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What is a Battery?



A “Battery” Is
• A pair of electrochemical reactions in 

which electrons are passed through an 
external circuit

• The external circuit is your device
• A cell is one pair
• A battery is a series of cell



Series vs. Parallel
• In series, potential adds, capacity is 

constant
• In parallel, capacity adds, potential is 

constant
• Either way the energy is the same
• The efficiency/accessibility depends on 

your device



Electrochemical Reactions
• Are just like any other reaction, but 

mediated by an electron transfer
• Just like fuel + oxygen leads is required 

for combustion, a battery, internally, 
undergoes the same process
• only much more controlled



Electrochemical Reactions
• Are critical beyond batteries

• Metal Plating

• Corrosion

• Sensors



Batteries vs. Devices
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Chapter 1 Introduction 

In the microelectronics industry, devices lead and energy follows.  Energy sources 

and storage, be they a primary or secondary battery, a thermoelectric pile, a piezoelectric 

bimorph, or a photovoltaic collector, must be designed with at least a basic conception of 

what the user of their power will require.  This basic relationship has set up a continuous 

cycle where energy sources, particularly batteries, are always a step behind what newest 

computer technology requires.  With the first electronics it was simply providing power, 

and as electronics became smaller the challenge shifted to providing adequate power 

delivery and energy storage in a form factor that suited the device.  Figure 1 shows an 

approximate graph of the size reduction of a few common electrical devices, including a 

computer, a radio transmitter, and a portable radio. 

 

Figure 1) Size of device vs. time 
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Figure 2) Common battery sizes vs. time 

 
 By superimposing Figure 1 and Figure 2 and showing battery volume as 

compared to the total package volume (battery and device) it is clear that small devices 

are nearing the limit where the battery volume (as produced by standard methods) is 

approaching 100% of the total volume. Figure 3 demonstrates this limit. 



Batteries vs. Devices
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Figure 3) Battery volume/total device volume vs. time 

 
This convergence highlights the need to drastically reduce the packaging size of 

batteries by placing the battery directly onto the device itself, using previously unused 

device area to store energy.  This dissertation examines a low cost approach to the latter 

method, using screen printing and direct write pneumatic dispenser extrusion to 

additively build up the different layers of the battery at room temperature and standard 

pressure. 



Battery Basics



Battery Ideals

• Chemistry 
• Potential

• Energy Density

• Power Density

• Electrode Volume
• Absolute Energy

• Area of Electrodes
exposed to Electrolyte

• Absolute Power
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Battery Ideals

• The potential of a reaction is determined 
by the Gibbs Free Energy of a reaction:

• What determines the Gibbs free energy 
is well beyond me

∆G = - nF∆E
n = # of electrons transferred per molecule

E = Potential (V)
F = Faraday’s Constant (C/mol of electrons)

G = Free Energy of Reaction (J)



Battery Ideals

• The capacity of the anode and cathode 
should be balanced to optimize the 
energy and power density
• However, there are tradeoffs

• The effective capacity of the device can 
be modeled using Faraday’s law and the 
active mass of the limiting electrode



Battery Ideals

• The power density is determined by how 
fast the slowest reaction involved can 
occur.  The faster the reaction, the faster 
energy can be spent, the higher the 
power

• The rate of reaction is determined by the 
elements in play

P = E/s
P = Power (W)
E = Energy (J)
s = Time (s)



Battery Ideals

• For any given reaction, having larger 
electrodes will increase capacity, and 
having more area exposed for reaction 
will improve power delivery
• (Just add batteries in parallel*)

Your Thing

* not quite that easy



Battery Realities
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Battery Realities

• The faster a battery can provide its 
power, the less time it can sit of a shelf
• Not a hard a fast rule, but generally true for cheaper 

cells



Battery Realities

• Primary vs. Secondary
• Primary batteries cannot be recharged

• Why do we even bother?
• Cost (your duracell)

• Energy Density (your watch battery)

• Why can’t they be recharged?
• All sorts of reasons



The “C” Myth

• As rates increase over C/5, cheap and 
small batteries demonstrate less 
capacity
• C may mean 50 minutes

• 10 C may mean 1 minute

• Dependent on a host of factors
• Internal heating

• Diffusion rates

• Electrolyte ohmic drops



Battery Realities

• Secondary batteries don’t last for ever
• When they fail, they are failing because 

they are breaking themselves apart to 
work for you (literally dying for you)

• All secondary batteries except NiCd last 
longer when minimally discharged
• Really



Battery Nonlinearity

• Batteries are rated for a given capacity
• A good NiMH provides 2500 mAh @ 1.2 V

• C rating is discharge rate, thus
• C/10 (250 mA) = 10 hours to full discharge 

• C/5 (500 mA) = 5 hours to full discharge 

• C (2.5 A) = 1 hour (or is it?) 

• 10 C (25 A) = 6 minute discharge (really?) 



Battery Non-linearity

• If you to spend X coulombs in Y 
seconds, why does it matter if X is 
getting larger and Y is getting smaller?

• Batteries are non linear devices
• As current draw from a battery increases, the 

capacity consumed is disproportionally higher 



What this means

• To preserve the life of a battery, design 
at least 2 hours of battery life into the 
product
• More on this later



Battery Types



Battery Comparison

  Energy density
[W-hr/kg]

Cost 
[$/W-hr] Cycle life Temperature [K] Notes

Zn-MnO2 55-60 0.05 1-50 Ambient Cheap!  Primary (non rechargeable)

Lithium Metal 1000 1 1-10 Ambient Best energy density, Primary

Zn-NiOOH 55~80 0.15~
0.25 ~500 Ambient Relatively high energy density, deep cycling, 

low cost, limited cycle life

Li-ion 100~200 1 ~1200 Ambient High energy density, high cost, difficult to scale

Na-S 180 ~0.6 500~2000 620K High Temperature, Molten Na Dangerous

Zn-Br2 30 0.3 2000 Ambient Complex reaction, Bromine Dangerous

Lead-Acid 30~50 ~0.4 ~500 Ambient Low energy density, limited cycle life

MH-NiOOH 60~75 ~0.4 1000 Ambient Consumer Electronics / Hybrid Vehicles



Zn-MnO2

• The backbone of both alkaline and 
acidic (zinc-carbon) batteries, though 
the reaction is different

• As cheap as batteries come
• The complexities of various manganese 

oxides and zinc morphologies make it 
hard to recharge

• 1.6 V to 1.1 V over a useful discharge



Zn-Air

• By using ambient oxygen as the oxidant, 
these batteries provide the best energy 
density of any system

• Air electrodes are complex beasts, a 
“bifunctional” air electrode does not yet exists
• we’re trying 

• Once the battery is activated, reacts to 
completion regardless of what you do 
• energy vs. corrosion



Lithium Metal

• Batteries with a pure lithium negative electrode
• High energy density, long lasting

• watch batteries, pace makers

• Low power density by design to improve shelf life
• Instability of lithium plating prevents cyclability

• explosive

• Lithium batteries have non-aqueous electrolytes, 
cannot be exposed to air or oxygen

• explosive!



Lead Acid

• Overall 140 years old
• The most common, lowest cost secondary 

battery
• Excellent power delivery
• Heavy
• Poor deep discharge performance

• ~500 cycles

• Nominally ~2 V per cell, dropping to ~1.5 
over useful discharge life

http://en.wikipedia.org/wiki/Lead–acid_battery

http://en.wikipedia.org/wiki/Lead%E2%80%93acid_battery
http://en.wikipedia.org/wiki/Lead%E2%80%93acid_battery


NiMH

• A very popular secondary battery, 
second now to lithium ion in consumer 
electronics

• Essentially a “closed” fuel cell, hydrogen 
is stored as a metal hydride, oxygen is 
stored in the nickel oxide

• Excellent cycle life, moderate cost
• Low operating potential (~1.4 V to 1.2 V)



NiCd 

• Like NiMH, but a bit cheaper, much less 
robust, and quite toxic internally

• Pro Tip: don’t use these!



Lithium Ion

• Similar to 
Lithium metal, 
but with an 
intercalation 
host for an 
anode

© 2001 Macmillan Magazines Ltd

structural data on the inorganic layered chalcogenides5,6, and merging
between the two communities was immediate and fruitful.

In 1972, Exxon7,8 embarked on a large project using TiS2 as the 
positive electrode, Li metal as the negative electrode and lithium 
perchlorate in dioxolane as the electrolyte. TiS2 was the best intercala-
tion compound available at the time, having a very favourable 
layered-type structure. As the results were published in readily avail-
able literature, this work convinced a wider audience. But in spite of
the impeccable operation of the positive electrode, the system was not
viable. It soon encountered the shortcomings of a Li-metal/liquid
electrolyte combination — uneven (dendritic) Li growth as the metal
was replated during each subsequent discharge–recharge cycle 
(Fig. 2a), which led to explosion hazards. Substituting Li metal for an
alloy with Al solved the dendrite problem9but, as discussed later, alloy
electrodes survived only a limited number of cycles owing to extreme
changes in volume during operation. In the meantime, significant
advances in intercalation materials had occurred with the realization
at Bell Labs that oxides, besides their early interest for the heavier
chalcogenides10,11,  were giving higher capacities and voltages. More-
over, the previously held belief that only low-dimensional materials

could give sufficient ion diffusion disappeared as a framework struc-
ture (V6O13) proved to function perfectly12. Later, Goodenough, with
LixMO2 (where M is Co, Ni or Mn)13,14, would propose the families of
compounds that are still used almost exclusively in today’s batteries.

To circumvent the safety issues surrounding the use of Li metal,
several alternative approaches were pursued in which either the elec-
trolyte or the negative electrode was modified. The first approach15

involved substituting metallic Li for a second insertion material (Fig.
2b). The concept was first demonstrated in the laboratory by Murphy
et al.16 and then by Scrosati et al.17 and led, at the end of the 1980s and
early 1990s, to the so-called Li-ion or rocking-chair technology. The
principle of rocking-chair batteries had been used previously in
Ni–MeH batteries18,19. Because of the presence of Li in its ionic rather
than metallic state, Li-ion cells solve the dendrite problem and are, in
principle, inherently safer than Li-metal cells. To compensate for the
increase in potential of the negative electrode, high-potential inser-
tion compounds are needed for the positive electrode, and emphasis
shifted from the layered-type transition-metal disulphides to layered-
or three-dimensional-type transition-metal oxides13. Metal oxides are
more oxidizing than disulphides (for example, they have a higher
insertion potential) owing to the more pronounced ionic character of
‘M–O’ bonds compared with ‘M–S’ bonds. Nevertheless, it took
almost ten years to implement the Li-ion concept. Delays were attrib-
uted to the lack of suitable materials for the negative electrode (either
Li alloys or insertion compounds) and the failure of electrolytes to
meet — besides safety measures — the costs and performance
requirements for a battery technology to succeed. Finally, capitalizing
on earlier findings20,21, the discovery of the highly reversible, low-
voltage Li intercalation–deintercalation process in carbonaceous
material22 (providing that carefully selected electrolytes are used), led
to the creation of the C/LiCoO2 rocking-chair cell commercialized by
Sony Corporation in June 1991 (ref. 23). This type of Li-ion cell, 
having a potential exceeding 3.6 V (three times that of alkaline 
systems) and gravimetric energy densities as high as 120–150 W h kg–1

(two to three times those of usual Ni–Cd batteries), is found in most of
today’s high-performance portable electronic devices.

The second approach24 involved replacing the liquid electrolyte by a
dry polymer electrolyte (Fig. 3a), leading to the so-called Li solid 
polymer electrolyte (Li-SPE) batteries. But this technology is restricted
to large systems (electric traction or backup power) and not to portable
devices, as it requires temperatures up to 80 !C. Shortly after this, 
several groups tried to develop a Li hybrid polymer electrolyte 
(Li-HPE) battery25, hoping to benefit from the advantages of polymer
electrolyte technology without the hazards associated with the use of 
Li metal. ‘Hybrid’ meant that the electrolyte included three compo-
nents: a polymer matrix (Fig. 3b) swollen with liquid solvent and a salt.
Companies such as Valence and Danionics were involved in developing
these polymer batteries, but HPE systems never materialized at the
industrial scale because Li-metal dendrites were still a safety issue.

With the aim of combining the recent commercial success enjoyed
by liquid Li-ion batteries with the manufacturing advantages 

insight review articles

360 NATURE | VOL 414 | 15 NOVEMBER 2001 | www.nature.com
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Figure 2 Schematic representation and operating principles of Li batteries. 
a, Rechargeable Li-metal battery (the picture of the dendrite growth at the Li surface
was obtained directly from in situ scanning electron microscopy measurements71). 
b, Rechargeable Li-ion battery.

a b cFigure 3 Schematic representations of polymer
electrolyte networks. a, Pure (dry) polymer
consisting of entangled chains, through which
the Li ions (red points) move assisted by the
motion of polymer chains. b, A hybrid (gel)
network consisting of a semicrystalline
polymer, whose amorphous regions are swollen
in a liquid electrolyte, while the crystalline
regions enhance the mechanical stability. 
c, A poly-olefin membrane (Celgard for
instance) in which the liquid electrolyte is held
by capillaries.

Nature 2001 Tarascon



Lithium Ion Cells

• A feat of materials and packaging 
engineering

• A completely engineered structure 
containing less than 1 PPM H2O and O2 
leads to unprecedented shelf life and 
cycle life



Lithium Ion Cells

• Many intercalation hosts available, most 
common are graphite as the anode and 
LiCoO2 as the cathode

• Charged potential of 4.2 V, down to ~2.5 
V at full discharge (but you don’t want to 
pull past 3.5 V if you can help it)
• Since P = IV, there’s a bigger penalty the lower you 

go



Why Do Batteries Break?



Mass transfer

• Basically related to the issues of 
reacting and moving a significant 
fraction of mass quickly  in a small 
space



Uneven Surfaces over Cycles
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Uneven Surfaces over Cycles
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500 µm

Gallaway et. al. JECS 2010



Microscopic Fracture
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Nano & Atomic Scale Stress

Wang ECS 1999
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new reflections are observed between the central beam and the
{11–20} reflections. The weak {10–10} reflections observed in the
lightly strained particles and their multiples still exist but are faint,
as indicated by the arrow in Fig. 7b.

The appearance of both of these new sets of reflections can be
understood from the modeled structures that are listed in Table I. The
cation positions are grouped into two categories: (i) varying octahe-
dral site occupancy and (ii) tetrahedral site occupancy. In each
grouping, the cation ordering has been varied within the rhombohe-
dral R3–m space group as well as its cubic Fd3–m counterpart. Both
single-crystal SAD and powder X-ray diffraction (for a random par-
ticle orientation) have been computed for each structure. Figures 8a
and b show results for perfectly ordered LiCoO2 and disordered
structures with varying degrees of Li-Co exchange between the octa-
hedral site layers (models 1-3 in Table I). For the as-fired powders,
the experimental XRD pattern (Fig. 1a) and the SAD pattern

Figure 3. TEM bright-field image of (a) as-fired LiCoO2 powder; (b) LiCoO2
powder extracted from an electrochemical cell after cycling 50 times between
2.5 and 4.35 V. The cycled powder exhibits internal strain and dislocation
defects.

Figure 4. Microstructure of cathode materials after electrochemical cycling;
TEM bright-field image.

Figure 5. Severely damaged LiCoO2 particles from a cycled cathode show-
ing microfracture (arrows) and strong diffraction contrast from internal strain
and extended defects.
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Figure 6. Experimental X-ray diffractogram of a composite cathode electro-
chemically cycled 50 times between 2.5 and 4.35 V. An increased back-
ground due to the amorphous carbon black in the cathode is seen, as well as
diffraction peaks from the added graphite phase.

Figure 7. Experimental SAD patterns of cycled LiCoO2 particles. (a) A par-
ticle with low strain, indexed according to the hexagonal setting of the R3–m
space group, exhibits new {10–10} reflections indicating mixing of Li and Co
between the octahedral sites (see text). (b) Severely strained particles exhib-
it a new family of reflections as well as those in (a). Indexed in the cubic  set-
ting, the new reflections correspond to spinel disorder in which cations occu-
py ordered 8a tetrahedral sites.

Figure 8. Simulated SAD and X-ray diffractograms for (a, top) perfectly
ordered LiCoO2 of the !-NaFeO2 structure type (space group R|3m), corre-
sponding to model 1 in Table I; and (b, bottom) LiCoO2 with partial and com-
plete mixing of Li and Co among the octahedral sites, corresponding to mod-
els 2 and 3 in Table I. Simulated SAD pattern resulted from randomizing the
substitutional disorder within the octahedral site layer.

Before Cycling

After 50 Cycles



What battery should you use?



Lithium Ion Polymer
(99% of the time)



Why?

• Charge retention
• Energy Density
• Power Density
• Loves Shallow Discharge

• No memory effect



Overspec the battery

• For long term applications
• At 80% Depth of Discharge (DoD) 500 

Cycles
• At 50% DoD, 1500 Cycles
• At 10% DoD, > 10000 Cycles
• So if you use 10% of the battery, you 

ultimately get > 2.5 times the energy 
delivered



Undercharge the battery

• For an LiCoO2 cell, charge to 4 V 
instead of 4.2 V
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Different Li Ion Cells

• Three years ago, there was just one type 
of cell to buy, but now there are a few. 

• An easy guide:
• If you want more capacity for a given size use 

cells with a LiCoO2 cathode

• If you want more power for a given size use cells 
with a LiFePO4 cathode

• If you want even more power, use the above 
cathode with a Li4Ti5O12 anode



But?

• Large Li-Polymer-Ion batteries generate 
a lot of heat, and to handle them safely 
serious regard must be given to cooling

source: tesla motors



Also	, Money

• They’re quite expensive, roughly ~5 to 
10 times more per unit energy than lead 
acid, and 2-3 times more than NiMH



In fact

• If you want to “set it and forget it”*, you 
may want to think about using alkaline 
primaries
• Easier to implement, better energy density than any 

secondary cell, and a fraction the cost of any 
secondary cell per unit energy

* please don’t forget it



Overall



Batteries...

• Combine controlled chemical reaction 
and mass transfer within confined 
spaces

• Have benefited from materials 
engineering, but not to the degree 
enjoyed by ICs 

• Will provide more energy over their 
lifetime if cycled shallow and gently



Questions and Next Steps?

• Questions?
• Would you be interested in a “future of 

batteries talk”?
• Or a workshop where you build and test 

your own batteries?


