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Abstract 

Ultra-thin atomic layer deposition (ALD) 
films grown on various anode and cathode 
materials have demonstrated significant 
performance enhancements in Li-ion 
batteries, especially for batteries operated at 
high voltages and temperatures. Depending 
on the battery system used, the coatings are 
either most effective onto the powders or 
onto the formed electrodes.  In addition, 
coatings on separator materials have shown 
increased wettability and thermal stability 
while maintaining the high ion conductivity 
the Li-ion battery application needs. 

 

Particle ALD for Batteries 

Cathodes 
The coating of cathode particles to improve 
the stability of the materials is currently 
done in the industry.  These coatings are 
typically performed by sol-gel coating or 
other thick coating mechanisms.  The use of 
atomic layer deposition is the next evolution 
of the idea of putting ultra-thin coatings onto 
battery cathode powders.   

The first work to use atomic layer deposition 
onto powders for Li-ion batteries was 
performed by Figure 1 shows that LiCoO2 
powder coated with 2 cycles of Al2O3 ALD 
drastically improves capacity retention for 
half-cells charged to 4.5 V.  At this 
abnormally high charging potential, bare 
LiCoO2 degrades quickly. ALD films may 
enhance the cycle performance of the cells 
by a number of mechanisms.  Al2O3 film 
can prevent the LiCoO2 particles from 
decomposing electrolyte and forming a SEI 
layer.  Since the Al2O3 ALD film is also an 
excellent insulator and partial diffusion 

barrier, the films need to be extremely thin.  
Figure 1 shows that LiCoO2 particles coated 
with 6 and 10 Al2O3 ALD cycles showed 
lower specific capacities.  However, the 
capacity retention for the LiCoO2 particles 
coated with only 2 ALD cycles (~0.25 nm) 
is exceptional.  This ultrathin thickness 
represents approximately one atomic layer 
of the Al2O3 ALD coating. Still, this ultra-
thin layer Al2O3 is able to minimize 
dramatically the negative interactions of the 
LiCoO2 particles and the electrolyte. 

 

Figure 1.  Adapted from Y.S. Jung et al., 
J. Electrochem. Soc. 157, A75 (2010). 

Figure 2.  Adapted from L.A. Riley et al., J. 
Power Sources 196, 3317 (2011). 
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Lithium cobalt oxide is not the only cathode 
materials that ALD coatings have improved.  
More recent work has expanded the 
demonstration systems to include NMC of a 
wide variety of compositions.  Figure 2 
shows an example of the results seen on 
NMC cathode materials.  Again, the stability 
of the Li-ion battery is enhanced by only a 
few cycles of Al2O3 ALD coating.  
However when the film gets too thick (10 
cycles, ~1.2 nm thick), the specific capacity 
is significantly hindered by the film.    

 

Anodes 
Experiments were also conducted using 
Al2O3 ALD to coat micron-sized graphite 
particles as well as graphite electrodes 
composed of micron-sized particles.  Figure 
3 reveals that the Al2O3 ALD directly on the 
graphite particles reduced the capacity in 
half-cell tests versus charge-discharge cycle 
number compared with the bare graphite 
particles.  This reduction is attributed to the 
insulating nature of the Al2O3 ALD coating.  
In contrast, the Al2O3 ALD coated on the 
electrodes prepared using the uncoated 
graphite particles led to spectacular 
improvements in performance.  The capacity 
of the ALD-coated graphite electrodes was 

almost unchanged after 200 charge-
discharge cycles at 50°C as shown in Figure 
3.  In addition to the improvements seen in 
graphite anodes, these coatings have 
improved the stability of cells made with 
nanoscale silicon and molybdenum oxide.  
One aspect which has been demonstrated by 
the coatings is the improvement in the 
physical stability of the materials (L.A. 
Riley et. al., ChemPhysChem 11, 2124 
(2010)).  The strength of the electrodes was 
significantly improved by a nanoscale film 
of aluminum oxide. 

 

Polymer ALD for Separators 

In addition to having beneficial applications 
on the electrodes, ALD coatings can create 
significant improvements on separator 
materials.  The addition of very thin 
aluminum oxide coatings onto porous 
polymeric separators can significantly 
enhance the stability and wettability of 
polypropylene separator material.  Figure 4 
shows the wettability differences between 
coated and uncoated separators by both 
propylene carbonate and mixed lithium 
hexafluorophosphate propylene carbonate 
electrolytes.   Figure 5 shows that the ultra-

thin ALD aluminum oxide coating did not 
negatively impact the performance of the 
battery cycling using conventional 

Figure 2 

Figure 3.  Adapted from Y.S. Jung et al. 
Adv. Mater. 22, 2172 (2010). 

Figure 4.  Adapted from Y.S. Jung et al., Adv. 
Energy Mater. 2, 1022 (2012). 
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processing while maintaining the benefits of 
the ALD coating. 

 

Processing Methodology 

Roll-to-Roll Electrode Coatings 
ALD NanoSolutions is currently developing 
roll-to-roll ALD coating equipment for rapid 
coating of polymer films.  ALD 
NanoSolutions is taking a unique approach 
compared to our competitors; we are 
developing atmospheric pressure low cost 
coating methods for thin films.  This process 
technology could be adapted to the coating 
of electrode films.  By processing the 
electrode films in a roll to roll manner, the 
cost of processing should be less than a 
$1/m2.   

Large scale particle coatings 
ALD NanoSolutions has revolutionized 
particle coatings by producing the largest 
and highest capacity batch Particle ALD 
systems available today.  These existing 
operational fluidized bed reactor systems are 
capable of producing tons/yr of coated 
powders and have produced and delivered a 
400+ kg batch of coated cathode powder 
which was delivered in Q3 of 2013.  
However, this capacity is not adequate to 
service the Li-ion battery market.   

ALD NanoSolutions is currently adapting 
another piece of standard particle processing 
equipment, a continuous fluidized bed 
(Figure 6) for the unique needs of ALD.  It 
is anticipated that a 10 L continuous 
fluidized bed could produce more than 10 
MT/yr of material, where the same 
production rate would require a batch 
fluidized bed of approximately 1000L.  The 
lessons learned during the more than 10 
years of developing batch fluidized bed 
processing will aid in the adaptation of the 
continuous fluidized bed reactor to the needs 
of ALD.   

Conclusions 

Atomic Layer Deposition (ALD) has many 
viable commercial applications in the Li-ion 
battery field.  These include the passivation 
coatings onto cathode particle, coatings onto 
anode electrodes, coatings onto fabricated 
electrodes as well as coatings onto the 
separator materials. 

Figure 5.  Adapted from Y.S. Jung et al., Adv. 
Energy Mater. 2, 1022 (2012). 

Figure 6: Continuous Fluidized Bed (Glatt) and 
Cartoon of Various Common CFBR Inserts 
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