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Abstract
Electrodes from lead-acid batteries were studied using scanning electron microscopy
and energy dispersive spectroscopy. This to observe the effects of cycling on the batteries and how a capacity recovery process, known as Macbat regeneration, affected the
active material with focus on hard sulphation. First, two new batteries were cycled for
two months and electrodes from them were studied when the batteries were new, cycled,
fully charged after cycling and regenerated after cycling. Then electrodes from a separate
battery that had been used in industry was studied prior to and after Macbat regeneration. On the cycled batteries it was found that after the cycling of the batteries no hard
sulphation were present on the electrodes. The study of the separate battery showed that
the battery had hard sulphation in its electrodes and that the Macbat regeneration was
able to remove hard sulphation both on the surface of the electrodes and also inside the
active material.
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1

Introduction

In the late 1850ies the lead-acid cell was discovered by the French scientist Gaston Planté.
As electrical generators and applications of electricity such as the incandescent lamp
became available the need for electric storage such as the lead-acid battery increased
toward the end of the 19th century. Since then lead-acid batteries have found a wide
variety of applications. Starting Lightning and Ignition (SLI) batteries are used to run
electric apparatus on all kinds of vehicles. Lead-acid batteries are also used in vehicles
that completely run on electric current such as indoor forklifts and small electric cars.
Another common application is where electrically driven equipment need backup power
in the case of power outages. Compared to other electric storage alternatives lead-acid
batteries have a high capacity per money spent on them, they are cheap. But they
also have a low energy density, they are heavy [1]. As renewable energy sources such as
solar cells become more important further applications of the lead-acid battery becomes
apparent. For instance lead-acid batteries are used as temporary storage between solar
cells and the electric application it drives [2]. Lead-acid batteries suffers from capacity
loss and different means for reducing this loss and even processes to recover capacity from
depleted batteries are researched [3]. The significance of these capacity recovery processes
is that they prolong the operational life of batteries, meaning that batteries can be used
more before they must be replaced with new ones. This leads to environmental and
economical benefits because less batteries are needed to cover the same capacity need.
The company Macbat located in Arvika, Sweden, has developed a capacity recovery
processes called Macbat regeneration. In this project the Macbat regeneration is studied
by investigating how it affects the surface of lead-acid battery electrodes using Scanning
Electron Microscopy and Energy Dispersive Spectroscopy.

1.1

Aim

The aim of this project was to investigate how the Macbat regeneration affects the surface
on lead acid battery electrodes that have been sulphated and connect this to performance
of lead-acid batteries.

1.2

Objective

• Create an experimental system for automatically charging and discharging lead
acid batteries in a controlled way and where electrodes can be removed from the
batteries.

5

• Study electrodes using scanning electron microscopy and energy dispersive spectroscopy before and after Macbat regeneration.
• Determine any changes in the structure of the electrodes before and after a Macbat
regeneration.
• Describe how the changes on the electrodes generated by the Macbat regeneration
can cause changes in the performance of the battery.

6

2

Background

2.1

Elements of physics and chemistry

2.1.1

Electromagnetism

The purpose of a battery is to work as a power source for some circuit. The power is
delivered as a flow of electrons through the circuit. The electrons are moved by what is
~ and the magnetic field
called the Lorentz force F~ , which depends on the electric field E
~ [4]:
B
~ + (~v × B)]
~
F~ = q[E
(2.1)
where q is the charge of the particle, ~v is its speed. In this project only the force from
the electric field will be of interest since no significant magnetic fields are present, so the
magnetic field is neglected from here and the Lorentz force simplifies to:
~
F~ = q E

(2.2)

The electric field is a vector field and its value at some point in space can be calculated
if the electric potential V is known. The electric field is the negative of the gradient of
the potential:
~ = −∇V
~
E
(2.3)
The electric potential itself is the result of the charge distribution in space and the
electric field is a vector field with vectors pointing towards decreases in the potential.
Static electric fields have the property that they are conservative fields. This means that
when a charged particle from an initial point travels around in a loop and comes back to
the initial point it will have the same energy. [4]

2.1.2

Circuit theory

Also some elements of circuit theory will be used in the project. The first is Ohm’s law
which relates the current running through a circuit element that behaves like an ohmic
medium with a voltage across the element.
V = RI

(2.4)

Where V is the voltage, I is the current and R is the resistance of the circuit element.
Another useful relation is Joule’s law that here is simplified to the form used in circuit
theory. When a current is passed through a medium, power is dissipated in the form of
heat, Joule’s law in circuit theory relates this power to the current and voltage
P = V I = I 2R
7

(2.5)

Figure 2.1: Sketch of electron transfer between electrode and solution. a) Illustration
of the two possible electron transfers in the electrode electrolyte system b) The electron
energies in the ions of the solution and the metal immediately after insertion of the metal
in the electrolyte before any electron transfer have occurred. c) The electron energies in
the ions of the solution and the metal when the electron transfer have reached equilibrium.
where Ohm’s law has been used in the second part of equation (2.5). Because electrons
lose kinetic energy as they move in a circuit because of heat dissipation it is clear that a
circuit can not be treated as a conservative system. In order to drive a circuit there must
be some energy source in the form of a non conservative electric field connected to the
loop that overcomes the power dissipation. This electric field is called the electromotive
force of the power source and is defined as the voltage difference between the positive
and the negative electrode [4]:
 = Vpositive − Vnegative [V ]

2.2

(2.6)

Electrochemistry and Thermodynamics

Basically a battery consists of two electrodes partially immersed in a solution. On the
surface of each electrode an electrode/solution electron transfer can occur if the electrons
in the electrode have higher or lower energies than the electrons of the atoms or molecules
in the solution [8]. An example of this with some metal and Fe ions is presented in
Figure 2.1. Figure 2.1 a) illustrates the two possible electron transfers between a metal
and a solution initially containing Fe3+ ions. Figure 2.1 b) and c) illustrates the electron
potentials immediately after insertion of the metal and at equilibrium.
In the situation illustrated in Figure 2.1 b) the electrons in the metal with highest
energy will initially be able to lower their energy by migrating to the solution. This will
result in a transfer of electrons from the metal to the solution. Because the electrons with
the highest energy in the metal migrates to the solution the highest energy level occupied
in the metal, the Fermi level, will be lowered. At the same time the energy level of the
constituents in the solution that are involved in the electron transfer changes oppositely.
When the two energy levels meet there is no driving force for the transfer and the system
reaches an equilibrium illustrated in Figure 2.1 c). If one assumes that the electrode and
the solution have no charge to begin with the charge transfer will result in that either
8

the electrode or the solution be negatively or positively charged and the other is charged
oppositely [8].
A general case of an equilibrium electrochemcial reaction where m reactant constituents Ri together with electrons react to produce n product constituents Pj is described by
m
m
X
X
−
vi Ri + e (metal) 
vj Pj
(2.7)
i=1

j=1

where the vi and vj are the stoichiometric coefficients of the reaction. The side with the
electrons is set as reactants by convention. The formula is also written so the stoichiometric coefficient of the electron is unit by convention [8]. From thermodynamics it is
known that a system is in equilibrium if the change in the Gibbs free energy is zero. If
the work from change in temperature and pressure can be neglected this reduces to that
the chemical potential of the reactants and products must be equal [8]. When also the
charge of different constituents must be taken into account, the electrochemical potential
(2.8)

µ = µ + zF φ

is used. Here the first term is the usual chemical potential and the last part is the electric
energy of the constituent, z is its charge, φ is the potential of the solution or metal
the constituent resides in and F is the Faraday constant that converts the energy to an
per mole basis. For constituents in solution the chemical potential can be related to its
concentration C, using
µi = µM + RT ln(C)
(2.9)
where µMi is the chemical potential when the solution is of unit concentration C =
1mol/dm3 , R is the gas constant and T is the absolute temperature.[8] This equation
holds for ideal solutions, the analog to ideal gases, but electrolyte consists of charged
constituents and these do not behave ideal. To compensate for this the notion of activity
is introduced. The concentration is then related to the activity a by an activity coefficient
γ:
a = γC
(2.10)
Activities can be approximated theoretically and measured experimentally. In battery
reactions the activity of the constituents are less than the concentration and the activity
of constituents in the solid phase is always unity[8]. When all these are known the
statement that the electrochemical potentials are equal, is written as
m
X

vi (µi + zi F φS ) + (µe− − F φM ) =

i=1

m
X

vj (µj + zj F φS )

(2.11)

j=1

where the left side is the electrochemcial potential of the reactants and the right side
is the electrochemcial potential of the products. φM is the potential of the metal the
electron resides in and φS is the potential of the solution. But the thing that is of interest
is the potential difference between the metal and the solution known as the electrode
potential. Solving for φM − φS and 2.9 will yield what is called the Nernst equation for
the electrode:
Q m vi !
q
RT
ln Qni=1 ivj
(2.12)
E = φM − φS = ∆φ +
F
j=1 qj
9

where the qi and qj are either concentrations or activities and ∆φ is just a summation of
all the potential constants for each constituent in the reaction:
F ∆φ =

m
X

vi µMi

+ µe− −

i=1

n
X

vj µMj

(2.13)

j=1

This constant has been experimentally measured and tabulated for many different electrode/electrolyte systems.
The potential cannot directly be measured on the electrode itself but a second electrode is needed to make the measurement. Potentials are measured with respect to the
Standard Hydrogen Electrode because it has desirable properties. So it is the potential
difference between the standard hydrogen electrode and the electrode of interest that is
measured. When the potential difference is measured the electrode/electrolyte is prepared so that all concentrations and activities are unity, and therefore the logarithm in
(2.12) is zero. And only the constant that is independent on activities in the potential
difference is measured. This is designated E M and this value is called the Standard Electrode Potential (SEP). When the SEP is known for an electrode/electrolyte system, also
known as a half cell, these can be used to create Nernst equations for entire cells. This is
very useful when it comes to batteries because the equation relates the potential between
the two electrodes to the concentrations or activities of the different constants in the cell.
For two half cells A and B the Nernst equation for the entire cell is
Qm vi !
q
RT
M
M
ln Qni=1 ivj
(2.14)
Ecell = EA − EB +
F
j=1 qj
where EAM and EBM are the SEP for the two half cells and now the qi and qj are the
activities of the reactants and products of the complete cell reaction.

2.2.1

Electromotive force and chemical energy

Now when the potential between the anode and cathode of a battery can be calculated
using the Nernst equation this potential difference can be related to electromagnetism as
the electromotive force of the battery:
 = Ecell

(2.15)

When the electrodes of an electrochemical power source is connected by a conducting
load electric energy in the form of moving electrons through the load. This energy comes
from the chemical processes that occur on the electrode surfaces in the electrolyte. The
amount of electric energy Q that is generated when one gram of weight equivalent of any
of the substances in the chemical reaction reacts is
Q = nF Ecell

(2.16)

where n is the number of valence electrons that take part in the reaction and F is the
Faraday constant. With the convention in the section of the Nernst equation to write
the reactions so the electron has stoichiometric coefficient 1, n will always be equal to 1.
The total capacity of the battery is then dependent on the value Q and how many moles
of the reacting constituents the battery contains.
10

Figure 2.2: Left: Conventional flatplate electrode grid. Right: Tubular plate layout
showing the rods, active material and the tubes.

2.3

Lead-acid battery fabrication

Here the theory described above is applied to the electrodes of the lead-acid battery and
other relevant information about lead-acid batteries is also presented.

2.3.1

Fabrication of lead-acid batteries

A lead-acid battery basically consists of an electrode of lead and an electrode of lead
dioxide that are immersed in sulfuric acid that is the electrolyte of the cell. The electrodes are made up of two components. The first is the active material where the actual
electrochemical process occurs. This material is in itself mechanically very weak and
must be attached to a more stable construction which is the second component of the
electrode, the grid. Besides providing mechanical stability to the electrode the grid also
works as a conducting network that enables current to run from the active material to
the electrode connector.
Grids
There are two main types of electrodes: flat plate and tubular. Images of both types are
presented in Figure 2.2 [1]. A flat plate electrode is basically a mesh grid with active
material covering the grid. In the tubular design the grid is not a mesh but rather rods
that are connected in parallel to the electrode connector. The rods are surrounded by
a tube and the active material is situated between the rod and the tube. The tubes
are constructed in a way that it lets the electrolyte pass through its surface but keeps
the active material inside. Tubular batteries only use the tubular design for the positive
electrode, the negative electrodes are usually flat plate electrodes [1].
The grid material differs for different manufacturer and applications but the most
common is a lead alloy. The two dominating alloys are lead-antimony and lead-calcium.
The grids or rods are manufactured through casting and the active material is added on
to these as a paste and get its desired properties through processes called curing, soaking
and formation.
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Components in active material
Before discussing in which part of the manufacturing process the different lead compounds
are introduced into the active material, a brief description of the different compounds
involved is in order.
Pb: Lead is a metal that is soluble in concentrated acid [1].
PbO: Lead oxide can be found in two forms. The one designated α-PbO, called litharge
has tetragonal structure and reddish color. The other designated β-PbO called massicot
has orthorhombic structure and yellow color. The solubility of PbO in water is about
0.1g/L−1 [1].
PbSO4 : Lead sulphate is orthorhombic in temperatures below 800 C. Its solubility in
water is about 0.05gL−1 and is slightly soluble in sulfuric acid [1]. Kamenskikh et al did
luminescence studies of PbSO4 and found that it had a luminescence wavelength peak
around 350nm [5]. This corresponds to a photon energy of 3.5eV and because it is a
luminescence peak this also give a lower value for the band gap, so PbSP4 is either a
large band gap semiconductor or an insulator.
Basic lead sulphates: PbO can react with PbSO4 and form basic lead sulphates. The
ones of interest in lead-acid batteries are Monobasic- (1BS): PbO·PbSO4 , Tribasic- (3BS):
3PbO·PbSO4 ·H2 O and Tetrabasic lead sulphate (4BS): 4PbO·PbSO4 . 1BS has the form
of long thin crystals and has solubility about 0.044gL−1 in water. 3BS has the form of
prismatic crystals that are 1 − 4µm long and 0.2 − 0.8µm wide. Its solubility in water is
approximately 0.026gL−1 . 4BS also has prismatic form but is larger, about 10 − 100µm
long and 3 − 15µm wide [1].
PbO2 : Lead dioxide as with lead oxide can be found in tetragonal form, designated
α-PbO2 and orthorhombic form designated β-PbO2 . The lead dioxide used in batteries
has oxygen vacancies so it does not have a perfect 1 to 2 ratio between lead and oxide.
Lead dioxide is therefore sometimes designated PbOX where X can be in the range of
1 to 2. Lead dioxide is in principle not soluble in water but slightly soluble in sulfuric
acid. PbO2 can be reduced into Pb3 O4 and Pb2 O3 . Lead dioxide is a semiconductor with
relatively good conductivity [1].
Pb3 O4 : This compound is called red lead in USA and minium in Europe. It is in principle
insoluble in water and decomposes into PbO and PbO2 in sulfuric acid [1].
Active material paste mixing
The base for both negative and positive electrode paste is sulfuric acid and leady oxide.
Leady oxide basically is PbO that contains unoxidized lead (20-35% depending on manufacturing process). The concentration of the acid and the amount of α- and β-PbO in the
leady oxide used is different for the positive and the negative electrode and what structure
of the final crystals on the electrodes that is desired. Below follow a few remarks on other
common products that are added to respective electrode paste, all these are then added
together in specific order and each step have its specific mixing time. The step when
sulfuric acid is added is crucial and here both the time it is mixed and the temperature
of the mix will determine the result.
Positive additives To the positive electrode paste different fibers are added to enhance
the curing and formation processes resulting in higher final capacity. For the same reason
different kinds of polymers can be added.
12

Negative additives To the negative electrode paste some materials called extenders are
added. These control how the lead sulphate crystals grow on the electrode. The two
most common are lignosulfonate, that hinders the PbSO4 to grow in continuous layers,
and BaSO4 that acts as nucleation sites for the lead sulphate resulting in them spreading
uniformly across the active material. Also active carbon is added to help enhance the
conductivity of the active material. Fibers are also added to the negative electrode paste,
but here they help to bind the paste together and give the electrodes mechanical stability.
Curing
When the paste has desirable properties it is put on the grids. Then the electrodes go
through a process called curing. This is a form of controlled drying process that give the
active material its overall shape and binds it to the grid. The curing can be divided into
two steps:
Recrystalliazion and interlocking of particles
Here the particles in the paste grow into longer ones and they interlock with each other
so the particles form a mass of macro porous material.
Grid oxidation and formation of corrosion layers
The remaining free lead in the paste is oxidized and also the grid surface is oxidized into
a corrosion layer. This corrosion layer is the region where the active material binds to
the electrode.
Drying: When the curing itself is done the moisture cm RT i=1 q ln ontent of the active
material is lowered and this increases the bonding strength between paste particles and
between particles and the grid.
For the first two processes the moisture of the paste is an important parameter and that
is why the humidity of the air the plates are cured in is important. The temperature and
duration for each of these steps are also important parameters.
Soaking
Before the last step in the electrode manufacturing process, called formation the batteries
are soaked meaning that they in principle are put back in acid. During the soaking process
the PbO is converted to PbSO4 and 1BS. The 3BS content usually decreases but there are
situations where it remains the same. The final composition of Pb, PbO, 1BS, 3BS and
PbSO4 depends on the duration of the soaking and the concentration of the used sulfuric
acid. Basically higher concentration acid gives higher initial capacity but shorter cycle
life while acid with lower concentration gives a lower initial capacity but longer cycle life.
Also during the soaking the acid reaches the corrosion layer where PbSO4 is formed.
Formation
The final step of battery electrode manufacturing is formation. Here the active material is
given its final micro porous form when fine structures are electrochemically grown on the
previous flat surfaces of the particles linked together during the curing. The important
parameters during different stages of formation are the current, the battery voltage, the
temperature and the sulfuric acid concentration. After plate soaking both the negative
and the positive electrode mainly contain 3BS, 4BS, PbO and Pb. During formation the
Pb and PbO on the positive electrode are converted into PbO2 . On the negative electrode
13

Figure 2.3: Detailed image describing how the different parts of the lead-acid battery are
connected together.
PbO is converted into Pb. The resulting lead dioxide on the positive electrode can be
either α-PbO2 or β-PbO2 . The relation between them after the formation can to some
extent be controlled with the previous mentioned parameters.
Putting batteries together
A lead-acid battery is usually divided into cells. Each cell contains a number of positive
and negative electrodes that are positioned alternatingly positive and negative. A sheet of
separator material is placed between the electrodes that ensures that no electrodes touches
each other, which would result in a short circuit of the cell. The negative electrodes are
connected together in parallel to the cell negative connector and the positive ones in
parallel to a positive connector. All the batteries positive and negative cell connectors
are then connected together to the batteries positive and negative connector. As the
battery undergoes charge and discharge cycles lead is moved from the negative electrodes
to the positive electrodes, meaning that the negative electrodes lose material and the
positive gain material. To avoid capacity loss from this migration the cells usually contain
an extra negative electrode.[1] An illustration showing how the different parts described
here are connected to each other can be found in Figure 2.3 [1].

2.3.2

Electrochemistry of lead-acid batteries

The lead-acid battery cell consists of the negative electrode containing lead and the
positive electrode containing lead dioxide. These are immersed into sulfuric acid, the
electrolyte of the cell. The basic functionality of a battery comes from the oxidation of
lead and reduction of lead dioxide according to the reactions:
P b + SO42−  P bSO4 + 2e−
P bO2 + SO42− + 2H + + 2e−  P bSO4 + 2H2 O
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(2.17a)
(2.17b)

The SO2−
4 ions come from the sulfuric acid which is H2 SO4 that is diluted in water. H2 SO4
reacts in the following two steps to become SO2−
4
H2 SO4  H + + HSO4−
HSO4−  H + + SO42−

(2.18)

H2 SO4 is a strong acid and at equilibrium almost all of it has reacted to form HSO−
4 which
−
2−
is a weaker acid. The amount of HSO4 that have turned into SO4 at the equilibrium
depends on the concentration of the sulfuric acid and the temperature of the solution.
At the sulfuric acid concentration that is of interest for use in lead-acid batteries many
2−
HSO−
4 ions are present while few SO4 ions and even fewer H2 SO4 are present in equilibrium at room temperature. The ion that is involved in the cell reactions is SO2−
4 [1].
On the negative electrode it reacts with the lead in the following potential determining
equilibrium:
1
1
1
P bSO4 + e−  P b + SO42−
(2.19)
2
2
2
When the battery is discharged the lead on the electrode reacts with the acid to build
lead sulphate when electrons are released. The Nernst equation for this half cell is simply:
RT  −1/2 
ln aSO2−
EP b/P bSO4 = EPMb/P bSO4 +
(2.20)
4
F
Because the lead and lead sulphate are solid phases their activity is one. The value for
the SEP for the lead/lead sulphate half cell varies from source to source but is around
−0.36V [1]. Calculating the coefficient at about room temperature (25 degrees celcius),
T = 298K and taking the approximate values for F and R: T = 298K, F = 96500Cmol−1
R = 8.134JK −1 mol−1 and converting the natural logarithm to a decimal the half cell
potential becomes


EP b/P bSO4 = −0.36 − 0.029 log aSO4−2 V
(2.21)
At the positive electrode lead dioxide reacts with the acid to create lead sulphate during
discharge according to the potential determining equilibrium:
1
1
1
P bO2 + SO42− + 2H + + e−  P bSO4 + H2 O
(2.22)
2
2
2
And the corresponding Nernst equation is
 1/2

2
a
a
RT  SO42− H + 
EP bO2 /P bSO4 = EPMbO2 /P bSO4 +
ln
(2.23)
F
aH2 O
Taking the SEP for this half cell to be 1.68V [1], setting the activity of the solid phases
as one, converting to decimal logarithms instead of natural, using the same values for the
constant as for the negative electrode and finally remembering that the negative of the
decimal logarithm of the H + activity is the pH of the solution the potential becomes:
EP bO2 /P bSO4 = 1.68 − 0.118pH − 0.059 log(aH2 O ) + 0.029 log(aSO42− )

(2.24)

The two results for the separate half cells can now be combined to get the potential for
the entire cell:


2−
Ecell = 2.04 − 0.118pH + 0.059 lg aSO4 − 0.059 lg (aH2 O )
(2.25)
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Potential of lead-acid batteries
From (2.19) and (2.22) it can be understood that because different activities give different
cell voltages the voltage of a fully charged battery will depend on the concentration of
the acid used in the batteries. Concentrations higher than 1.28mol/cm3 are not used
because higher concentrations shorten the amount of cycles the battery can withstand, but
concentrations up to this value, or close to it, are commonly used. At this concentration
the cell voltage is around 2.15V [1]. From before it is known that the amount of H2 SO4
that disassociates to SO−2
4 depends on temperature so this together with the temperature
dependence of the Nernst equation also give the cell voltage a temperature dependence.
The same equations tells that the number of H+ ions and SO2−
4 ions will gradually decrease
during discharging and because the pH and activity of the SO2−
4 ions are related to these
concentrations the cell voltage will also decline decrease discharge. When the battery
cell voltage reaches about 1.7 − 1.8V the battery is considered fully discharged. Charge
is in principle the reverse of the discharge processes discussed above: At the negative
electrode electrons and lead sulphate reacts to form lead and releases sulfuric acid to the
electrolyte. On the positive electrode lead sulfate releases electrons and form lead dioxide
and releases sulfuric acid. A cell is considered fully charged when it reaches 2.3 − 2.4V
and when the charging stop the cell voltage quickly falls down to about 2.1 − 2.2V [1].

2.3.3

Operation

There are different batteries for different applications. SLI batteries (starting, lightning
and ignition batteries) that are used in cars and such are built to give a short high current
punches and then quickly be charged. The batteries of interest in this project are deep
cycle batteries. These should deliver electric power for a longer duration of time. One of
the more important properties of a battery is its capacity which is the amount of energy it
can deliver when it is fully charged. As stated above, when the battery starts to become
depleted the voltage drops and it is common to measure how discharged a battery is by
the percentage of the total capacity that has been drawn from it. Two common measures
are state of charge (SOC) or depth of discharge (DOD) that are inverses of each other,
a fully charged battery have SOC 100% and DOD 0%. Because the cell voltage changes
on the state of charge these percentages are related to the current cell voltage of the
batteries. When the battery is used in practice it is discharged during operation and
when it reaches the desired DOD it is charged and then put back into use and it starts
to discharge again. One such discharge and charge is called a cycle. Figure 2.4 a) shows
a typical voltage versus time curve for a charge-discharge cycle. For the first cycles the
capacity of a battery remain constant or sometimes increases due to unfinished formation
in the manufacturing process. But for reasons that will be discussed later batteries tend
to lose capacity as they are cycled. After a while the capacity loss goes very fast, and
finally the batteries can no longer be used. Figure 2.4 b) [6] shows a typical capacity
versus number of cycles curve. The curve also shows that the DOD used affects the total
number of cycles the battery can go through. Another factor that drastically lowers the
cycle life of a battery is temperature, a rule of thumb is that every 10 degrees above 25°C
half the cycle life of the battery. Also the current used to draw energy from the battery
affects the life of the battery. Higher currents tend to lower the cycle life of the battery.
The current has another effect on the operation of the battery, it affects the capacity of
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Figure 2.4: a) Typcial voltage vs time curve for a charge discharge cycle of a lead-acid
battery b) Capacity vs cycles for different depth of discharge
the battery. Higher currents lower the total energy that can be used in each cycle.

2.3.4

Capacity loss

The total capacity of a battery in principle depends on the cell voltage and the amount
of active material on the electrodes that can take part in the chemical reaction. During
the operation of a battery various processes reduce the active material that can be used
and over time the battery loses its capacity.
Volume pulsing When the Pb and PbO2 on the electrodes transforms into PbSO4
during discharge, the volume of the electrodes increase. And the reverse is true for charge,
the volume of the electrodes decreases. This pulsing in the volume of the electrodes when
batteries are cycled damages the active material and cracks the connection between the
active material and the grid resulting in less active material that can participate in the
cell reaction. Also during this process some active material can fall off the electrode
further reducing the usable active material [1].
Electrolyte stratification Sulfuric acid of different concentration has different density,
stronger acid has higher density. This mean that the concentration of the acid tends to
be higher at the bottom of battery cells than at the top and the stronger acid corrodes
the negative plate and material is removed from the electrode resulting in loss of active
material [7].
Sulphation The charge and discharge are in theory reversible, PbSO4 particles created
from Pb and PbO2 during the discharging can be converted back to Pb and PbO2 during charging. However during cycling and storage the PbSO4 crystals are changed into
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something called hard sulphation. These are PbSO4 crystals that are somewhat larger
than the regular sulphate and are not transformed into Pb or PbO2 during the charge
[7]. These crystals bind SO2−
ions and lead which directly lowers the capacity of the
4
battery in two ways: The amount of active material on the electrode that can take part
in the chemical reaction is reduced and the concentration of the sulfuric acid is lowered
meaning lowered cell voltage. Also, these crystals grow on top of the active material so
the active material underneath them is also blocked and cannot take part in the chemical
reaction which further reduces the capacity. The hard sulphation growth increases with
temperature and if sulfuric acid is used to fill up cells instead of battery water. Growth
of hard sulphation is also increased if the batteries are not fully charged during cycling
and if the batteries are left in a discharged state over long periods of time. So for long
time storage it is better to store batteries fully charged, but over time batteries can also
self discharge. This is an process when chemical processes on the electrodes transform
Pb and PbO2 into PbSO4 resulting in slow voltage drop. So even a fully charged battery
will lose voltage and the hard sulphation growth rate will increase over time [2][1][7].
Physical wear from sulphation Because sulphated electrodes have larger volume
than fully charged electrodes the hard sulphation gives the electrodes an increased volume.
As the hard sulphation becomes severe the electrodes can expand until they start pressing
against the cell’s plastic casing, which increases the physical stress on the electrodes. This
effect can be seen on the exterior of the battery as the entire battery swells. In tubular
type electrodes the extension is most prominent along the rods and in these cases severe
sulphation can result in that the connectors of the battery rise [1].

2.4

Regeneration and Desulphation

Different methods to decrease the sulphation on the battery electrodes are in use today.
This is called desulphation or regeneration.
Karami et. al. took electrodes from discarded batteries and tested 3 different modes
of inverse charge desulphations: constant voltage, constant current and pulsing. The
constant voltage method worked best at a voltage of 2.67V and at that voltage it gave
an average recovery coefficient of 80%. The constant current method worked best at
0.75A and gave an average recovery coefficient of 85%. In the pulsing method they used
constant current pulses of 0.75A and found that the best pulse length was between 1 and
3 seconds. With these pulse lengths they got a recovery coefficient of 90%.[3]
The Macbat regeneration process used in this project is a mix of these three methods.
It uses very short constant current pulses only a few milliseconds long. Then the peak
voltage of the pulse is monitored and the current is altered until the peak voltage is
between two specified values. Macbat recommends that the regeneration is done when
the batteries reaches 80% capacity. This is mainly because the chance for a good result
with the regeneration is decreases with decreased capacity and at 80% capacity the chance
for a good result is still high. And because the capacity of batteries decreases very fast
from 80% which can be seen in Figure 2.4 b) the number of extra cycles gained by using
the battery further is very low. So by using the battery further than down to 80%
capacity, the chance of good result of Macbat regeneration decreases while relatively few
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extra cycles are gained. A Macbat regeneration usually takes a couple of days to perform
[9].
There are some indications that the Macbat regeneration is able to remove hard sulphation. The obvious difference before and after a successful Macbat regeneration is the
increase in battery capacity. As previous mentioned the sulfuric acid of sulphated battery
cells lose acid concentration. When the Macbat regeneration is successfully applied to
batteries the acid concentration rises. Because no acid is added in the Macbat regeneration the only source of the acid is the lead sulphate on the electrodes transforming
back into lead and lead oxide and releasing SO−2
4 ions. When applied to forklift batteries
whose connectors have risen due to sulphation, the connectors start to slide down during
operation of the batteries after Macbat regeneration. The hypothesis is that the Macbat regeneration transforms the crystal form of the active material which decreases the
volume of the electrodes. When the batteries are then used the movement of the forklift
together with gravity make the electrodes slide down [9].

2.5

Scanning Electron Microscopy

The Scanning Electrode Microscope (SEM) is a microscope that uses electrons as the
interacting particles instead of visible light in conventional optical microscopes. The electrons come from an electron gun. The electron source which usually is a heated filament
or a field emission tip. The electrons are accelerated from the source by a strong electric
field in the range of 100eV-30keV and the beam is also focused using an electromagnetic
lens. The beam then passes through the condenser lens. This is a electromagnetic lens
that sets the focus of the microscope. This lens can also (if those functions are built into
the system) be used to correct for spherical and chromatic aberrations. After this step
the beam enters the scanning coils that are used to electromagnetically sweep the beam
across the surface that is being imaged. Finally the beam goes through the probe lens
that focuses the beam to a thin probe at the surface of the sample. When the electrons
leave the probe lens the beam is characterized by some parameters: E0 , the average energy of the electrons mainly determined by the acceleration voltage; ∆E is the energy
spread of the electrons and is dependent on the temperature of the electron source and
can be approximated by ∆E = kT where T is the temperature of the source and k is
the Boltzmann constant. Because electrons can collide with atoms and molecules as they
travel in air the entire system must be kept under vacuum so that as many electrons as
possible can travel from the electron gun to the sample. Therefore vacuum better than
10− 6Torr is required. When the electrons hit the sample various processes can occur.
Each of these different processes results either in electrons or photons in certain energy
ranges that can be used as different signals [10].
Backscattered Electrons
The trajctory of the electrons in the beam can be deflected elastically as they interact
with the atoms in the sample. This is called elastical scattering and when electrons leave
the sample after a number of these interactions they are called backscattered electrons
(BSE) and have kinetic energies comparable with those of the incident electrons. The
ratio between the number of backscattered electrons and number of electrons in the
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incident beam is called backscatter coefficient and is used to quantify backscattering. The
probability of these elastical interaction between beam electrons and atoms in the sample
increases with increasing atomic number of the atom. This is because the nucleus of larger
atoms have a stronger positive charge and hence can effect the electron stronger. The
backscatter coefficient therefore depends on the average atomic number of the specimen,
higher atomic number gives higher ratio of backscattered electrons. Areas with heavier
elements will show up brighter in the image than areas with light elements and this can be
used to identify areas with different atomic constituents, normally called atomic number
contrast [10][11].
Secondary Electrons
Secondary electrons are generated when incident beam electrons or high energy backscattered electrons interact inelastically with the sample. Electrons in the outer shell of the
atoms are loosely bound and can be knocked out of the atoms when they are given
enough energy from these inelastic interactions and set in motion. These electrons have
less energy then the incident beam electrons or and the backscattered electrons and can
therefore not propagate as far in the sample. Because of this the secondary electrons
that are able to reach the surface of the sample and leave it, come from a region of a
few nanometers from the sample surface. All electrons that have energies below 50eV
when they are emitted from the sample are defined as secondary electrons but energy
distribution usually has its peak around 2 − 5eV. The secondary electrons can be divided
into two groups. The first (SE1) are those electrons that are generated when the incident
electrons enter the surface and are emitted from a small region right under the electron
probe. The second (SE2) are those electrons that are generated by the incident electrons
as they exit the surface after a number of scattering processes in the sample. Because
the SE2 can be generated from an area outside the probe the SE2 signal will have lower
spatial resolution than the SE1 signal [10] [11].
Detecting electrons
The different regions the electrons originate from and where the different detectors are
situated are illustrated in 2.5 a). Blue lines in the image represents backscattered electron
trajectories and red lines represent represent secondary electron trajectories. The red
region close to the surface represent the region where SE1 and SE2 can originate from
and the dark blue represent where BSE can originate from. The SE3 line represent the
secondary electrons that are generated everywhere in the chamber except the sample.
Secondary electrons can either be detected with a Everhart-Thornley (ET) detector or
an in-lens detector. The ET detector detects all secondary electrons but the SE2 will be
in majority so the ET detector is used when the SE2 are of interest. The ET detector is
usually placed beside the electron beam column facing the sample and has a positive bias
applied it to increase the efficiency of the detector by attracting the electrons to it. The
in-lens detector sits inside the lens where electrons that are emitted in a trajectory almost
normal to the surface can reach. This also means that only electrons emitted from the
area close to the electron beam can reach the in-lens detector meaning that the electrons
it detects are mainly SE1. When an ET detector is used the image closely represent a
landscape one would see if a light source were situated at the place of the electron probe
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lens and if a camera were situated at the detector position. The image obtained by the
in-lens detector resembles an image of the surface in the case where both the camera and
the light source are situated at the probe lens. [10] The in-lens detectors is represented by
the red squares up in the column in Figure 2.5 a) and the ET detector by the red partial
circle marked ET. BSE electrons are usually detected by a annular detector that sits right
under the lens around center of the lens or an in-lens detector. The in-lens BSE detector
has the same functionality as the in-lens for the SE and is used when BSE1 is of interest
and the annular detects both BSE1 and BSE2. Many annular BSE detectors are divided
into quadrants that can be turned on or off and this can be used to introduce artificial
topography in the BSE images. Surfaces facing one of the quadrants of the detector can
be made brighter in the image by turning the other three off [10]. The annular detector is
marked by the blue rectangles below the lens and the in-lens BSE detector is represented
by the blue rectangles inside the lens in Figure 2.5 a).
Energy Dispersive Spectrometer
If the kinetic energy of the incident electrons is high enough to eject an electron from
an inner atomic shell the atom energy level will have a vacancy where the electron used
to be and this can be filled with an electron from some higher energy level. The excess
energy is releases in form of an X-ray with an energy that is characteristic for the atom.
Therefore peaks in X-ray energy spectra can be used to characterize the types of atoms
that are present in the sample and this material characterization method is called energy
dispersive spectrometry (EDS). An example of the X-ray emitting process where a K-shell
electron is ejected by an incoming electron and a L-shell electron filling the vacancy is
illustrated in Figure 2.5 b). The X-rays can be generated in the entire volume of the
sample that the electrons can reach and because the X-rays interact more weakly with
matter than electrons, X-rays from the entire interaction volume can reach the detector
[10].
To measure the different X-rays that are emitted from the sample a detector is used.
One kind of detectors, called solid-state detector, uses a semiconductor that is cooled using
liquid nitrogen. When the X-ray hits the semiconductor a electrical charge is generated
and this charge is proportional to the energy of the X-ray. A software can calculate the
energy of the photon that hit the detector and identify which atom the X-ray originated
from. [10].
The result from an EDS measurement on a spot of the sample is a spectrum with
counts vs photon energies. These contain characteristic peaks that are used to determine
which elements are present in the sample at that spot. Sometimes peaks from different
elements overlap and then different characteristic peaks (if present) from those elements
can be used instead. The software usually has tools that can automatically identify the
elements in the spectrum and calculate the weight and molar percentage of the different
constituents in the sample [10].
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Figure 2.5: a) Illustration of regions where different electrons come from and detectors
for the different signals. Electron trajectories are marked by lines. Red objects relates
to secondary electrons and blue objects relates to backscattered electrons. The purple
region in the sample represent the region where X-rays can originate from and the green
lines represent X-ray trajectories. b) Illustration of the emission of an characteristic Xray process. 1: An incoming electron ejects an electron leaving a vacancy in the K-shell
2: An electron from the L-shell lowers its energy by filling the vacancy and the excess
energy is released as a element characteristic X-ray.
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3

Methods

3.1

Experimental plan and set-up

3.1.1

Brief overview

The experiment contains two batteries, one that will just undergo charge/ discharge
cycles and will be called the reference battery from now on. The other will also undergo
charge/discharge cycles and addidionally be regenerated using the Macbat regeneration.
To observe how the electrodes change during operation of the batteries, electrodes will be
removed from both batteries before the experiment starts, to see the initial state of the
electrodes, and then before and after each regeneration. Samples from the electrodes will
be prepared and studied in a Scanning Electron Microscope. During the project there
was only time for one regeneration. After the cycling section of the experimental part it
was also decided to study an extra battery. A schedule overview of when the different
steps in the project was made is described in Table 3.1.

3.1.2

Batteries

The main requirement on the batteries was that they should be of flat plate design
because it was not sure whether or not the tube could be removed from the positive
electrode without damaging the surface of the electrodes. The electrodes that were used
came from a Trojan 24TMX Deep Cycle 12 Volt Battery with flat plate electrodes [12].
These batteries contains six 2V cells each containing 5 positive and 6 negative electrodes.
The cells are connected in series to give the 12 volts. In this experiment electrodes were
removed and this would change the voltage characteristics of the battery which was not
desired. To solve this the top of the batteries were removed so that the electrodes could
be reached. The series connection between the electrode packs was cut and half of the
packs were rotated so that all cells had their positive electrode connector on one side and
their negative on the other. Then the cells were connected in parallel by soldering cable
pieces to them and then soldering these pieces together. This turned the batteries into
2 volt and when electrodes were removed from it the voltage of the battery remained 2
volt. The modification is illustrated in Figure 3.1.

3.1.3

Elevated temperature

The experiment was limited to a total time of about three months. The aim of the
project was introduce hard sulphation on the electrodes during this time and therefore
the lifespan of the battery had to be reduced. From the total energy of the battery,
equation (2.16), and the Nernst equation (2.12), it is seen that the cell voltage, and thus
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Date
5 Feb
18 Feb
8 April
10 April
15 April
23 April
26 April
2 May
13 May
30 May
4 June
5 June

Table 3.1: Dates for different events in the project
Event
Removal of initial electrodes and start of cycling
SEM of inital electrodes
Removal of electrodes before regeneration and start regeneration
SEM of electrodes before regeneration
Removal of regeneration electrodes after regeneration
SEM of electrodes after regeneration
Start to fully charge reference battery
Removal of fully charged reference electrodes
SEM of fully charged reference electrodes
Removal of fully charged extra electrodes
Removal of regenerated extra electrodes
SEM of electrodes from the extra battery

Figure 3.1: Schematic representation how the cells was a) originally connected and b)
how they was connected after the alteration.
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Figure 3.2: The first image shows the box that had one handle removed so cables could
be inserted into the box together with the heating bands wrapped around it. The controller for the heat bands is also presented in the first images with the green wire to the
temperature measuring probe. The second image shows the batteries when they are put
inside the box.
the stored energy, of the battery depends linearly on the temperature. This was also
is confirmed to hold for the batteries used in this project [12]. However the number of
cycles a battery can go through is approximately halved for every ten degrees above 25◦ C
[12]. Therefore it was decided that the battery should be run at an elevated temperature
of 55◦ C to 65◦ C. To achieve this the batteries were put in an aluminum box that had
two heating bands wrapped around it. The heating bands were controlled by a controller
that was set to 60◦ C and its temperature probe was taped to the inside of the aluminum
box. images of the heating system is presented in Figure 3.2.

3.1.4

System control

To control the discharge and recharge of the batteries automatically a control system had
to be created. Its basic function is to discharge the battery down to a cell voltage of 1.7V
and then charge it up to 2.3 V. The discharge was done by letting each battery drive a
load created by 3 Arcol HS100 resistors connected in parallel. Each had a resistance of
0.47 Ω resulting in a resistance of 0.1567 Ω for each load. The resistors were mounted
on an aluminum heat sinks for efficient removal of heat. The batteries were charged
by applying a 20 A constant current to the batteries using two power supplies. The
switching between the charge and discharge system was done by a control computer that
was connected to the control system through a LabJack U12 data acquisition device. The
input for the control system was the voltages on the negative and positive connector of
the batteries and the temperature in it. The output is basically control signals to two
relays, one that can break any current from running through the battery and one that
switches between the power supply for charging and the load for discharge. However the
output signal from the Labjack unit was too weak to directly control a relay that could
control the currents used during charge and discharge. Therefore the signal was increased
in two steps using three sizes of relays and different power supplies. A diode was used to
protect the power supply from getting any current sent into it from the battery during
the switching from discharge to charge. The used software was also able to log aspects
of the current state of the system, such as the battery voltage and the temperature of
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Table 3.2: Designation used in the wiring diagram in Figure 3.3.
Designation Component
R1
Relay: Axicom V23026-A1001-B201
R2
Relay: Omiron G8P-1C4TP-DC24
R3
Relay: Albright SW80B-1
P1
Powersupply set to provide 5V
P2
AC to DC adapter: Carlo Gavazzi SPD 2460
P3
AC to DC adapter: Carlo Gavazzi SPD 24240
DC
Powersupply set to provide 20A
Labjack
Meilhaus Electronic Labjack U12
the battery, at a specific time interval. To be able to correctly measure the voltage over
the battery and nothing else, the circuit break had to be used. This relay took about
two seconds to switch on and of meaning that each log entry would correspond to about
two seconds when the battery cannot be charged. First logging interval of 5 seconds were
used, but then 40% of the time was lost to logging so after about 8 days, corresponding
to 3 cycles, the interval was changed to 30 seconds. A brief overview of the idea of the
control system is presented in Figure 3.3 a) and a more detailed wiring diagram showing
how the different relays were connected is presented in Figure 3.3 b). Table 3.2 shows
what components the different designations in 3.3 b) corresponds to.
It was previously mentioned that the high temperature would increase the capacity
of the battery which is undesirable in this case due to longer cycle times. This problem
was increased because the batteries had to be altered to 2V. The power supplies could
only deliver 20A current and with the alterations the power supplies could only deliver
a power of 40W to each battery instead of the 240W that they could have delivered to a
12V battery.

3.1.5

System maintenance

Because the batteries were opened when they were altered, water was able to evaporate
from the batteries. The increased temperature also increased the evaporation so about
half a liter of battery water was added to the batteries each day. Acid was able to work
its way up in the cables connected to the electrodes and corroded the copper in them.
When this was discovered the cable was replaced.

3.1.6

Regeneration

At the end of the project a Macbat regeneration was performed on the regeneration
battery. This was done over 3 days and during this process the temperature regulation
of the system was disabled.

3.2

Electrode removal

First the electrode package where the electrodes where to be taken were lifted out of its
cell and then the electrode was cut with a pair of pliers. Because the experimental system
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Figure 3.3: a) Simple wiring diagram showing the basic idea for the control system for
one of the batteries. b) Detailed wiring diagram showing how the switch between charge,
discharge and the circuit breaker switch are implemented in terms of different relays and
power sources. The red and black lines from the Labjack unit are output signals that
controls charge or discharge and the circuit breaker. The blue and brown lines are wires
that carry the voltage on each side of the battery to the Labjack unit. Table 3.2covers
what the different designations stands for
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was setup at the company the electrodes had to be transported to the university in order
to be studied. To render the acid on the electrodes less dangerous the electrodes were laid
down in battery water for 10 minutes to remove excess electrolyte. Then the electrodes
were put in plastic zip-bags that were partially filled with ethanol so when the electrodes
were lying down the electrodes were covered with the ethanol. The ethanol were used to
avoid any reactions between the electrodes and air.

3.3

Sample Preparation

The electrodes were lifted out of the zip bags and about 5 small pieces, about 15x15mm
in size, were cut from the center of each electrode. The pieces were put in a cup with
ethanol and the rest of the electrodes were put back into their bags. To check if any acid
was left on the pieces one sample from each electrode was put in 10 ml unionized water
while the pH of the water was monitored. If the pH was not lowered when the piece was
put in the water the samples were declared to be free from acid. The pH meter used was
a Orion model SA210. One sample piece from each electrode were then dried in a sample
drier without heating for 30 minutes before bringing the samples to the SEM.

3.4

SEM imaging and EDS

The Scanning Electron Microscope used was a Leo 1530 system with a Gemini column
and an Inca x-sight EDS detector from Oxford Instruments. A set of varying images of
the electrode pieces were made. First overview images at resolution of about 100X-200X
were made. Then areas with different morphology were investigated and some structures
were investigated in more detail with high resolution images and EDS spectra for atomic
composition analysis. Lastly five images at random spots were made at 1000X using the
backscatter detector. The backscatter detector was used because it resulted in images
with higher contrast.

3.5

Image processing

The 5 1000X BSD image from each sample were then analyzed using software to estimate
how much of the surface was covered in amorphous or crystalline structures. Because no
existing software designed to do this could be found one was written for this purpose.
The software sweeps across the pixels of the image and distinguishes between areas where
the color of the image changes much and areas where the color have small variations. The
first then corresponds to areas with amorphous form and the later an area of a crystal.
The software is described in more detail in Appendix 1 together with the code. Figure
3.4 shows an BSD image before and after the software has been applied to it.

3.6

Battery capacity

To get an idea of the state of the batteries before and after the cycling the capacity for
the first and last cycle were calculated. The logging interval was changed from 5 to 30
seconds after 8 days. This might have changed the operational condition of the system
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Figure 3.4: a) 1000X BSD image of a positive electrode from the regeneration battery b)
The same image as in a) but after the software has worked on it.
and therefore it was decided to disregard the first three cycles and use the first complete
cycle using the 30 second interval as the first cycle. The resistance of the load was known
so the momentarily effect for each logged event could be calculated using Joule’s and
Ohm’s laws. This was taken as the effect for the entire interval so the total energy drawn
from the battery during that time could be estimated. Then all these estimated energies
for a complete discharge were summed together to an approximation of the capacity for
the battery of that cycle.

3.6.1

Extra battery

The results from the cycled batteries did not provide all the desired information about
the regeneration effects on electrodes. So after the part of the project that involved
cycling of batteries was finished it was decided to investigate another battery that had
been worn by industry operation and was about to be scrapped. The battery was a 80V
forklift battery containing 40 lead-acid cells. Some of these cells were damaged and some
had been exchanged to newer, so it was decided to use the 24 of the undamaged and
original cells by disconnecting the series connection connecting them with the other cells.
This resulted in a 48V battery and this was charged with 100A for about 20 hours. This
battery had positive electrodes of tubular design so only the negative electrode could be
investigated in the SEM. After the charge a negative electrode was removed. Then the
cell that had the electrode removed was disconnected from the others and a new cell
was connected so the same number of electrodes in the connected cells was unchanged.
The battery was then regenerated for 3 days and then another negative electrode was
removed from one of the cells. These two extra negative electrodes were prepared for
SEM as those from the cycled batteries. The same types of images were obtained and the
software was applied to the five 1000X BSD images as with the samples from the other
batteries. These electrode samples were also put in another sample holder so the edge
of the samples were facing the lens of the SEM, so that the cross section of the sample
could be imaged.
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4

Results

4.1

Electric properties of the system

The first complete charge discharge cycle that used the 30 second logging and the last
cycle is presented in Figure 4.1. Both cycles took about 33 hours to complete and the
discharge was completed in about 7 hours and the charge in 26 hours. The energy drawn
from the battery during the first discharge was estimated to 16169J and the last to
17017J. So no notable change in the behavior of the system or the capacity as a result of
the cycling could be detected. Instead a small increase in the capacity was noted.

4.2
4.2.1

SEM and EDS
New electrodes

These electrodes were from the new batteries. The batteries had been prepared for the
experimental system and then charged before the electrodes were removed.
Negative Electrodes
Overview and surface structures The overview image in Figure 4.2 shows a relatively
flat landscape where the surface is continuous but covered in different sized particles.
These particles are better viewed at the 1000 X images using the SE2 detector presented
in Figure 4.3 a). Here larger particles sit on a base of finer crystals. The larger particles
all have the same shape, they are not elongated in any direction and show distinct flat

Figure 4.1: a) Voltage curve for the first cycle using the 30 second logging b) Voltage
curve for the last cycle
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Figure 4.2: 200X BSD overview image of the negative electrode from the regeneration
battery
surfaces. The sizes of the particles ranges from down to the size of the underlying particles
up to about 30µm. Also in the BSD the larger particles all have about the same color
while the small particle base was high contrast with very bright and dark regions which is
visible in the BSD image presented in Figure 4.3 b), where it also can be seen that some
of the larger particles are linked together by some material that doesn’t seem to have any
specific structure. An even closer view of the structures is presented in the 6000X SE2
image in Figure 4.3 c). This shows that there are even sub-micron structures present but
no particular shape of these can be noted.
Chemical composition EDS was conducted on both the larger particles and the underlying base and the results are presented in Table 4.1 and 4.2. The only elements
that gave any signal were carbon, oxygen, sulfur and lead. Carbon is likely to come from
contaminants on the sample surface. The EDS software could also have difficulties to separate lead and sulfur because their EDS spectrum have an overlapping peak. Therefore
the results from each region are split into three where in the first have all four elements
in the analysis while the second have carbon removed and the last have both carbon and
sulfur removed. Assuming that carbon is only from contaminants and using the data
when it is removed from Table 1 the chemical composition of the large crystals resemble
that of PbSO4 . The base have a lower sulfur content and a higher lead content.
Positive Electrodes
Overview and surface structures The overview image presented Figure 4.4 shows
that as with the negative electrode the overall structure of the surface of the positive
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Figure 4.3: Upper: 1000X SE2 image of a negative electrode from the regeneration battery
Middle: 1000X BSD image of a negative electrode rom the regeneration battery Lower:
6000X SE2 closeup image of the negative material on the reference battery
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Table 4.1: Average EDS results from 5 larger particles on the negative electrode
Element Pb,O,S,C Pb, O, S Pb, O
Pb
15.27
16.09
29.10
O
43.24
61.46
70.90
S
11.09
22.44
C
30.69
Table 4.2: Average EDS results from 5 spots
electrode
Element Pb,O,S,C
Pb
26.43
O
40.58
S
2.29
C
30.69

in the small particle base on the negative
Pb, O, S Pb, O
37.75
39.31
58.98
60.69
3.27
-

electrode is a continuous flat surface with different structures on it (the black stripes that
appears to be cracks in it is actually fibers that appear dark in the BSD). The surface
also have two different types of regions. One consists of larger particles sitting on a base
of smaller that can be seen in Figure 4.5 a) and the other have a lot of straws in them,
this can be seen in Figure 4.5 b). The larger particles have different shape from those on
the negative electrodes. They can be larger, some up to 60µm and are usually elongated
in one direction and it is also possible to see lines on the surfaces that indicate planar
growth of these particles. The small particle base has similar characteristics on both
electrodes: High contrast when the BSD is used. Figure 4.5 c) shows an closeup image
of the positive active material. The majority of the larger of these, those around 1µm in
size, are cubic in shape. The image also shows even finer sub-micron structures.
Chemical composition As on the negative electrode EDS was conducted on 5 of
the larger crystals and 5 spots in the small particle base. The results are presented in
Table 4.3 and 4.4 where the same split of the result has been used as in Table 4.1 and
4.2. As on the negative electrode, if it was assumed that the carbon signal only comes
from contaminants then the large particles have chemical composition closely resembling
PbSO4 . The small particle base have higher oxygen content on the positive electrode
compared to the negative.
Table 4.3: Average EDS results from 5 larger particles on the positive electrode
Element Pb,O,S,C Pb, O, S Pb, O
Pb
13.18
16.61
25.04
O
53.66
66.90
74.97
S
13.94
17.49
C
19.22
-
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Figure 4.4: Overview image of the positive electrode

Table 4.4: Average EDS results from 5 spots
electrode
Element Pb,O,S,C
Pb
22.98
O
53.57
S
2.50
C
20.95
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in the small particles base on the positive
Pb, O, S Pb, O
29.20
30.57
67.62
69.43
3.18
-

Figure 4.5: Images from positive electrodes a) 1000X BSD image of a region on the
regeneration electrode with larger particles sitting on the smaller particle base. b): 500X
SE2 image of a region on the reference electrode containing straws. c) 5000X BSD image
of the active material on reference electrode
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Table 4.5: Average result of amorphous coverage on the initial electrodes
Regeneration - Regeneration + Reference - Reference +
Amorphous 61.65%
37.31%
63.56%
53.93%
Large particle vs small particle coverage
The program that is described in Appendix 1 was used on the five 1000 X magnification
BSD images from each electrode and the result for each image together with the parameters used can be found in Appendix 2. The average coverage of amorphous surface is
presented in Table 4.5

4.2.2

Before regeneration

These electrodes were taken from the batteries prior to regeneration.They were not fully
charged, and because the batteries had different charge and discharge rate the batteries
were at two different state of charge when they were taken out.
Negative electrodes
Overview and surface structures As with the negative electrodes from the new
batteries, both the regeneration and reference battery have similar characteristics. The
200X SE2 overview images presented in upper images of Figure 4.6 and 4.7 show that the
previous flat surface has now been altered to a rougher one. The difference between the
regeneration battery and the reference battery is that the reference appears to be rougher.
Also the 1000X BSD images in Figure 4.6 b) and 4.7 b) shows that the regeneration
battery have more darker crystals on them. Due to technical problems with the EDS
apparatus no EDS could be conducted on these samples. However using the information
from the initial battery electrodes the darker regions of the electrodes should be lead
sulphate and in that case the regeneration battery appears to have more sulphate than
the reference battery. The larger PbSO4 crystals that are present on these electrodes are
smaller than those on the initial electrodes, ranging up to about 20µm. Some of them
have small holes and indentations in their surfaces and some have smaller particles sitting
on them but their overall shape is still the same as on the initial electrodes. Also there
are larger clusters of small particles sitting on the surface, some of these are marked by
the blue circles in Figure 4.6 b). The total size of the clusters is about the same as the
previous PbSO4 crystals. The previous flat small particle base is not present anymore.
Instead the most of the bright material appears to have the unstructured form that could
be seen between the crystals in the initial electrodes and the lead sulphate crystals sit
in it. Regions that have the same structure as the small particle base can be seen at
different areas of the material. The 4000X BSD image in Figure 4.6 c) reveals that the
unstructured material after cycling contains some seeds of crystals sticking out of the rest
of the material. These crystals reminds of the PbSO4 crystals on the initial electrodes.
Positive electrodes
Overview and surface structures Both the regeneration and the reference battery
have similar characteristics as can be seen in the 100X SE2 images presented in Figure 4.8
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Figure 4.6: Reference battery images a) 200X SE2 overview of the electrode electrode b)
1000X BSD image of the electrode c) 4000X BSD closeup image of the negative active
material
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Figure 4.7: Regeneration battery images. a) 200X SE2 overview of the electrode electrode
b) 1000X BSD image of the electrode
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Table 4.6: Average result of amorphous coverage on the electrodes before the regeneration
Regeneration - Regeneration + Reference - Reference +
Amorphous 59.54%
34.73%
76.95%
42.15%
a) and 4.9 a). The positive electrodes still have a flat and continuous surface with some
larger crystals present and also the straws that could be seen at the initial electrodes are
still there. The surface roughness found on the negative electrodes could not be seen on
the positive electrodes. The 1000X BSD images presented in Figure 4.8 b) and 4.9 b)
show that the PbSO4 crystals on the reference electrode are smaller than those on the
regeneration battery. Also the crystals on the reference electrode looks more like the lead
sulphate on the initial negative electrodes than those on the initial positive. The crystals
on the regeneration electrode have also been altered toward the shape of those on the
negative electrodes but not to the same extent. As on the negative electrodes the surface
of the crystals has holes and indentations in them and some of the larger crystals have
smaller crystals sitting on them. The clusters of smaller particles that could be find on
the negative electrodes can also be found on the positive, two of these have been marked
by the two blue circles in Figure 4.8 b).
Large particle vs small particle coverage
The program was also used on the five 1000 X magnification BSD images from each
electrode and the result for each image together with the parameters used can be found
in Appendix 2. The average coverage of amorphous surface is presented in Table 4.6. It
should be noted that due to the structure of the material on the negative electrodes it was
harder to get satisfying results on these. This is mainly due to the bright unstructured
areas that have uniform color and is therefore picked as crystalline regions by the software.

4.2.3

Regeneration battery electrodes after regeneration

These electrodes were removed from the regeneration battery after the Macbat regeneration process.
Negative electrode
Overview and structure No changes in the large scale characteristics of the surface
could be seen from before the regeneration by comparing the upper images in Figure 4.10
a) and 4.7 a). The 1000 X BSD image in Figure 4.10 confirms that the overall structure
of the material is the same but less crystals can now be found. The surface is instead
completely covered by the unstructured bright material with regions of the small particle
material. The closeup image of the active material in Figure 4.10 c) shows that some
crystal surfaces are still present in the active material after the regeneration but they are
not as distinct as before the regeneration.
Chemical composition An EDS was conducted in the unstructured bright material
because it wasn’t present when the first EDS was done. This result is presented in Table
4.7. The main difference from the small particle base on the initial negative electrodes
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Figure 4.8: Positive electrode images from the reference battery a) 100X SE2 overview
of the electrode surface b) 1000X BSD image of the active material
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Figure 4.9: Positive electrode images from the regeneration battery a) 100X SE2 overview
of the electrode surface b) 1000X BSD image of the active material
41

Figure 4.10: Negative electrode images from the regeneration battery after regeneration
a) 100X SE2 overview image of the electrode b) 1000X BSD closeup image of the active
material c) 5000X BSD closeup image of the active material
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Table 4.7: EDS results from a spot in the unstructured bright material on the regenerated
negative electrode
Element Atomic Weight
Pb
26.26
O
51.71
C
22.03
Table 4.8: Average result of amorphous coverage on the cycled electrodes after regeneration
Regeneration - Regeneration +
Amorphous 77,53%
95.51%
was that no sulfur was present and that this material had more oxygen and less carbon
and lead.
Positive electrodes
Overview and structure As with the negative electrode the large scale characteristics
of the positive electrode were unchanged from before the regeneration process as can be
seen by comparing the upper image in Figure 4.11 a) and 4.9 a). But there are big
differences in the 1000 X BSD images from before and after. No particles larger than a
few micrometers can be found in Figure 4.11 b) and none of them have the shape of the
previous lead sulphate crystals but instead all crystals are cubic in shape which is more
clearly seen in the 5000X image of the active material in the lower image in Figure 4.11
c).
Large particle vs small particle coverage
The program was also used on the five 1000 X magnification BS images from each electrode and the result for each image together with the parameters used can be found in
Appendix 2. The average coverage of amorphous surface is presented in Table 4.8. The
negative electrode images in this case had the same problems as those from before the
regeneration.

4.2.4

Reference electrodes fully charged after cycling

These electrodes were taken from the reference battery after the cycling when they had
been fully charged.
Negative Electrode
Overview and structure The overall structure of the negative electrode surface after
the full charge was the same as for those before the charge. The only difference is that
some larger objects are sitting on the electrode in Figure 4.12 a). The 1000X BSD image
presented in Figure 4.12 b) shows that the majority of the material is the unstructured
high lead content material with some regions of small particles. Almost no crystals can
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Figure 4.11: Positive electrode images from the regeneration battery a) 100X SE2
overview image b) 1000X BSD image of the active material c) 5000X BSD closeup of
the active material
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Table 4.9: Average result of amorphous coverage on the cycled electrodes after full charge
Reference - Reference +
Amorphous 69.76%
95.09%
be found and the closeup image in 4.12 c) shows that the unstructured material contains
some crystal surfaces but they are not at all as distinct as before the full charge.
Positive Electrode
Overview and structure As before the overview image of the positive electrode in
Figure 4.13 a) shows that the full charge did not change the overall structure of the
electrode. There are still a continuous surface with crystals and straws in it. The 1000X
BSD image in Figure 4.13 b) shows that no larger particles are present after the full
charge, the largest particles are only a few microns in size. The shape of the particles are
different, some are cubic while other are hexagons and some are almost spherical. These
different types are more clearly seen in the 5000X BSD image in Figure 4.13 c).
Large particle vs small particle coverage
The program was also used on the five 1000 X magnification BS images from each electrode and the result for each image together with the parameters used can be found in
Appendix 2. The average coverage of amorphous surface is presented in Table 4.9. The
negative electrode images in this case had the same problems as those from before the
regeneration.

4.2.5

Extra battery

These electrodes was taken from the extra battery that had been used in industry and
was about the be scrapped.
Before regeneration
The battery was charged before this electrode was removed.
Overview and structure The 100X SE2 image in Figure 4.14 a) show a overview of
the structure of the electrode. Two different types of structures were found: The first is
covered by particles with different sizes and the second is a flat surface with some cracks
in it but no structures on it. An 1000X BSD image of a region covered in particles is
presented in Figure 4.14 b). It shows large crystals with the same shapes as the PbSO4
crystals found on the initial electrodes surrounded by small particle material with high
contrast. Figure 4.14 c) is from a region with the flat structures that could be seen in the
overview image. The structure have no pores but some cracks in it, also some dendrites
can be seen.
Cross section The images from the charged electrode after the sample was tilted is
presented in Figure 4.15 a) and b). a) shows the edge of the sample and a line going
almost 0.9mm into the surface marking the spot where the 1000X BSD image in Figure
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Figure 4.12: Negative electrode images from fully charged reference battery a) 100X SE2
overview image of the electrode surface. b) 1000X BSD image of the active material on
negative electrode c) 5000X BSD closeup of the active material
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Figure 4.13: Positive electrode images from fully charged reference battery a) 100X SE2
overview image of the electrode surface b) 1000X BSD image of the active material on
positive electrode c) 5000X BSD closeup of the active material

47

Figure 4.14: Negative electrode images from the charged extra battery a) 100X SE2
overview of the electrode surface b) 1000X BSD image of an region with particles of
different sizes c) 1000X BSD image of an region with the flat structure
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Table 4.10: Average result of amorphous coverage of the electrodes from the extra battery
Before regeneration After regeneration
Amorphous 61.69%
85.20%
4.15 b) is taken. That 1000X BSD image shows the also inside the sample both larger
PbSO4 crystals and small particle material are present.
After regeneration
The electrode studied here was removed after the Macbat regeneration had been applied
to it for about three days.
Overview and structure The 100X SE2 overview image of the regenerated electrode
in Figure 4.16 a) have similarities with the charged extra electrode in Figure 4.14 a).
There are regions with particles of different sizes and there are also regions that appears
to be flat or at least less porous. A closeup view of a region with different particles sizes is
presented in Figure 4.16 b). Crystals can be seen but the largest are just few micrometers
and almost none of them have the characteristics of the PbSO4 crystals. Many of the
crystals also have small indentation and holes in them, it is also possible to see the kind
of clusters of smaller particle that were found on the electrodes from the cycled batteries.
Figure 4.14 c) is from a region where the material appeared to be less porous. It indeed
shows a structure that is much less porous, almost continuous and another structure that
is very similar to the small particle structure in Figure 4.16 b).
Cross section The images from when the regenerated extra electrode was tilted is
presented in Figure 4.17 a) and b). a) shows the electrode surface and a line from it
into the spot where Figure 4.17 b) was taken marked with the P1 label. The 1000X SE2
image in b) taken a little over 0.9mm into the sample have similar characteristics as the
image of the surface of the regenerated extra electrode. The crystals that can be seen are
just a few micrometers in size and no of the larger PbSO4 crystals can be seen.
Large particle vs small particle coverage
The program was also used on the five 1000 X BSD images of the electrodes from the
extra battery. The result for each image together with the parameters used can be found
in Appendix 2. The average coverage of amorphous surface is presented in Table 4.10.
It should be noted that these BSD images had lower resolution than those from the
cycled batteries and the BSD images was not as focused so it was hard to find satisfying
parameters for the software.
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Figure 4.15: Cross section images of the charged extra electrode a) 186X SE2 overview
of the cross section b) 1000X BSD image at the point marked in a)
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Figure 4.16: Negative electrode images from the regenerated extra battery a) 100X SE2
overview of the electrode surface b) 1000X BSD image of a region with particles of
different sizes c) 1000X SE2 image of a region with less porous material
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Figure 4.17: Cross section images of the regenerated extra electrode a) 186X SE2 overview
of the cross section b) 1000X SE2 image at the point marked in a)
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5

Discussion

5.1

Results

5.1.1

SEM and EDS of cycled batteries compared to theory

On the electrodes from the initial batteries that were fully charged all the active material
that take part in the charge/discharge cycling should be Pb on the negative electrodes
and PbO2 on the positive electrodes due to equations (2.19) and (2.22). The rest of the
material that do not take part in the charge should be left as PbSO4 . The SEM and
EDS showed that the fine particle base indeed had a lower sulfur content than the larger
crystals, the small sulfur content could be due to the battery not being fully charged. The
small particle base on the negative electrodes should in principle be pure lead but it had
a high content of oxygen. The high oxygen content might be from an oxidation process
during drying of the sample before SEM or that the battery was not fully formatted
during the manufacturing which would leave PbO. As expected the small particle base
on the positive electrodes had a higher oxygen content than the negative electrodes. The
fibers found on the positive electrodes are probably those that are introduced during
the paste mixing in the electrode manufacturing. The PbSO4 crystals found on these
electrodes cannot have taken part in the charge process and this could be taken as an
indication that these particles were hard sulphation.
The electrodes that were removed prior to the regeneration process were not fully
charged and therefore some of the active material other than any possible hard sulphation
is expected to be PbSO4 . Therefore more lead sulfate were expected on these electrodes
than on the inital. This was confirmed by the SEM, both the negative and the positive
electrodes had more PbSO4 crystals on them. The regeneration battery electrodes appeared to have more PbSO4 on them than the reference electrodes both when the SEM
images were studied by inspection and when the software was applied to them.
If the regeneration process worked it should have removed the larger PbSO4 crystals
on the electrodes leaving only the fine structured material. The SEM confirmed this,
after the regeneration only a few larger crystals were be found on the electrodes. The
EDS of the bright unstructured material that could be found on the negative electrodes
both prior to and after regeneration confirmed that this was a high lead material. This
is probably one of the forms that Pb can be found in on the negative electrodes.
A full charge of the cycled electrodes should turn all material that can take part in the
charge into either Pb or PbO2 depending on which electrode it is. If any of the PbSO4
crystals are hard sulphation these should remain after the full charge and be seen on the
SEM images. This was not the case. As with the images from the regenerated electrodes
only a few PbSO4 crystals could be found after the full charge.
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Figure 5.1: Simple illustration over the presented model for crystals growth during charge
and discharge

5.1.2

Effects from cycling

When the electrical performance properties of the battery before and after the cycling
are studied it is clear that the charge and discharge times are more or less unchanged and
that no significant decrease in the capacity of the batteries can be noted. So there should
not be any signs of capacity loss on the electrodes after the cycling. This was confirmed
by the SEM of the charged reference electrodes, they had in principle no PbSO4 on them
and therefore there were no hard sulphation on the electrodes after the cycling. This also
means that all the PbSO4 crystals that were observed on the reference battery electrodes
prior to the last charge only were normal sulphation due to discharge. Because both
batteries had undergone about the same amount of cycles, and with identical operational
conditions, the noted difference in the amount of PbSO4 crystals on the reference and the
regenerated electrodes should not be from hard sulphation but rather indicate that the
two batteries were in different stage of discharge. From these facts it can be concluded
that the experimental system was not able to generate hard sulphation on the electrodes.
The clusters that could be seen in Figure 4.6 b) and Figure 4.8 b) appears to be
remnants of previous large crystals. A possible growth kinetics for the PbSO4 crystals
that would result in these clusters is presented in Figure 5.1. When the electrode is fully
charged the surface is covered by small crystals. When the electrode starts to discharge
these small crystals are transformed into PbSO4 , symbolized by the gray particles in the
figure. These grow in size at the same time as other small Pb or PbO2 particles are
converted into PbSO4 . During charge, the surfaces of the larger PbSO4 crystals are the
only parts that have access to the electrolyte so it is there the reaction can occur. As the
surface is transformed into Pb or PbO2 crystals, the electrolyte can go down between the
crystals and reach deeper into the previous crystal.
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One question that remains is what happened to the PbSO4 crystals that were present
on the initial electrodes. Those electrodes were taken from fully charged batteries so the
crystals should only have been present if they were hard sulphation. But in the end of
the cycling no hard sulphation were present so somewhere along the way those crystals
were removed. The two things that the initial electrodes had not been exposed to are
cycling and elevated temperature. Cycling is just charge and discharge and the PbSO4
crystals are only turned into Pb or PbO2 during the charge so a discharge should not
remove the crystals. When it comes to the heat elevation there is a possible explanation.
For the surface of the PbSO4 crystals to be able to be a part of the chemical process
during the charge, electrons must be able to be transported between the electrode and
the surface of the crystal through the crystal. The limiting factor in this transportation
is assumed to be the PbSO4 . Pb, PbO2 and the grid all have relatively good conductivity
while PbSO4 is a large band gap semiconductor or an insulator so it should have low
conductance. From the Nernst equation it is known that the electrode potential increases
with temperature. So when the temperature increases the potential across the crystals
increases and the number of electrons that can reach the surface of the crystals increases.
So it is possible that the initial crystals had grown to a limit for room temperature during
storage and that the electrons were not able to move between the surface of the crystals
and the electrode during the first charge. But when the temperature was increased the
electrode potentials increased and the electrons were able to go from the surface of the
crystals to the conducting material the crystals sit on. Then the chemical reaction on
the surface of the crystals could take place. This transportation should also limit how
large the crystals are able to grow because as the size of the crystals grow the resistance
of the crystals increases and fewer electrons are able to reach the surface of the crystals.
This idea could also explain why the crystals are larger on the positive electrode than on
the negative because the positive electrode potential is larger than the negative electrode
potential.

5.1.3

SEM of extra batteries compared to theory

A battery that have been in use in industry and is about to be scrapped due to its capacity
loss should have some degree of hard sulphation on the electrodes. If the battery also
is fully charged in principle all PbSO4 should be hard sulphation rather than sulphation
from cycling. These things were confirmed by the SEM on the electrode from the extra
battery when it was charged. Many large PbSO4 crystals could be found and these had
bright small particle material between them. The very flat structure found on the extra
electrode before regeneration could be the continuous PbSO4 that the extenders in the
negative paste is there to prevent.
If the Macbat regeneration is successful in removing hard sulphation there should be
less PbSO4 crystals on the electrodes after the regeneration. The SEM images confirm
this, it is hard to find any crystals with the characteristics of the PbSO4 crystals found
before regeneration. Also when the program was applied to the 1000X BSD images it got
a higher amorphous material content on the regenerated electrodes.
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5.1.4

Macbat Regeneration compared to full charge

Cycled batteries
Because there were no hard sulphation crystals for the Macbat regeneration to work with
on the cycled batteries no significant differences were expected between the regenerated
electrodes and those from the reference battery after full charge. This was true for the
negative electrode, by comparing Figure 4.10 and 4.12 no differences in the structure
can be found at any of the magnifications. The positive electrodes after full charge and
regeneration also have similar characteristics when it come to the overview and 1000X
BSD images. But in the 5000X BSD images in Figure 4.11 c) and 4.13 c) there are some
differences. The regeneration appears to have transformed most of the crystals into rectangular crystals. While the fully charged electrode also have rectangular crystals, there
are also hexagonal and some that are spherical in shape. The rectangular crystals are
also those that are most common in the positive active material on the initial electrodes.
So it appears that the regeneration process was able to turn the small particles in the
active material into something similar to what the active material had initially.
Extra batteries
The extra batteries had hard sulfation on them and therefore the Macbat regeneration
had something to work with. And as previously mentioned after the regeneration almost
no lead sulfate could be found so the Macbat regeneration was successful in removing
hard sulfation.
The continuous surface without pores that was found on the charged electrodes and
shown in 4.14 c) was not found on the regenerated electrode. Instead regions that had
structures that were less porous than the regular small particle regions were found, some
can be seen in Figure 4.16 c). These less porous structure could be the result of the
Macbat regeneration working on the continuous surfaces found on the electrodes before
the regeneration.
The SEM images of the cross section of the electrodes, taken about 0.9mm in from the
surface of the electrodes, also showed that the regenerated electrode had no large crystals
0.9mm inside it, while the unregenerated had. It appears that the Macbat regeneration
not only affects crystals on the surface of the electrodes but also affects crystals inside
the electrodes.
These changes in the electrodes introduced by the regeneration would affect the performance of the battery. If the PbSO4 crystals, both on the surface of- and inside the
electrode, are turned into SO2−
4 and Pb or PbO2 , the amount of these three constituents
increases. This increases the amount of active material that can take part in the chemical
reaction and the total energy that can be drawn from the battery increases. When the
amount of SO2−
4 increases, the concentration of these ions also increases. This will result
in a higher cell potential according to (2.25) and therefore the electric energy that can be
drawn from the battery increases due to higher Ecell in (2.16). When the large crystals
are no longer present on the surface of the electrode, the electrolyte can reach any small
particle structures that exists under it. This will further increase the amount of active
material that can take part in the chemical reaction.
If the regeneration process is able to partially remove, or dissolve, the flat continuous
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layer present in Figure 4.14 c) then all the active material that sit under the layer could
be reached by the electrolyte and more active material can be a part of the chemical
reaction.
Because sulphated electrode have larger volume than sulphate free electrodes the
removal of PbSO4 will also decrease the volume of the electrodes. This will reduce the
stress that results from the electrodes pressing against the walls of the cell casing and
therefore reduce the physical damage to the electrodes and extend the life of the battery.

5.2
5.2.1

Method
Limited samples

It should be noted that all images from each electrode is taken from the same sample
piece from the center of the electrode that was situated on the outer edge of an electrode
package. So it cannot be guaranteed that the result obtained here is applicable on the
entire electrodes or for that matter on all the electrodes in the battery. The effect from
Macbat regeneration was only observed on one type of battery and it is very plausible
that the effect can vary on different types of batteries. Also the electrodes come from
different cells. Therefore different electrodes could have come from cells in very different
conditions. The risk for this is probably higher in the case of the extra battery because
the previous operation of the battery is unknown and it is very likely that some of the
cells in that battery were more damaged than others. However, the battery was about
to be scrapped and all cells had been in use for a long time. Therefore it is unlikely that
the electrode that was investigated after the regeneration would have been free from hard
sulphation before the regeneration.

5.2.2

Experimental setup

The setup used in this project let the two batteries charge and discharge independently
of each other. This resulted in that the reference battery went through a few cycles more
than the regeneration battery. A different setup could have forced the battery that was
quicker to wait for the slower battery to undergo the charge/discharge so both batteries
start the charge/discharge at the same time, this would result in that both batteries went
through the same amount of cycles. However it should be noted that in that situation
the faster battery will be allowed to rest for some time between charge and discharge,
meaning that the two batteries have been operated under two different conditions. So
it is hard to state which of the two methods that would give the most desired result.
An overall problem with the system was the combination of elevated temperature and
the removal of electrodes that complicated any statements that could be made of the
capacities of the batteries. Some processes such as the regeneration of the regeneration
battery and the final charging of the reference battery where made without heating and
the first few cycles where made while the system was heating up. Also when electrodes
are removed the total capacity of the battery changes. Therefore capacities were only
used in this project to check if the cycled batteries had been effected by the cycling rather
than used to check the state of the batteries in different stages. If capacities are to be
used to test the state of the batteries at different stages in a similar project it is important
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to make sure that the temperature is the same during each discharge of interest so the
total capacity is not affected by temperature differences.

5.2.3

Software

Because the amount of hard sulfation did not increase during the cycling the results from
the software were of minor importance in that part of the project. However on the extra
batteries it was clear that the regenerated battery had less crystals on it than before the
regeneration and this could also the software confirm. The python script that was written
during this project worked in the sense that it made areas with large crystals dark and
areas with small crystals white. Therefore it might be applicable in other projects. But
the software is far from perfect, there was lot of noise in the white areas, so there is
very much that can be done to improve its performance. Right now the main problem
is that the user must choose to either detect larger crystals and get much noise where
there are small to medium sized crystals, or to detect smaller crystals and then the larger
crystals are divided into several smaller. Further, when relatively good parameters are
found, the edges of the crystals are not straight, but lines are sticking out of the crystals
in the direction that the software sweeps across the images. This is obviously an artifact
of the software sweeping in one direction and each line gets the crystal edge on different
positions. Ideas for solving the first problem is to do the process in steps. The first
step uses parameters that is good for large crystals and separates the large crystals from
the rest of the image. Than the parameters are changed in a number of steps to those
that corresponds to finding smaller and smaller particles. This could result in better
resolution at grain boundaries and also give a size distribution as output. An idea to
solve the problem with the the edges of the crystals would be to sweep the image both
in the horizontal and then the vertical direction and then combine the two results.

5.3

Possibilities for further studies

This project was only a first step in the investigation of the Macbat regeneration, there
is a lot more that can be done.
To confirm the findings in this project and check the regeneration effect on different
parts of the electrodes, samples should be taken from more electrodes before and after the
regeneration and also from more areas of these electrodes. This study could be made on
batteries that should be scrapped, like the extra electrodes used in this project, or some
other battery where hard sulfation is highly likely to be present. The capacity before and
after the Macbat regeneration should also be measured so that this could be related the
percentage of amorphous material output from the software. This type of study could
also give more insight in how the Macbat regeneration affects the continuous layers that
were found on the surface of the extra battery before the regeneration.
Also a different experimental setup might be considered. If the main focus is on
the regeneration and not the cycling itself is of concern it would be much easier to just
discharge the battery and store it at an elevated temperature. This would probably give
a much faster growth of hard sulfation. Capacity measurements can than be done in
intervals to see how much capacity the battery have lost. Electrodes are removed and
studied when when the capacity falls to the desired. In this type of experiment the
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experimental system would be much simpler.
Another interesting study would be to have a number of batteries sulphated to the
same degree and let each battery be given different number of Macbat pulses to get an
idea of the kinetics of the regeneration. Does the process remove most of the crystals in
the beginning, the end or is it a linear process?
It would also be interesting to see the effect of a constant number of Macbat regeneration pulses on batteries that have different amount of sulphation to establish at what
degree of sulfation the Macbat regeneration get problem to transform the PbSO4 crystals
and maybe even why.
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6

Conclusions

The affect of Macbat regeneration on lead-acid battery electrodes was studied using
scanning electron microscopy and energy dispersive spectroscopy. Both positive and
negative electrodes from cycled batteries at different stages of operation together with
negative electrodes from a battery used in industry were studied. The cycled batteries
were cycled using a experimental setup and electrodes were removed and studied when
the batteries were new, cycled for two months, after a full charge and after a regeneration.
The battery used in industry were fully charged and then regenerated. Electrodes were
removed from it prior to and after the regeneration. Both the surface and the cross
section of the samples from the battery used in industry were studied.
The two main structures found on positive electrodes were particles of PbO2 with size
of a few microns and PbSO4 crystals with size ranging from a few micron up to tens of
microns. These two structures were also found on the negative electrodes but the small
particles were characterized as Pb on the negative electrode. On the cycled negative
electrodes another less structured form of Pb was found.
The fully charged battery after cycling had no PbSO4 present on its electrodes. It was
therefore concluded that the experimental system had failed to generate hard sulphation
on the battery electrodes in the timespan of the project.
The electrode sample from the battery used in industry before the regeneration had
PbSO4 present both on the surface and inside the material. On the electrode sample
taken after the regeneration almost no PbSO4 crystals could be found. It was concluded
that the Macbat regeneration was able to decrease the amount of hard sulphation on
negative electrodes both on the surface and inside the material.
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