case of cathode intercala-
tion compounds, polyethylene imide has been success-
fully used to introduce a surface charge large enough to 

repel particles so that they do not form unacceptable 
agglomerates (Li et al. 2013).

Understanding the surface energy of metals and the 
surface tension of the slurry as well as their interaction 
allows for optimization of the pair. Atmospheric plasma 
treatment of the metal surface through exposure to a 
corona plasma removes organic compounds on the sur-
face and enables a slight etching and oxidation, which 
dramatically reduces the surface energy to values below 
the surface tension of the slurry. This allows perfect wet-
ting of the surface by the slurry and creates a coating 
with optimized adhesion (Li et al. 2012). The result is a 
75 percent operational and materials cost reduction in 
the electrode manufacturing and a potential cost reduc-
tion of up to 20 percent at the battery pack level for 
automotive applications (Wood et al. 2014). This does 
not include the lower equipment cost: expenses associ-
ated with the plasma processing equipment are much 
lower than those for the solvent recovery system and 
the explosion-proof requirement.

Future Opportunities for Cost Reduction
Further cost reductions will be achieved through 
greater knowledge of transport mechanisms and elec-
trode architecture implications for electrochemical 
performance. Current research is largely focused on  
modeling and simulation to understand molecular 
mechanisms and improve the design of electrodes, elec-
trode stacks, and battery cells. Thicker electrodes and a 
tremendous reduction in inactive materials will improve 
energy density at lower cost, reduce direct costs, and 
possibly enable much shorter and less energy intensive 
battery formation cycling.

Conclusion

Lithium ion batteries have tremendous potential for 
enabling partial to full electrification of the automotive  

Water presents a tremendous 
opportunity to reduce cost  
in the production of lithium 
ion batteries, but it comes 

with challenges.
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fleet, diversifying energy sources for transportation, 
and supporting large-scale energy storage for a higher 
penetration of intermittent renewable energy supply. 
However, cost continues to be an issue and will need 
to be addressed by the development of a robust supply 
chain, standards in manufacturing, high manufacturing 
throughput, and streamlined low-cost processing meth-
ods. In addition to reducing costs, research can enhance 
knowledge of molecular processes and transport issues 
in order to optimize the design and use of available 
energy in batteries and increase their life time.

As shown in this paper, an increase in energy content 
and capacity in active electrode materials and a reduc-
tion of indirect materials in production are two ways to 
impact cost.
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