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SUMMARY
During the course of this work two fundamental aspects of the electrochemistry of the
lead acid battery system have been investigated. The first area of study concerns the
respective roles of alpha and beta lead dioxide in the positive plate, and more
specifically the interconversion behaviour of the two polymorphs.
The second research area concerns the occurence of a passivating layer of lead
monoxide between substrate lead and the active material of the electrode. A subject of
extreme importance to the lead acid battery manufacturer, since passivating layers of this
type are acknowledged as being one of the major failure modes.
This work has differed from most before it, in that use has been made of
electrodeposits of the two modifications to study both the interconversion products, and
the conditions necessary for lead monoxide formation.
A survey of some of the recommended methods of preparation for the two forms of
lead dioxide has been carried out and compared to the data given in the Powder
Diffraction File.
X-ray diffraction has been the major investigative tool utilised, and electrodes have been
subjected to analysis in both the powder and unground state, after both galvanostatic and
potentiodynarnic cycling.
Cyclic voltarnmetry was used to study the potentiodynarnic conversion products of
deposits swept between the hydrogen and oxygen gas evolution regions in sulphuric
acid.
The galvanostatic cycling showed that a conversion of alpha lead dioxide to the beta
does occur, although evidence for conversion of the beta form to the alpha was not
found.
Thepotentiodynarnic study revealed that in order for lead monoxide to be formed under
deposits of beta lead dioxide, the presence of substrate lead is required beneath a lead
sulphate film or membrane. Under these conditions it was discovered that the lead
monoxide itself is a precursor to alpha lead dioxide formation.
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LIST OF ABBREVIATIONS USED

A

Area of electrode, Amperes

a.c.

Alternating Current

B

Nucleation constant

c
eo·
eR•

Concentration

Co(x,t)

Concentration of 0 at distance x and time t (x may be zero)

CR(x,t)

Concentration of R at distance x and time t (x may be zero)

cdl

Double layer capacitance

d

Interplanar spacing

d.c.

Direct current

Bulk concentration of oxidised species
Bulk concentration of reduced species

Diffusion coefficient
The potential of an electrode measured against suitable reference electrode
Standard equilibrium potential
Standard potential
F

Faraday's constant

g

grammes

i

Current or current density
Exchange current density
Forward (cathodic) current density
Backward (anodic) current density
Maximum current
Square root of -1
Rate constant
Forward (cathodic) rate constant
Backward (anodic) rate constant
Standard or intrinsic rate constant
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LIST OF ABBREVIATIONS CONTINUED

ksh

Standard heterogeneous rate constant

'.

Inductance

M

_):olcular weight, molar

n

Number of electrons

N

Amount of substance diffusing across an area

N0

Avogadro's number

0

Oxidised species

q

Flux of diffusing species

R

Gas constant, reduced species, resistance

Rn

Solution resistance

Rct

Charge transfer resistance

R801

Electrolyte resistance between reference electrode and working electrode

Rint

Resistance of the working electrode/electrolyte interphase

s

Seconds

t

Time

T

Temperature

u

Age of nucleus

V

Volts, volume

V

Sweep rate, growth velocity

x

Distance from electrode

Z

Impedance

Zw

Warburg impedance

Z'

Real component of impedance

Z"

Imaginary component of impedance

Greek Symbols

a

Phase identifier for lead dioxide, charge transfer coefficient
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~

Phase identifier for lead dioxide
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Overpotential

e

Angle of impinging X-rays

p

Density

(J

Warburg coefficient

<\1

Phase angle

(J)

Angular frequency
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CHAPTER 1
INTRODUCTION

Despite extensive research to fmd a serious competitor, the lead-acid battery system
remains the most important secondary power source in use today. Its advantages
over most other battery systems lie in the cheapness of the material of construction,
lead, the versatility of the system, being able to supply high or low currents over
a wide temperature range, and in its good storage characteristics.
The most serious disadvantages of the system are its relatively low power and
energy densities.
The primary reactions occurring during the charge and discharge of the lead-acid
battery may be written as:
at the positive plate
Pb02 + 4H+ + S04 2- + 2e

(1)

at the negative plate
Pb + S042- ~ PbS04 + 2e

(2)

During discharge the negative plate acts as an anode, lead oxidises to lead sulphate,
pushing electrons into the external circuit. At the positive plate lead dioxide is
reduced to lead sulphate, thus acting as an electron sink for the external circuit.
The overall reaction by which electrical energy is produced can be represented by :
(3)
This reaction forms the basis of the theory of double sulphation, first postulated by
Gladstone and Tribe [1] in the 19th century, and later confirmed thermodynamically
by Craig and Vinal [2).

It is well known that it is the positive plate of the lead-acid battery which is the
6

cycle lifetime limiting component. As a consequence, a considerable amount of work
has been carried out to improve the performance of this electrode. Certain types of
short term failures of the plates can be attributed to interactions between the grids
and the active material [3,4], but the performance of the plate over the long term
however, is reliant upon the paste composition and its formation I inter conversion
products.
The lead-dioxide formed in the positive plate is a mixture of two crystallographic
modifications, a-Pb02 and
which little is known.
form, whilst

~-Pb02

~-Pb~,

a-Pb~

[5-10] and also an amorphous lead dioxide of

exhibits an orthorhombic structure of a colurnbite

is of a tetragonal form of a rutile type.

The exact composition of the positive plate is still a matter for debate, but it is
generally accepted that a-Pb02 is present in newly formed plates at levels of up to

30% and on subsequent cycling this figure drops to a steady value of approximately
15%. The implication of this being that there is a conversion taking place of

a-Pb~

to ~-P~. As to the role that each of the modifications plays in the positive plate;
Battery man's lore says that a-Pb02 leads to enhanced cycle life, whilst

~-Pb0 2

gives

greater capacity. There is no unequivocal proof of this, and as Julian points out [11],
" it is certainly true that a rough correlation can be found for this, provided it is
accepted that the data is not very reproducible and not completely quantitative."
Early analysis of the positive plate active material (PAM) [12-14] revealed

~-Pb0 2

and its discharge product PbS04, it wasn't until 30 years later in 1947 that a-Pb02
was first detected [7]. Since then a large of amount of research into the relative
effects of each of the polymorphs present in the positive plate has been undertaken.
Varying ratios of a to

~

have been found to influence amongst others, the discharge

capacity [15-18], oxygen overvoltage [19] and mechanical strength [16-20].
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In 1961, Dodson [15] showed that plates containing high initial amounts of a-Pb02

had a low initial capacity, which increased on cycling, and that these outlasted plates
containing no a-PbOz. Distribution studies [17,18,21-25] have shown that

~-Pb0 2

predominates in the outer layers of the positive plate, whilst the inner zones can
contain significant amounts of a-PbOz. The conversion of a-PbOz to PbS04, and
subsequent conversion to

~-PbOz

on recharging is thought to be responsible for the

nature of this distribution [7,10,15,17,26,28,]. The amount of a therefore is reduced
on cycling and tends to be found at sites in the plate near to the grid.
Whereas it is known that the performance of the positive plate changes with cycling,
opinions differ as to whether it is morphological transformations that are responsible
for the plates electrochemical behaviour [29-32] or that there is a relationship between
the composition of the positive plate and its performance [16,23]. This latter view
supposes that a-PbOz enhances the mechanical strength of the PAM, an effect which
must be temporary due to the above mentioned decrease in the amount of a on
cycling.
The structures of both forms of PbOz consist basically of Pb(IV) ions at the centres
of half the available (distorted) tetrahedra formed by the close-packed layers of the
oxide ions. In the case of a-PbOz the Pb(IV) species pack to give a zig-zag coplanar
arrangement of chains, while for

~-PbOz

the chains are straight [33,34]. Both

modifications are good conductors of electricity [35-37] and for many years it was
believed that this was due to the dioxides being non-stoichiometric, related to an
oxygen deficiency [38-40]. More recently it has been suggested that there is in fact a
lead deficiency in the lattice and that a balance of charge is maintained by an
interstitial incorporation of protons [41,42]. In a neutron diffraction study Santora,

8

--------------------------------

D'Antonio and Caulder [43] suggest that there is insufficient evidence to draw this
conclusion and propose that the electrical conductivity may be due to hydroxyl groups
occurring in oxygen positions.
The electrode potential of a-Pb02 has been found to be approx lOmV more positive
than that of

~

in 5M sulphuric acid, this potential difference varies with hydrogen ion

concentration, a cross-over point occurring at pH 1 - 2, with

~

exhibiting a higher

electrode potential above this [27 ,28]. The polymorph with the lower potential is
naturally the more stable one, so that in solutions less acidic than pH 2, a-Pb02 is
formed in preference. Various authors have proposed theories to predict preferential
conditions for the formation of each polymorph, Kiseleva and Kabanov [44] suggested
that the irreversible adsorption of various ions was the controlling factor in the
production of

~

rather than a, while Ruetschi and Cahan [8] suggested that pH was

the dominant factor. Bagshaw et al. suggested a mechanism taking both pH and
adsorption into account [39].
The discharge characteristics of the two modifications are obviously of great importance,
and the discharge of

~-Pb02

has been studied in great detail [45-48]. It has been

shown that the discharge rates of the two forms are different [44], Angstadt, Venuto
and Ruetschi [38] and Dodson [15] reported that the effective capacity of

~-Pb02

was higher than that of a, Cong however investigated the discharge behaviour of
the two polymorphs and found that the discharge capacity of pure electrodeposited
a-Pb~

was higher than that of a

~-Pb02

under similar experimental conditions[ 49].

Ruetschi [48] reports that for electrodes of similar BET surface area, a-Pb02 has the
higher discharge capacity. Mark [28] proposed that the mechanisms of discharge for
the two modifications were different, in the case of
PbS04 film is formed, while for

~-Pb02,

a-Pb~,

a tightly adhering

PbS04 appears in the form of well

localised crystal clusters, work by Cong et al. supports this view[ 49].
9

As has already been mentioned, it has long been thought that a transformation of a to
~

occurs during deep cycling of the positive plate and this behaviour has also been

reported in studies on electrodeposited a-Pb()z. In a separate study Cong also reports
a transformation of ~ to a is observed on deep cycling electrodeposited electrodes [50].

One of the most common failure modes of the lead acid battery is corrosion of the
lead (or lead-alloy) grid in the positive plate. Extensive studies [6,8- 10,51- 54]
established that ~-PbOz, PbS04, a-PbOz, basic lead sulphates and lead monoxide are
formed on lead anodised in concentrated sulphuric acid at potentials up to I V versus
a mercury/mercurous sulphate reference electrode.
Ruetschi and Cahan [55] were the first to point out that there was a discrepancy
between a-Pb()z, PbO and basic lead sulphate formation in the corrosion layer and
the predictions of potential-pH diagrams [56]. They proposed that the solution was
separated from the corroding electrode by a 'diaphragm'. Pavlov [57-61] proposed
a model for the corrosion process in which the formation of a semi-permeable
membrane consisting of lead sulphate controls the environment of the corrosion layer.
Ruetschi [62] verified this model experimentally in 1973.
The lead sulphate membrane makes it difficult for S042- and Pb2+ ions to pass
through it and react to form further PbS04. The electrode is passivated by the anodic
film. Only migration and diffusion of the H30+ or OH- ions through the sulphate film
can occur to carry the current. The pH increases underneath the sulphate layer and
allows (at certain potentials) the formation of species not expected in an acid
environment. Figl.l.
The exact nature of the corrosion layer, its constituents, products and precursors are
still an area of debate, due in no small degree to the highly complex set of conditions

prevalent at the lead grid PAM interface. The vast majority of investigations into the

10

1.5

>

1.0

~

0 ..

(/)"'

Cl

f-""TUV..

J:

Cl

/PbS04 (pH 6.35)

--PbO,/IPbSO. (pH 9.34)

J:

~

.,

Cil
c:
Q)

-

'---PbC>/Pb (pH 9.34)

0

0..

(pH 6.35)

r----PbS04 /Pb (pH -0.48)
Pb electrode

H2 SO 4 Solution

0

1

DISTANCE

2

/~m

3

4

5

Multi-Phase
Film on a Lead
Electrode in
Sulphuric Acid.

Fig. 1.1 The anodic corrosion layer of lead [62].

corrosion layer have been carried out on anodised lead, very little work has been done
making use of electrodeposited lead dioxide to investigate the layer.
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CHAPTER 2
EXPERIMENTAL APPARATUS AND TECHNIQUES.
Electrolyte Solutions
The electrolyte solutions were prepared from Analar grade reagents and tri-distilled water.
Details of the electrodeposition solutions are given in Chapter 3.
ElectrolYtic Cells
All cells were made from borosilicate glass (construction of three limbed cell shown in
Fig. 2.1.) The cells and all glassware were cleaned by steeping in a mixture of nitric acid
and sulphuric acid (50:50) for three days prior to use. The acid was removed by washing
in distilled water, followed by tri-distilled water.
Lead Dioxide Working Electrodes
These were of two types. The first type of electrode consisted of gold sheet (99.999% ),
of total surface area 1 cm2. This was used in the galvanostatic cycliog experiments (chapter
4) and facilitated the preparation of larger deposits and also the easy removal of whole

intact flakes of deposit for the inspection of both faces (substrate and electrolyte).
For the galvanostatic discharge (chapter 4) and voltammetry (chapter 5), the electrodes
consisted of gold rod (99.999%) of cross- sectional area 0.07 cm2, which were set in
a Teflon shroud. Fig. 2.2. A stout steel spring was then attached onto the electrode
ensuring good electrical contact with the connecting rod to the external circuit. The electrode
shroud was then screwed into a hollow Teflon holder. The surface of the gold electrode was
polished before each electrodeposition using roughened glass followed by alnntina, and cleaned
thoroughly with dilute nitric acid, followed by distilled water.
Reference Electrodes
The reference electrode used in all experiments was the mercury (I) sulphate electrode,
Hg I Hg2S04 I H2S04. The construction is shown in Fig. 2.3. A platinum 'wick' is soldered
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Fig. 2.1 The Three-Limbed Cell.
A=counter
B =working
C = reference
D = Luggin capillary

TEFLON •.
ELECTRODE-HOLDER

c;- ~
L3 L

I
SOLID

ffl\

~~~~R-T--~-.~ I~

TEFLON
ELECTRODE
SHROUD

Fig. 2.2 Working Electrode.

.___

(?-

Cu wwe

I" -:,..

~

~

I
'I

~

8 19

..'

~

.....

1-

/

r;J

17:-:
~

-

""

pyrex

..

17-:-:

n

solder

Hg?C{

r---_

""-

Fig. 2.3 Reference Electrode.

Pt wire
Hg

to a copper wire and encased in a glass sheath. The platinum is iinmersed in a pool of
mercury, which then had a paste of mercury (1) sulphate and sulphuric acid poured over it.
Electrical Circuits
Schematics of the electrical circuits for the galvanostatic discharge and galvanostatic cycling
experiments are shown in Fig 2.4 and 2.5. Galvanostatic control was achieved using an
in-house current source. A Shell Research battery cycling unit (BCU) was used in the
cycling experiments.
In the linear sweep voltarnmetry (LSV) experiments Fig 2.6, potentiostatic control was

achieved using a Thompson potentiostat in conjunction with a Thompson DRG 16 function
generator.
X - ray Diffraction
X-ray diffraction was carried out on ground and unground samples of the electrodeposits.
A Philips PW1010 powder diffractometer was driven by a Hiltonbrooks step scanner. The

radiation utilised was nickel filtered CuKa.(A.=1.5418A) and detection was by a sealed
proportional width height analysis. The scanning speed was 1.5'/min and the X-ray
diffraction patterns were taken normally between 29 values of 24' and 36°, this region
containing the majority of the major peaks of interest.

EXPERIMENTAL TECHNIQUE
Linear Sweep Voltammetry fLSVl and Cvclic Voltammetry
In LSV a triangular voltage (Fig 2.7) is applied to an electrode, with the observed current

being recorded as a function of this applied potential. The electrode is swept between the
potential limits Et and E2 at a known sweep rate, V, and the experiment is halted. If the
sweeps are repeated continuously the technique is known as cyclic voltammetry. The wave
form is initially the same as in LSV, but on reaching E2, the switching potential, the sweep
is reversed rather than terminated.
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Cyclic Voltammetry was first introduced in 1938 by Matheson and Nichols [1] and the
fundamental equations that describe it were later developed by Shain [2,3] and others [4-8].
The appearance of current peaks at certain potentials is indicative of reactions taking place
and provides the basic features of the voltamrnogram (i- E plots).
The position and shape of the current peak obtained depends on the sweep rate, temperature,
solution composition and concentration and the electrode material, all of which can normally
be fairly easily standardised. Fast sweep rates are used for detecting intermediary species,
whilst slow rates are used to study steady state reactions.
LSV is used to obtain quantitative kinetic data under assumed negligible mass transport
conditions, since the equations derived require the concentration gradients in solution prior
to the start of the potential sweep to be zero. Cyclic Voltamrnetry causes complex
concentration gradients to appear near the electrode surface and the information obtained is
best viewed qualitatively for identifying steps in the overall reaction and new species which
occur during electrolysis.

X - ray Powder Diffraction
Most X -rays hitting a simple arrangement of atoms at an angle 9 will pass through
unhindered, but a small proportion are scattered by the electrons. A diffracted beam is
produced only by radiation that is in phase, that is, only in the plane that contains the
normal and the incident and scattered beams. The X-rays behave as if they are being
reflected from the electron layer and are referred to as reflections. Due to the crystals in a
sample being randomly orientated the diffracted beam actually lies on a cone of angle 29.
Fig. 2.8. Reflections are normally referred to in terms of 29 values.
X - rays striking several layers of atoms produces a diffracted beam for each layer. If the
distance travelled by the X -rays is a whole number of wavelengths, the diffraction's will all
17

X ray SOURCE

I

I

I

I
I
I
I
I

I

I
I
I
I

I

\./

Fig. 2.8 Path of an X-ray beam through an array of atoms.

be in phase and a reflection will occur. This is known as Bragg's Law and may be
written as follows;

nA. = 2d sine
where: d is the interplanar spacing,

A. is the wavelength of the X-rays.
X-ray powder diffraction utilises monochromatic X-rays impinging upon a crystalline
powder of fme randomly orientated particles and then being reflected in accordance with
Bragg's Law.
The X-ray diffraction pattern given by a substance is unique, because the positions of
the reflections of these X-rays are determined by the spacing between the layers of atoms
in a crystal, and the intensity of these reflections is dependent on the arrangement of the
atoms in the crystal lattice. It is possible therefore to identify unambiguously a material
from its diffraction pattern.
Diffraction line intensities may be read from a film or may be recorded on a powder
diffractometer. A technique known as symmetrical transmission can .be employed, where the
specimen is symmetrically inclined with respect to the incident and diffracted beams. The
sample is spread out in a thin sheet and the detector is fitted with a narrow collimating slit
aperture.
As generally an X-ray diffraction pattern contains enough lines to be characteristic of a

given set of lattice dimensions, but not so many that it is hard to recognise, it serves as an
excellent 'fmgerprint' for the specimen. Powder diffraction files have therefore been set - up
for thousands of different compounds and elements, allowing quick comparison with patterns
from unknown samples.
The Powder Diffraction File
Since one or more substance can have the same, or nearly the same d value for its
strongest diffraction line, Hanawalt [9,10] decided to characterise each substance by its three
18

strongest lines, namely dJ, d2, and d3. The values of these spacings, together with the
relative intensities are usually sufficient to characterise the pattern of an unknown, and enable
the corresponding pattern in the file to be found. However, in the case of ambiguity even to
extent of the frrst three d values, the file does give all the d values known for that substance.
A particular pattern is almost impossible to find by a direct search of the whole card file,
it is necessary to use the search manuals that accompany the file. The manuals are of two
kinds according to the method of arranging the data, either where substances are listed
alphabetically, by name, or where the substances are listed numerically in terms of their
d spacings.

Sample Preparation
In order to yield a satisfactory diffraction pattern, a crystalline powder must meet certain
specifications. The sample exanlined must be representative of the particular material under
investigation, the size of the crystallite composing the powder must fall within certain
accepted limits, and the method of preparing the powder for analysis must not distort the
structure of the crystals, thereby impairing the quality of the diffraction pattern.
When material occurs in such a fme state as to be smooth to the touch, we can be
reasonably certain that the ultimate crystal size is small enough to give smooth diffraction
lines. Although in the case of very small crystals there is a complication, in that broadening
of the diffraction lines occurs, and thus the diffractometer will give a pattern with broad
ill - defmed peaks. This broadening comes into effect if the crystals are less than 1()-4 cm
in linear dimensions. When the powder grains are coarse it is good practise to reduce the
material to a fme powder by grinding in a small agate mortar.
It is sometimes difficult to ensure that the orientation of the particles in a specimen is
completely random. This is particularly true of materials that are grown as plates or needles.
Such crystals tend to line up during sample preparation, so that the intensity of certain types
of reflection is influenced. This phenomenon can have a drastic effect upon the intensities of
the diffraction peaks, enhancing some, decreasing others. Some peaks may be absent
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altogether due to crystallites not coming into a reflective position. The grinding mentioned
previously will eliminate this to a significant degree, but the method by which the powder
sample is made available to inspection by the diffractometer is also of importance.
Two methods of specimen preparation are shown in Fig. 2.9
One method of specimen preparation is to pack the powdered sample into the window of an
aluminium holder backed by a glass slide. This method tends to maximise preferred
orientations although the 29 are accurate. Alternatively an ordinary microscope slide is cut in
half, one half smeared with a thin layer of petroleum jelly and the. sample sprinkled onto it.
This method is quick, requires very little sample, and comes as close as a method can to
eliminating preferred orientation completely. However, as a consequence of the specimen not
being flush with the surface of the holder, it will not be correctly centred, thus introducing
slight inaccuracies in the measured 29 values.
X- ray Diffraction Inspection of Unground Samples
In the course of this study it became necessary to inspect deposits by X-ray diffraction
(XRD) in a completely unground state, in order to detect species present only at the deposit
interfaces. An aluminium holder was fabricated, Fig. 2.10, which presented the deposits to the
X-rays without the need to remove the deposit from the working electrode.
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Fig. 2.9 XRD sample preparation.
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Fig. 2.10 Holder for intact X-ray inspection.
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CHAPTER 3
Production of Lead Dioxide Electrodes

In order to study the electrochemical and morphological behaviour of

a

and ~ lead dioxide

it was necessary to prepare pure electrodes of each. As electrodeposition yielded ready to
use electrodes, this was the preferred technique.
There are a great number of methods for the production of lead dioxide in the literature,
both chemical and electrochemical, many of these were rejected because they gave
inconsistent products or ones that were poorly crystalline. The better techniques of those
surveyed have been tested for reproducibility, crystallinity and sharpness of the diffraction
peaks and compared to the standard patterns in the powder diffraction file.
Preparation of

q-PbO~

(1) Oxidation of yellow lead monoxide by a fused mixture of sodium chlorate and sodium

nitrate

[1]

Yellow lead monoxide (50g), sodium chlorate (20g) and sodium nitrate (40g) were mixed
and then heated carefully for 15 minutes in a boiling tube at 340•c. The black melt thus
obtained was treated with water to remove any soluble salts. After drying the dark brown
powder was mixed with the same quantities of sodium chlorate and nitrate and the fusion
repeated. The product was washed with water and then suspended in 500 m! of· 3M nitric
acid solution. After standing overnight the suspension was heated to 60"C, filtered and
washed with distilled water.
(2) Electrooxidation of lead acetate in alkaline solution f2J.

Lead acetate (50g) was added to 1 litre of 7.5M sodium hydroxide solution. A gold anode
and a lead cathode were suspended in the solution and a current density of 1 mA/cm2 was
22

passed for 16 hours. Lead acetate was added periodically as it was consumed. The deposit
was removed and washed with distilled water.
(3) Electrooxidation of lead monoxide in alkaline solution £31
Yellow lead monoxide (40g) was added to 1 litre of 3M sodium hydroxide. A gold anode
and a lead cathode were suspended in the solution, the temperature of the cell was raised
to 45•c and a current density of 2.5 mNcm2 was passed for 16 hours. The deposit was
removed and washed with distilled water.
(4) Electrooxidation of lead monoxide in a weakly acidic solution.
Yellow lead monoxide was added to 3M perchloric acid so as to raise its pH to 4. A
current density of 2.5 rnNcm2 was passed for 16 hours. The pH was monitored and kept
constant by further additions of lead monoxide. The deposit was removed from the gold
anode and washed with distilled water.
(5) Electrooxidation of lead nitrate in alkaline solution.
Lead nitrate (2.3g) was added to 1 litre of lM sodium hydroxide. A current density of
2.0 mNcm2 was passed for 16 hours. The deposit was removed from the gold anode and
washed with distilled water.

Preparation of B-Pb01.
(6) Oxidation of minium by nitric acid £lJ.
Minium, Pb304 ( 60g) was suspended in 300 m! of 5M nitric acid and boiled for 15
minutes. The resulting lead dioxide was filtered and washed with distilled water.
(7) Electrooxidation of lead nitrate in acidic solution.
Lead nitrate (2.3g) was added to 1 litre of lM nitric acid solution. A gold anode and a
lead cathode were suspended in the solution. A current density of 2mA/cm2 was passed
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for 16 hours. The deposit was removed from the anode and washed with distilled water.
(8) Electrooxidation of lead perchlorate in acidic solution f31.
Yellow lead monoxide (20g) was dissolved in 500 m1 of 3M perchloric acid solution. A
gold anode and a lead cathode were suspended in the solution and a current density of
2.5 mNcm2 passed for 16 hours. The deposit was removed from the anode and washed
with distilled water.
Results
The diffraction patterns were recorded using copper ka. radiation (1.5418) and a scanning
speed of 1.5'/ min. Line intensities were calculated from the area under the diffraction peaks.
Tables 1 and 2 give the standard diffraction pattern values as provided by the ASTMS
powder diffraction file for a. and P lead dioxide respectively. Diffraction patterns were
recorded between 20 and 40 degrees of 29, and the intensities of the lines due to the 110,
111, 002 and 021 planes were calculated for a.-Pb02 and the 110, 011 and 020 planes
for the P-PbOz samples.
Prior to any grinding of the. electrodeposited samples their inner and outer faces (i.e. the
face previously adhered to the substrate gold and the face that was open to the electrolyte)
were subjected to XRD analysis. In the case of the a.-PbOz deposits only a very strong
line due to the 200 plane is present on the outer face and the 200 line and a small line due
to the 111 plane on the inner (see Figs. 4.2 and 4.3).
This clearly demonstrates that the electrodeposited a.-PbOz is in a highly orientated
state, a result expected from !he earlier work of Zaslavsky [2].
The 13-PbOz deposits all gave similar patterns to the standard ground pattern except that
the 110 line was reduced in intensity, indicating a much less orientated situation.
The samples were then hand ground for a chosen standard time of two minutes [1] before

XRD inspection using the ' Quick and Easy' method described in chapter 2.
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29 Angle

Spacing
(A)

23.20
28.60
30.10
32.70
34.10
36.20
40.45
44.85
48.10
49.50
51.00
56.05
59.20
60.50
65.20
68.45

3.83
3.12
2.97
2.74
2.63
2.48
2.23
2.02
1.89
1.84
1.79
1.64
1.56
1.53
1.43
1.37

Intensity
Ratio
12
100
15
70
70
20
6
6
30
45
30
15
17
30
20
15

Indices
110
111
020
002
021
200
122
022
220
130,202
221
113
222,023
311, 132
041,312
312

Table 1. Standard diffraction data for Alpha Lead Dioxide

29 Angle

Spacing
(A)

25.45
32.05
36.30
36.85
40.65
48.95
52.25
54.25
58.80
60.95
62.30
66.80

3.50
2.79
2.47
2.44
2.22
1.86
1.75
1.69
1.57.
1.52
1.49
1.40

Intensity
Ratio
100
95
40
6
6
80
18
14
20
25
20
14

Indices
110
011
020
111
020
121
220
002
130
112
031
022

Table 2. Standard diffraction data for Beta Lead Dioxide

Table 3 gives the peak intensities obtained by each of the preparative methods. The
figures presented are mean values obtained from three separate preparations. The presence or
not of the other polymorph is also indicated.
Deposition efficiency, (where applicable) determined by the dry weight of deposit, compared to
the theoretical weight expected, was found, on average, to be 60% for a-Pb(h, and 90% for
~-Pb02.

Scanning Electron Microscopy (SEM) was utilised to inspect the surface of the electrodeposits
obtained from the alkaline and acidic lead nitrate cells, Fig. 3.1 to Fig. 3 .4. Deposition times
were one and a half hours and one hour, for

a and

~

lead dioxide respectively.

Conclusions
The quality of the diffraction patterns was generally good. Fig. 3.5 and Fig. 3.6 show the
patterns obtained for a-Pb(h and J3-Pb(h, from alkaline lead nitrate and acidic lead nitrate,
respectively. The background levels are low and the peaks sharply defmed.
The preparatory methods chosen proved on the whole to be very reproducible, the exception
being the occasional presence of ~-Pb(h in the chemically prepared

a. This was probably

introduced due to overheating in the preparation, leading to the formation of minium, which
is a known precursor to the ~ modification. The electrooxidation of alkaline lead acetate gave
a mixture of the two polyrnorphs, whilst the remaining methods of

a production all gave

the pure dioxide, with peak intensities in close agreement with those presented in the
diffraction file.
Chemically prepared ~-Pb(h formed by the nitric acid oxidation of minium (6) gave a pure,
crystalline product yielding a diffraction pattern almost identical to that in the file, Fig. 3.7.
~-Pb(h formed from the perchloric acid cell (8) showed the presence of

a, while pure ~

was obtained by the electrooxidation of lead nitrate in nitric acid (7), Fig. 3.6.

25

Alpha
Lead Dioxide

I 29__
L
I

23.2
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28.6
f---

32.7

34.1

36.2

-- --- --

110

111

002

021

200 '

Diffraction File data

12

100

70

70

20

Sodium ch1orate-sodium nitrate

20

100

19

12

8

Alkaline lead acetate, deposition

20

93

83

100

22

Alkaline lead monoxide, depositio

16

100

61

58

18

Weakly acidic lead perchlorate,
deposition

13

100

60

68

12

Alkaline lead nitrate , deposition

12

100

69

70

16

25.4

32.0

36.2

1

Beta
Lead Dioxide

plane

I

I 29

r.-- -1

plane

110

---011
020

Diffraction File

100

95

40

Oxidation of minium

100

97

34

Acidic lead perchlorate,
deposition

91

100

60

Acidic lead nitrate, deposition

98

100

45

Table 3. Diffraction peak intensities
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Fig. 3.1 SEM Photomicrograph of a-Pb02 at 560x magnification.

Fig. 3.2 SEM Photomicrograph of o.-Pb02 at 2600x magnification.
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Fig. 3.3 SEM Photomicrograph of ~-Pb0 2 at 560x magnification.

Fig. 3.4 SEM Photomicrograph of P-Pb02 at 2600x magnification.
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Fig. 3.5 XRD pattern of a-Pb02 deposited from alkaline lead nitrate.
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Fig. 3.6 XRD pattern of ~-Pb02 deposited from acidic lead nitrate.
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Fig. 3.7 XRD pattern of 13-Pb02 from the nitric acid oxidation of minium.

As a result of the fmdings of these experiments it was decided that the preparation of a. and
[3-PbOz from the alkaline and acidic lead nitrate cells respectively, would be used henceforth,
as they yielded deposits with diffraction line intensities closest to those of the diffraction file,
as well as producing the pure polymorphs. Fig. 3.1 to Fig. 3.4, showing SEM photographs of
the outer surfaces of the two types of deposit, demonstrate the prevalence of the alpha
deposit for directional crystal growth, as compared to the beta modification.
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CHAPTER 4
Galvanostatic Discharge and Cvcling of Electrodeposited Lead Dioxide
Discharge Behaviour
The discharge properties of lead dioxide electrodeposited onto inert anode material have been
studied in much detail [1-6]. Most of these studies however, have been on
acid media and

a-P~

~-Pb0 2

in

in alkaline media.

Dodson [7] measuring the discharge capacities in 5M sulphuric acid, found the capacity of
a-Pb02 to be considerably lower than that of

~-Pb~.

Similar conclusions were also drawn

by Hampson [8] and Bagshaw [9]. Cong [10] reported the discharge capacity of pure
electrodeposited a to be higher than that of ~ under similar experimental conditions, while
Ruetschi, agreeing with this, states that in terms of capacity per unit surface area (BET),
a-Pb~

electrodes perform better than ~-Pb02 electrodes.

Experimental

Electrodes of a and

~

lead dioxide were prepared from the electrodeposition cells described

in Chapter 3, onto pure gold rod of surface area 0.07 cm2. The deposits of ~-Pb0 2 were
removed from the cell and washed with tri-distilled water, before being placed in the
discharge cell (Fig. 2.1). The a-Pb02 electrodes were first washed with O.OlM sodium
hydroxide and then with tri-distilled water in an effort to avoid any 'pH shock' effects on
the deposit surface.
The deposited electrodes were then placed in the discharge cell, containing 5M sulphuric acid,
a luggin probe, a gold counter and a mercury (1) sulphate reference electrode. The electrodes
were left to stand on open circuit for 1 hour, in order to allow them to reach their equilibrium
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electrode potentials. A single low rate discharge (25J.lA) was then carried out and the
potential versus time profiles were monitored on a y - t chart recorder. The end of discharge
was taken arbitrarily to be 0.9V.
Results
Qpen Circuit Potentials
Both of the modifications exhibited a degree of variance in their open circuit potentials,
Table 4. The measurements were taken on eight separate electrodes of each lead dioxide,
the figures quoted are the mean values of five readings taken on each electrode, an overall
mean potential is given at the foot of each table, these with the open circuit potentials
reported by Ruetschi and Cahan [11], which equate to 1094 mV and 1087 mV for alpha
and beta lead dioxide respectively.
Galvanostatic Discharge
Typical galvanostatic discharge curves ( E vs t ) for both a and

~

lead dioxide are shown in

Fig. 4.1. Deposition times for these particular electrodes was 5 minutes. The a-Pb02
discharge curve reaches no steady-state potential and towards the end of the discharge the
potential falls off increasingly rapidly. The l3-Pb02 behaviour shows a steady onload
discharge potential which remains constant for most of the discharge time, then drops very
rapidly. Tables 5 and 6 give the deposition time, discharge time and charge utilisation for a
number of electrodes of each of the lead dioxides. It can be seen that for both of the
polymorphs there is no apparent increase in capacity beyond deposition times of 8 minutes
and consequently suggests that for both types the sulphation process is a predominantly
surface one, not unexpected from a non-porous deposit.
This surface sulphation appears much more pronounced in the case of a-Pb02 and may
be due to the structure of the deposit. In Chapter 3, it was noted that electrodeposited
a-Pb02 is in a highly orientated form, much more so than

~-Pb02.

It may be that this

preferred orientation reduces the accessible surface area of the lead dioxide crystals leading
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Open Circuit Potential (mV)
a- Lead Dioxide

~-Lead

Dioxide

1138

1123

1134

1120

1130

1119

1135

1122

1125

1114

1123

1121

1125

1118

1127

1122

Mean potential

Mean potential

1130mV

1120mV

Table 4. Open Circuit Potential values.
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Fig. 4.1 Typical Discharge CUIVes.
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Deposition
Time. (min)

1
2
3
4
5
6
7
8
9
10
12
15
20
25
40
70
150
180
1000

Discharge
Time. (min)

2.1
3.2
3.6
3.8
3.2
4.5
4.2
4.9
4.5
5.4
5.0
5.3
4.0
3.5
4.6
2.6
7.4
3.5
5.5

Charge
Utilisation.(%)

26.3
20.0
15.0
12.0
8.0
9.4
7.5
7.7
6.3
6.8
5.2
4.4
2.5
1.8
1.4
0.5
0.6
0.2
0.1

Table 5. Discharge data for Alpha Lead Dioxide.

Deposition
Time. (min)

1
2
3
4
5
6
7
8
9
10
12
15
20
25
40
70
150
180
1000

Discharge
Time. (min)

3.3
4.8
7.5
10.5
12.1
13.0
13.4
13.9
13.0
13.7
13.6
13.6
13.7
13.6
14.0
13.4
13.9
13.7
13.5

Charge
Utilisation.(%)

41.3
30.0
31.3
32.8
30.3
27.1
24.0
21.7
18.1
17.1
14.2
11.3
8.6
6.8
4.4
2.4
1.4
1.0
0.2

Table 6. Discharge data for Beta Lead Dioxide.

to the easier fonnation of a complete sulphate film. Mark [12) who studied the discharge
of the two fonns of lead dioxide in dilute sulphuric acid suggested that an insulating sulphate
film was forming on the the surface of a-Pb()z deposits, though not on the surface of
~-Pb()z. Ruetschi, working with· chemically prepared electrodes has reported [13) that the

a fonn has a lower porosity and BET surface area than the

~

and when comparing

samples of equal surface area the a-Pb()z actually outperfonns the

~-Pb02

on discharge.

It appears that while both fonns of electrodeposited lead dioxide exhibit surface sulphation

phenomena, the effect is much more marked in the case of a-Pb()z, forming an actual
'sulphate film'.

Galvanostatic Cycling
It is generally accepted that during initial cycling of a typical lead-acid battery there is a
conversion of a certain amount of the a-Pb02 present to the

~

fonn. In an attempt to

determine whether this conversion takes place in the case of electrodeposited lead dioxide and
investigate behavior under a galvanostatic cycling regime generally, a series of cycling
experiments were undertaken.
Experimental
Electrodes of a-Pb()z were prepared by electrodeposition onto 1 cm2 pure gold sheet
(deposition conditions described in Chapter 3). They were suspended in a conventional
three limbed cell, Fig. 2.1 above a luggin probe. The cell contained 5M sulphuric acid, a
mercury(! )sulphate reference electrode and a gold counter electrode. Galvanostatic charge/
discharge cycling of the electrodes was perfonned using a low diScharge current (25 JlA).
A Shell Research battery cycling unit (BCU) and an in-house current source were utilised.
Cycling runs of between 10 and 70 cycles were perfonned, between the potential limits
900 and 1250 mV. The cycling was halted at the top of charge, the deposit removed from
the cell, washed thoroughly with m-distilled water and dried, prior to inspection by XRD.
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By means of gentle flexure of the gold sheet it was possible to remove whole flakes of the
deposit cleanly away from the substrate. X-ray analysis was then possible on the inner face
of the deposit (substrate face) as well as the outer face (electrolyte face). The average
deposit thickness was 0.2 mm, whilst the maximum X-ray penetration depth was of the
order O.Olmm. The intensity ranges are the same for all of the presented XRD patterns.
Results
The diffraction pattern for the ground uncycled deposit of a-Pb(h is shown in Fig. 3.5.
Fig. 4.2 shows the XRD pattern obtained at the unground outer face of the deposit, only
the peak due to the 200 plane is. visible .. The pattern obtained from the inner face is shown
in Fig. 4.3 and it can be seen that the 200 peak appears reduced in intensity and a second
peak is now evident due to the 111 plane. This peak occurs at 29 value 28.6 and is the
major diffraction peak in a less orientated sample of a-Pb(h.
Fig 4.4 shows the situation after 10 cycles, diffraction peaks due to lead sulphate
have appeared on the outer face, whereas the inner face remains unchanged (Fig. 4.3 ). There is
no real indication of the presence of 1}-PbOz, but as its major peak (29 = 25.45) is almost
coincident with a lead sulphate peak (29 = 25.60) a very small amount may be difficult to
detect.
At 20 cycles there has been an increase in intensity of the sulphate peaks on the outer face
(Fig. 4.5) and sulphate has appeared on the inner face of the deposit (Fig. 4.6). The sulphate
peak at 29 = 25.6 on the outer face of the deposit is somewhat broader than its counterpart on
the inner face, which may indicate that it is a two component peak, also containing a peak
due to ~-PbOz.
The diffraction patterns for the electrodes cycled 40 times are little changed from the
previous case, except that now a peak due to ~-PbOz is clearly visible at 25.45 degrees
of 29, on the outer face of the deposit (Fig. 4. 7). Runs of 60 and 70 cycles were also
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Fig. 4.2 XRD Pattern a-Pb02. Outer Face. Uncycled.
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Fig. 4.3 XRD Pattern a-PbOz. Inner Face. Uncycled.
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carried out, but gave XRD patterns little changed from that obtained after 40 cycles.
After XRD analysis in the unground

state

the above mentioned electrode material was

ground and re-examined. In all cases the diffraction pattern obtained was that of a-Pb~
only. Any trace of lead sulphate or

~-Pb02

was indiscernible from background. X-ray

diffraction as an analytical technique is restrictive in that species present at concentrations of
less than 5% are often indistinct in the diffraction pattern. This can explain the apparent
disappearance of the lead sulphate and

~-Pb~

diffraction peaks, they are clearly

representative of species present mainly at the SUifaces of the deposit and not in the bulk.
It would therefore seem that only a small amount of the a- Pb02 is taking part in the

reduction to lead sulphate.
Surface sulphate passivation is the most likely reason for this behaviour on the outer surface,
as once the sulphate film has formed it restricts electrolyte access to the bulk of the deposit.
Conversion to the

f3

form is observed on the electrolyte face of the deposits as this is

thought to occur via a dissolution/precipitation mechanism [10].
A SUiface passivation film does not explain why lead sulphate is observed on the inner face
of the cycled deposits. It is likely that electrolyte is reaching the substrate side of the
deposit via a network of micro-cracks which leaves the vast bulk of the material unaffected.
This 'cracking' of the deposit would be a result of the gram-molecular volume of lead
dioxide being only 52% that of lead sulphate, therefore a large volume expansion takes place
during its reduction. The sulphate crystal formations would tend to apply pressure against
each other and the underlying dioxide. In those places of weakness, e.g dislocations or
defects, the pressure increase would tend to lead to cracks in the deposit enabling electrolyte
access to the inner layers. In similar work utilising long term single discharges, Takehara
[14] has used the same explanation to account for the development of lead sulphate between

gold substrate and deposited lead dioxide.

An alternative explanation might be that the bulk of the deposit is in fact partaking in the
cycling and we are simply seeing a very efficient reconversion to lead dioxide. The
32

electrodes however, retain their highly orientated forms throughout the cycling, where it
would be expected that due to the large molecular volume differences much rupture and
rearrangement of the deposit structure would occur, producing a more randomly orientated
state.

Thus it is likely that in these relatively massive electrodes the only regions of the deposit
between the inner and outer faces that are taking part in the charge/discharge reactions are
those down the lengths of fissures formed by sulphation induced cracking.
Galvanostatic Cycling of

6 lead

dioxide

The cycling experiments carried out on a-Pb(h were repeated on the

~

polymorph, prepared

from the acidic lead nitrate cell described in Chapter 3. The diffraction pattern of uncycled
~-Pb02

is shown in Fig. 4.8, no difference was noted between the inner and outer faces.

After 10 cycles lead sulphate is present on the outer surface and also just detectable on the
inner (Fig. 4.9 and 4.10 respectively). Suggesting that the lack of a sulphate film on the
surface of the deposit is allowing greater electrolyte access to the bulk. When this sample was
ground and subjected to XRD analysis, lead sulphate was still visible indicating a much larger
percentage of the deposit is actually taking part in the reaction.
Deposits that had completed 20 cycles showed lead sulphate on both faces of the deposit
in approximately equal proportions. Increased cycles of 40, 60 and 70 showed slightly larger
sulphate peaks both in the unground and ground XRD analysis. It was also noted, that at
these higher cycles the deposits of ~-Pb02 on occasion fell away from the gold substrate,
or seemed to dissolve into solution, behaviour not noted with the a-Pb0 2 electrodes.
Discussion
Extrapolation of the sulphate surface passivation phenomenon to the lead-acid battery situation
can be most easily understood, if the fully charged positive plate is imagined to be a mass
of randomly distributed Pb(h crystallites. The sulphate passivation process can then be seen
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to depend on the ammmt of

Pb~

surface which is accessible to electrolyte. In the battery

situation the surface area to volume ratio of the lead dioxide is much greater than in that of
electrodeposits and explains the much lower active mass utilisation of the latter.
The penetration of the electrolyte through cracks or fissures in the deposit, if repeated in the
battery plate situation i.e. penetration of the sulphuric acid through the positive active material
to the lead or lead-alloy grid, would lead to the formation of an insulating layer of lead
sulphate, remote from the bulk of the electrolyte, and which may prove difficult to remove.
Takehara [14] has shown that at elevated temperatures

(so•c), lead

sulphate formed at a gold

substrate/electrodeposit interface is not easily oxidised to lead dioxide, even after extensive
recharge. He also reports that lead sulphate formed between the grid and the active material
remains at that interface causing a decrease in electronic conductivity, preventing the oxidation
of lead sulphate on the electrode surface.
A further consequence of the occurence of lead sulphate at the grid/active material interface
is that it may allow conditions to prevail that allow the formation of species not
thermodynamically allowed in such an

acidenvironmen~e.g.

lead monoxide and basic lead

sulphates, by acting as a diaphragm or membrane [15] and separating the acid from the grid
below it.
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CHAPTER 5
Potentiodvnamic Conversion Products of Electrodeposited Lead Dioxide
The anodic polarisation of lead in sulphuric acid has been the subject of many
electrochemical studies in order to better understand the phenomena occurring in both the
positive and negative plates of the lead-acid battery.
Linear Sweep Voltammetry (LSV) has been used by a number of investigators [1-7], where
lead electrodes were polarised in sulphuric acid between various potentials. Several reactions
have been shown to take place and usually indicated by current peaks in the voltammogram.
Panesar [2] for example studied the redox reactions of lead in 5M sulphuric acid with LSV
and a typical result is shown Fig. 5.1.
The work described in the following study differs from most others in that the system under
investigation is electrodeposited lead dioxide in contact with an inert substrate material.
The Pb02 electrodes were placed in the electrolytic cell containing 5M sulphuric acid, LSV
was performed, either in the Pb()2fPbS04 region, or between potential limits characterised by
hydrogen and oxygen gas evolution. The electrodes were removed ·from the cell at various
potentials, either immediately or after prolonged polarisation and subjected to intact XRD
analysis.
Experimental Detail
Samples of lead dioxide were prepared from the acidic and alkaline lead nitrate deposition
cells described in Chapter 3. The electrodes were removed from the deposition cells, washed
thoroughly and transferred to a conventional three-limbed cell (Fig. 2.1) connected to a
potentiostat, function generator and x-y recorder. The cell contained 5M sulphuric acid, a
mercury (I) sulphate reference electrode and a gold (99.999%) counter electrode.
Voltammograms were recorded at 21·c and at standard sweep rates of 1 mV/s. All
XRD patterns presented were recorded at the same X-ray intensity.
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Fig. 5.1 LSV of lead in 5M H2S04 by Panesar [2].'

Voltammetry in the PbOz/PbSOi Region
Fig. 5.2 shows a typical voltammogram for an electrode of electrodeposited

a.-Pb~.

The

main features are the large lead dioxide to lead sulphate reduction peak (A) and an anodic
peak (B) which is absent initially but develops on cycling. On the second cycle, a 'shoulder'
is seen on the side of the reduction peak, followed on the third cycle by a full peak shift
of @ 50 mV anodic. Further cycling revealed a steadily progressive decline in capacity (size
of the lead dioxide reduction peak), coincident with the cathodic shift, then decline of the
oxidation peak B.
It is known that the transformation of a to

~

lead dioxide via lead sulphate occurs in the

positive plate of the lead-acid battery. It was considered likely therefore, that the behaviour
of these two current peaks could be due to the appearance of

~-Pb~

in the previously

pure a.. XRD analysis on an electrode removed from the cell at 1.6 V, after one cycle,
detected no ~-PbOz, after ten cycles however, it clearly showed the presence of the ~ form
(Fig. 5.3).
The appearance of

~-PbOz

explains the decrease in capacity, Cong [8] has shown that the

number of growth centres for a.-Pb02 on lead sulphate is greater than for the

~

modification and that the number of growth centres is directly proportional to the current
density, according to
I= BNt

(5.1)

n

where B is a constant, N is the number of growth centres, t the time and n is a factor
dependent on the type of nucleation.
The appearance of ~-PbOz in electrodes of pure a, will lead to a decrease in observed
discharge capacity.
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A typical voltammogram carried out on electrodeposited

(3-Pb~

is shown in Fig. 5.4.

Initially its appearance is similar to that of the alpha modification, a large lead dioxide
reduction peak (A*> and a lead sulphate oxidation peak (B \ which is absent on the first
cycle. An apparent anodic shift of peak A• is observed from approx. 1025 mV to 1125 mV,
although the fact that it results in a wide, broad based peak, rather than a distinct peak shift,
suggests that structural transformations not electrochemical conversion may be responsible.
XRD analysis performed after I and 10 cycles showed only the

~

form to be present.

The oxidation peak at approx 1.5 V develops as the broadening of the reduction peak A• is
proceeding, its development could also be due to structural transformations occurring in the
first few cycles, it is only fully apparent on the third cycle.
The position and shape of the oxidation peak B• after 5 cycles is very similar to its
counterpart in the a case, B. Suggesting that peak B is due to the formation of

~-Pb02.

On further cycling differences in between the two cases develop, after 10 cycles, oxidation
peak B• is continuing to increase in size, whereas the oxidation peak B is much deteriorated.
This can be understood if we consider that

~-P~

formation from lead sulphate proceeds

via a dissolution-precipitation mechanism at discrete sites [3,9]. With

a-P~

it is likely

that the formation of a sulphate film on the surface of the deposit (Chapter 4) restricts the
amount of

~-Pb02

formed by denying electrolyte access to the body of the deposit.

Peaks due to the formation of lead dioxide are missing on the firSt cycle in both cases,
presumably 'lost' in the oxygen evolution region. It has been reported that the overpotential
for lead dioxide formation is high in the absence of residual lead dioxide [3] from a
previous sweep. In this case however, lead dioxide is present from the onset and this
explanation is insufficient. It is possible that the disruption of the Pb02 surface that occurs
on its first excursion into the oxygen evolution region is responsible for the appearance of
these peaks by disrupting the crystallinity, reducing the particle size and thus increasing the
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electrodes active area.

V oltammetrv between the Hvdrogen and Oxygen Evolution Potentials
Several cyclic voltammetry studies have been reported for lead polarised in sulphuric acid
between the hydrogen and oxygen evolution regions [1-7]. Little information is available as
to the reactions of electrodeposited lead dioxide to this type of voltanunetry. Panesar [2] did
include electrodeposited lead dioxides in his study, but he mixed his electrodeposited material
with a plastic compound to fabricate the electrodes.

a-PbOz cycled between the Hz and Oz Evolution Regions
The voltammogram shown in Fig. 5.5 is typical of that obtained for electrodeposited
~-PbO:z. Four reduction peaks are seen on the cathodic sweep, at 950 m V, the Pb02

to PbS04 reduction peak (1), a broad shoulder centred at - 600 mV (11) connected to a
peak at - 840 to - 890 mV (Ill), and the reduction peak due to the formation of lead (IV) at

-1090 mV. Only one oxidation peak (V) is visible at -915 mV on the anodic sweep and is
due to the oxidation of lead to lead sulphate.
The most striking feature of the voltammogram is the large reduction peak 111. This peak,
or rather its analogous peak that occurs in studies carried out on lead in sulphuric acid, has
been the subject of much debate. Ijomah [10] and Zhou [11] considered it to be the
reduction of monobasic lead sulphate, Mahato [12] and Chang [3] the reduction of a basic
divalent lead compound. Panesar [2] suggested it was due to the reduction of a-Pb02.
Barradas [13], Pavlov [14] and Guo [15,16] pointed to the reduction of tetragonal PbO,
indeed Guo [17] reports the positive identification of the peak, via a combination of the
techniques of XRD and ex-situ Raman spectroscopy, as being the reduction of PbO to Pb.
Buchanan and Peter [18,19] utilising photocurrent spectroscopy have reached the same
conclusion.
In order to investigate the nature of this peak a series of sweep experiments were performed.
Electrodes of ~-Pb02 were ramped to various potentials and then removed for XRD analysis
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Fig. 5.5 LSV of (3-PbOz in 5M HzS04.
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either immediately, or after some prolonged period at that potential.
Fig. 4.8 shows the XRD pattern recorded for the intact, un-polarised deposit. When the
potential is swept to 1.0 V, just cathodic of the lead dioxide/lead sulphate reduction peak, the
XRD pattern shows the presence of lead sulphate with a corresponding decrease in intensity
of the j3-Pb02 lines, Fig. 5.6. The Pb02 reduction peak only accounts for a small amount
of the total charge available, due to the lead sulphate forming on the surface of the
electrode. The penetration of the X-rays is ouly of the order of O.Olmm, so while the
lead dioxide may remain largely unchanged, the sulphate formed at the surface will tend to
dominate the XRD pattern.
An electrode taken to 0.0 V on the cathodic sweep and held for 40 hours showed ouly

lead sulphate (Fig. 5.7), as did one held for the same period at -500 mV.
At - 700 mV, just negative of the broad peak ll, ~-Pb~ is just detectable, if the electrode
is removed immediately from the cell, but after 40 hours at this potential the main feature
observed on the XRD pattern is the appearance of diffraction lines due to lead, Fig. 5.8.
That is we see a reduction of some species to lead, at a potential I 00 mV anodic of the
PbO/Pb reduction peak and 300 mV anodic of the PbSO,JPb reduction peak.
When the potential of a ~-Pb~ deposit is taken to - 870 mV (the centre of peak ill) and
removed immediately from the cell, lead is the dominant feature of the diffraction pattern,
Fig. 5.9, indicating that peak

m is

a reduction peak to lead.

The diffraction peaks due to lead sulphate are still very evident, and this suggests that
the lead produced here is lying under lead sulphate, since if it were above it, it would
tend to obscure everything else.
An electrode of ~-Pb~ swept to - 1400 mV showed only lead to be present.

At - 500 mV on the return anodic sweep, after being held for 40 hours, diffraction peaks
due to lead are still the dominant feature, but lead sulphate is also apparent, Fig. 5.1 0.
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Fig. 5.6 XRD Pattern of I3-Pb02 held at l.OV.
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Fig. 5.8 XRD Pattern of ~-Pb02 held at -0.7V.
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Fig. 5.9 XRD Pattern of !3-Pb02 removed at -0.87V.
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After 40 hours at 0.0 V on the return sweep, the first indication of the presence of lead
monoxide is noted, as is a significant reduction in the magnitude of the lead peaks, Fig. 5.11
After 40 hours at 1.0 V on the return anodic sweep tetragonal lead monoxide is clearly
present on the diffraction pattern, lead sulphate is still present, but all trace of lead has been
removed, Fig. 5.12.
In the fmal experiment of this series, the potential of an electrodeposited electrode of ~-Pb~

was held at 1.35 V for 20 hours, Fig 5.13, i.e. just anodic of the lead dioxide reduction
peak. The result of this was that

~-PbOz, a-Pb~

and lead were all that was shown to be

present.
Discussion
It has been demonstrated that lead monoxide is only generated on the return anodic sweep,

indicating that for its formation, underlying lead is required, beneath a lead sulphate
protective layer.
In order for PbO formation to proceed, alkaline conditions are required. Ruetschi [20] reports

that lead sulphate films can act as perm-selective membranes, which can become impermeable
to S042- and HS04· ions, and lead corrosion can occur beneath it via the dissociation of
water, precipitation of anodically generated Pb2+ in the form of PbO then takes place.
It was demonstrated in the previous chapter, that in the case of electrodeposits,lead sulphate

has a tendency to form between the deposit and the substrate. In these experiments we have

a conversion of a part of the lead dioxide to lead, which then acts as the new 'substrate',
so that after the fust cathodic sweep is completed, we have a situation similar to the
polarisation of lead in sulphuric acid. When therefore electrolyte accesses the deposit to this
layer of metallic lead, the conditions are set in place for the formation of a passivation
layer.
Part of the reaction taking place beneath the sulphate layer is most likely;
Pb + 20H·

----~

PbO + H20 + 2e
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(5.2)

Fig. 5.11 XRD Pattern ~-Pb02 held at O.OV on the return anodic sweep.
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Fig. 5.12 XRD Pattern of ~-PbOz held at l.OV.
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On the initial cathodic sweep lead is absent and no PbO is detected. It is possible that PbO
could be formed by the reduction of Pb(h on this sweep, but that the amounts are either
very small, or the PbO of a transient nature.
Peak

m

is of a much greater magnitude, comparative to the other peaks, than reported for

studies performed on anodically polarised lead [1-7]. It does not appear that this peak, or
at least the greater part of it, is due to the reduction of PbO. It may result from the sudden
reduction of the bulk of the lead dioxide deposit lying beneath a surface film of lead
sulphate, either a four electron reduction to lead, or a two electron reduction to lead monoxide,
followed by a second two electron reduction to lead.
An electrode that had been subjected to a second cathodic sweep, gave a peak

m

of much

reduced size, approximately a tenth of that on the first sweep, and that had shifted its
location anodically by 50 mV (Fig. 5.14). When this experiment was repeated with the
electrode only taken to 600 mV on the return anodic sweep, i.e. too low a potential for any
lead dioxide formation to occur, peak

m was identical to that seen in Fig. 5.14. Lead

dioxide is no longer available for reduction, as it has been converted to lead, peak

m

on

the second sweep is due to the reduction of a species generated under the lead sulphate.
Peak

m

peak

m has been revealed as actually being a composite of two peaks, at - 820 mV and

was often observed with shoulder on its cathodic side (Fig. 5.15) and on occasion

- 870 mV (Fig. 5.16).
Work by Guo [15] reports two peaks present in this region, at - 800 mV and - 870 mV,
which he assigns to PbO and basic lead sulphate reduction respectively.
Peak 11, the broad peak centred at - 600 mV, which appears as an extended shoulder on
the anodic side of peak

m, or

as a distinct peak, may be related to the reduction of basic

lead sulphates or some Pb(IV) species. There is no mention of this peak in the literature and
the nature of its origins will require further work.
To further investigate the occurrence of the reduction peaks II and
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voltamrnetric runs were carried out on deposits of ~-Pb(h, in electrolytes consisting of
concentrations of sulphuric acid ranging from 0.5 to 5M.
With decreasing acid concentration a cathodic migration of peak
gives the electrode potential of the location of peak

m for

m

is observed. Table 7

the respective acid concentrations.

The decrease in acid concentration to 0.5M, leads to the reduction peak

m seemingly

occurring simultaneously with the PbSOJPb reduction peak (Fig 5.17). In 0.5M sulphuric
acid, the appearance of a new oxidation peak, VI, is also noted on the return sweep. This
peak is located at -600 mV at a sweep rate of I mV/s, but at the higher sweep rate of
10 mV/s, its location varied from between -300 to 300 mV.
It is known that the size of lead sulphate crystals formed in sulphuric acid varies with the

concentration of the acid [21], generally the weaker the acid the larger the lead sulphate
crystals that are formed. Formation of a sulphate layer which will act as an ion selective
membrane, requires that the crystal size be small [20,22]. As the acid concentration is
decreased, the crystal size increases and the 'quality' of the sulphate film is degraded, the
alkaline conditions necessary for lead monoxide or basic lead sulphate formation are therefore
not initiated. The size of peak IV, the PbS04 reduction peak, is seen to increase in size,
relative to the other peaks, as the concentration of the acid is lowered, suggesting a greater
proportion of the deposits are converted to lead sulphate.
For the oxidation peak VI to occur at -600 mV, an alkaline environment is required, as it
must involve the formation of lead monoxide or basic lead sulphate. A sulphate membrane
has therefore been formed, which is why the peak occurs at higher potentials when a faster
sweep rate is used, as its formation will be time dependant.
Scanning Electron Microscopy (SEM) photographs taken at the surface of a

~-Pb02

electrode, polarised in 5M sulphuric acid are shown in Fig. 5.18. Photograph (a) shows the
surface of the electrode taken after the deposit had been swept cathodically to -500 mV.
Photograph (b) shows the surface of a similar deposit removed from the cell at -500 mV on
43

(M)

Electrode Potential
at Peak m
(mV vs Hg/Hg2S04)

5.0

-840

2.5

-860

1.0

-950

Sulphuric Acid
concentration

.

0.5

~

-990

Table 7. Variation of the location of Peak Ill with acid concentration.
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Fig. 5.18a SEM Photomicrograph of ~-Pb0 2 held at -500 mV on the cathodic sweep.
(magnification 2600x)

Fig. 5.18a SEM Photomicrograph of J3-Pb02 held at -500 mV on the cathodic sweep.
(magnification 2600x)

the return anodic sweep.
The lead sulphate crystal size appears much smaller when formed from lead on the anodic
sweep, than when formed from lead dioxide. The sulphate membrane is then able to form
in 0.5M sulphuric acid when oxidation from lead occurs.
Sodium sulphate was added to the electrolytic cell containing 0.5M sulphuric, so as to raise
the S042· concentration to that of 5M sulphuric acid, whilst keeping the pH constant. Peak
VI was no longer evident (Fig. 5.19) and there was a return of cathodic activity prior to the
PbS04fl'b reduction region. The increase in sulphate ion concentration has facilitated the
formation of the sulphate membrane on the initial cathodic sweep by reducing the PbS04
crystal size.
Effects of Further Cycling

Fig. 5.14 shows the voltarnrnogram obtained on the second sweep of a

~-Pb0 2

electrode,

between the oxygen and hydrogen gas evolution regions, in 5M sulphuric acid. A significant
proportion of the lead dioxide deposit has been converted to lead and this remains in place
for the second sweep. The electrodes behaviour is now similar to that obtained from
electrodes formed by anodically polarising lead. Fig. 5.20 shows a voltanunograrn obtained
from a planar lead electrode.
The small oxidation peak VII, at 1.1 V, has been reported by several workers {1-3,6],
although its location has varied from either, to both sides of the Pb02 reduction peak.
Panesar [2] suggested the formation of a tetravalent lead compound, probably a-Pb02, as
being responsible for peak VII. Sunderland [6] working with 0.5M sulphuric acid considered
the peak to be due to an anodic current superimposed onto the lead dioxide reduction peak.
The cause of this anodic activity he assigned to the oxidation of water by a reduced oxide
surface. That is
Pb02 + H+ + e

PbOOH
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(5.3)

Fig. 5.19 LSV of j3-Pb02 in 0.5M H2S04 +sodium sulphate.

02 evolution

II&III?
ElmV vs Hg/HgzS04

2mA

Fig 5.20 LSV of polished lead in 5M HzS04.

0 2 evolution

VII

Ill

ElmV vs Hg1Hg2so,

0·2mA

PbOOH + H20

----~

PbOOH-OH + H+ + e

(5.4)

Hampson and eo-workers [7] suggested that during the excursion into the oxygen evolution
region, a layer of oxygen or some related adsorbed species is produced, disrupting the lead
sulphate layer on the reverse sweep. The desorption of the oxygen exposes parts of the lead
surface, which then require an anodic current flow to produce a passivating film. Their
charge measurements correspond to a monolayer of a species equivalent to Pb2+.
Chang et AI [3) have shown that the size of peak VII is a function of anodization, on
studies of lead in sulphuric acid. Sharpe [23) concluded that the anodic activity in this
region could be represented as a single peak, resulting from the subtraction of the Pb02
reduction peak from the anodic current profile.
Anodic current activity in this region has not been observed in studies of electrodeposited
lead dioxide in contact with an inert substrate and in this study only when underlying lead
has been formed. The anodic current must therefore arise due to the corrosion of lead.
It was shown earlier in the chapter that tetragonal PbO is formed on the anodic sweep ,

beneath alead sulphate membrane. H part of this film is still intact on the next cathodic sweep,
it may possess the ion selectivity required for OH· ions to become localised within the corrosion
film interior.

Electrodes of

~-Pb~

held at 1.35 V on the return anodic sweep, ISO mV anodic of the

Pb02 reduction peak (Fig. 5.13), show only the presence of

~-Pb02,

a-Pb02 and lead.

It has been reported that PbO in sulphuric acid, at these potentials, can be oxidised to
a-Pb02 [24,25], as follows
(5.5)

At this potential, when the sulphate film is removed, any PbO that has formed beneath it on
the anodic sweep is oxidised to a-Pb02. The lead sulphate itself is converted to

~-Pb0 2

the dissolution/precipitation route and this tends to protect the underlying lead from further
corrosion.
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via

To further investigate the conversion of PbO to a-Pb02, an electrode of

~-Pb~

was

repeatedly cycled between the two gas evolution regions. This would allow the PbO
formation to proceed beneath the sulphate film on every cycle. Fig. 5.21 shows the
voltammograms at 5 and 15 cycles. A new anodic peak, vm at 1.1 V and a small reduction
peak IX at 0.53 V are observed.
XRD analysis confirms that peak
a-Pb~, presumely

vm

is due to the appearance of a-Pb02. The reduction of

back to PbO (peak IX), occurs at a potential that necessitates high pH

conditions, indicatiog again, that its location must be toward the interior of the deposit.
The appearance of a-Pb02 is not observed when multiple LSVs are carried out on

~-Pb02

electrodes between the Pb02 and PbS04 regions (Fig. 5.4) as lead is not available for PbO
formation.
From the voltammogram (Fig. 5.21) it can be seen that coincident with the development
of the a-Pb02 oxidation peak, an increase in the area of the Pb02 reduction peak (II) is also
observed. The capacity increases up to 10 cycles, after which it is stable. The presence of
a in previously pure

~-Pb~

has therefore resulted in an increase in discharge capacity, as

opposed to the earlier case of the development of

~

in pure a, which lead to a decrease.

q-PbOz cycled between the Oxygen and Hydrogen Evolution Regions
Severe difficulties were encountered in attempting to study deposits of

a-P~

cycled

between the gas evolution regions in sulphuric acid. Most of the electrodes simply detached
from the gold substrate before completion of even the first cathodic sweep. This combined
with a general tendancy to disintegrate in sulphuric acid meant that reliable potentiodynamic
and XRD data were not obtainable.
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Fig. 5.21 Effect of repeated LSV's on P-Pb02 Electrode.
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CHAPTER 6

A.C. Resistometry
Introduction.

It is well known that in the application of cyclic voltammetry, part of the applied
potential is dropped across ohmic resistance s within the working electrode circuit.
The actual potential experienced at the electrode-electrolyte interphase is given by

Eactual

= Eapplied -

(6.1)

i Rn

Rn can be split into two main components, (a) Rsoh the electrolyte resistance
between the reference electrode Luggin tip and the working electrode. (b) Rmto the
resistance of the working electrode/electrolyte interphase. In many electrochemical
systems Rmt is variable and dependent on Eapplied· which in turn .influences Eactual·
This variation of Rmt is easily visualised when reactions involving a phase change
are considered. However, more generally, structural changes in the _interfacial region
. (roughness, density, porosity etc.) will influence Rmt in some way as Eapplied is
changed.
A technique for the measurement of Rmt (Eapplied) is therefore very desirable,
particularly as a supplementary technique to cyclic voltammetry which provides
. primarily only Faradaic data.
Deutscher et a! [1] have described a technique of "cyclic resistometry" which uses
repetitive square wave pulses of current to measure the open-circuit resistance. A
number of drawbacks can be visualised with this type of measurement. In particular
the frequency of perturbation is fixed, thus if the choice of frequency is too high
· any inductive component in the system will be recorded as part of the magnitude of
the impedance. Similarly at too .low a frequency the double layer capacitance or even
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Faradaic components will be included in the measurement. This can be best
visualised by considering the simple equivalent circuit due to Randles [2] and
corresponding complex plane plot(seeFigsA.lOand A.ll). In addition, when a
square wave is employed, higher frequency components, in particular the harmonics,
will emphasise the effects of any inductive components in the system. This can be
seen in the potential response recorded by Deutscher [1] which is not that of a pure
resistance.

In the course of this study on the polymorphs of lead dioxide an A.C. technique

has been developed which gives a good measurement of Rn, with the apparent
exclusion of any non-resistive effects, by maintaining a frequency such that the
current and potential have a minimum phase difference (ideally zero).

Theorv

1f we assume that the electrochemical system can be represented by the simple
equivalent circuit of Fig. 6.1, where Rn is the ohmic component,

Rct is the charge-

transfer resistance and Cdl the double layer capacitance. Rn comprises two
components, Rsol the resistance of the electrolyte solution between working and
reference electrodes and Rmt the interfacial

resistance of the working electrode.

Simple theory shows that the impedance of this circuit will be given by

jroCdlR!
2
1 + ro2C 2dlRet

(6.2)

where ro is the angular frequency. This implies that in order to extract Rn, Z
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Rn = Rsol + Rint

Rct

Fig. 6.1 Simple equivalent circuit.

should be measured at infinite frequency. Unfortunately not only is infinite frequency
unattainable but inductive effects may manifest themselves at high frequencies.
Therefore there exists an optimum frequency which is as high as possible before the
impedance Z becomes inductive. To find this optimum frequency we shall assume
that all stray inductive effects may be represented by a single inductance L, so that
equation 6.2 becomes

+ jroL

(6.3)

For large ro, Z is approximated by

z - Rn - _j_ + jroL

(6.4)

~

the optimum frequency will be where the impedance becomes totally real and equal
to Rn,
1
i.e. when - - = roL, so that
~

(6.5)

This frequency ro0 pt may be found by tuning until the reactive component of the
impedance becomes zero.

Upon sweeping the potential Cdl will change and hence so will OOopt· A feedback
system therefore, must be employed to continuously adjust the frequency, so that the
condition of equation 6.4 is always maintained. Thus the impedance is always purely

50

real and equal to

Rn.

This provides a simple method of determining

Rn

as a

function of potential.

From equation 6.4 it can be seen that if the inductance L is assumed to be
independent of potential and Cllopt is monitored during the sweep then the doublelayer capacitance, Ccn, can be extracted as a function of potential. In the results
presented however, the analysis is limited to that of Rmt versus potential. A further
treatment of the theory of a.c. impedance is given in the Appendix .

Technique. Results and Discussion

The equipment used in these experiments comprised a Solartron 1186 Electrochemical
Interface and Thompson DRG 16 function generator, two Ortec 9412 phase-sensitive
detectors with associated 9454 a.c. amplifiers and a voltage controlled oscillator
(Brookdeal Signal Source Type 471) with the necessary analogue feedback circuitry.
Fig. 6.2.
Potentiostatic control and potential sweep were achieved in the usual manner. A
sinusoidal perturbation of 3.16 mV r.m.s. from the v.c.o., was superimposed on the
d.c. control level by means of the summing input on the potentiostat. Both the
potential reference signal and the current signal were derived from the potentiostat
output and fed via the ac. amplifiers (filtering low frequency and d.c. components),
into the phase-sensitive detectors.
One p.s.d. (A), was used to provide a voltage signal proportional to the phase
difference between applied potential and resulting current. This signal constituted the
input to the feedback control loop which in turn provided the necessary control
tuning for the v.c.o. The second p.s.d. (B) was used in its 'normal' mode to
output a signal proportional to the magnitude of the in-phase component of the
current. It was this signal which represented the conductance or reciprocal Ro value.
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Fig. 6.2 Analogue Control Equipment.
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The system chosen to be the object of this study was

Pb/PbS04/Pb~,

starting with

electrodes of pure lead and sweeping anodically through lead sulphate to lead
dioxide, then back cathodically to lead. As was seen in Chapter 5 this system
exhibits phase changes when cycled through its redox potentials and therefore shows
distinct .. interfacial resistance (Rint) changes. In addition, 5M H2S04 is highly
conductive and provides little or no significant contribution to Rn in the form of
Rsol· Rint can therefore be determined without recourse to a number of

measurements at different working electrode to Luggin capillary distances.

The feedback circuitry employed at this stage is very crude, utilising as it does
simple proportional/integral/differential (PID) error detection circuitry, this results in a
loss of stability at faster sweep rates. For this reason, only a slower sweep rate
( 1 mVIS) is presented.

Fig. 6.3 shows a resistogram and its corresponding voltammogram, recorded at a
sweep rate of 1 mVIS in 5M sulphuric acid versus a Hg/HgzS04 reference electrode.

On the anodic sweep of the resistogram little is observed until -400 mV, the region
of lead to lead sulphate oxidation, where a sharp rise in resistance is noted. An
inflexion point is seen at about -150 mV and a plateau is reached at 300 mV. This
resistance remains constant until approximately 1050 mV where a rapid drop, again
with an inflexion, is observed. This is the region where the resistive layer of lead
sulphate is oxidised to lead dioxide. On the retnm cathodic sweep a steady rise in
resistance commences at approximately 1300 mV, and continues in a linear manner
until -850 mV. This would seem to represent the formation and subsequent
thickening of a lead sulphate layer, until its eventual reduction to lead metal at
approximately -900 mV.
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Fig. 6.3 Cyclic Voltammogram and corresponding Resistogram
of the Lead/Lead Sulphate/Lead Dioxide system

IlOmA
-l.lV to 1.6V (Hg I HgzS04)
Sweep Rate lmV s-1

Comparison of the resistogram to the voltammogram shows that in regions
apparently devoid of electrochemical activity (e.g. between the Pb/PbS04 and
PbS04/Pb02 oxidation regions), resistommetry allows observation of some of the
non-faradaic processes occurring.

Attempts to utilize resistommetry with respect to the case of electrodeposits of lead
dioxide have so far proved unsuccessful, as the PID detection circuitry proved to
have insufficient stability when the kinetics of the phase-change processes are
accelerated. It is intended that any future work will include the use of a digital
algorithm. This should ensure a better match of feedback control to the appropriate
electrochemical environment
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3.1. (1986) 585.

CHAPTER 7

Final Summary
It was shown in Chapter 4 that a conversion of cx-Pb02 to

~-Pb02

is observed when

electrodeposits of the former are subjected to galvanostatic cycling in sulphuric acid
(5M). This is in agreement with the work of many researchers (see Chapter 1). Results
of X-ray diffraction and X-ray powder diffraction experiments however, revealed that the
actual amounts of the beta polymorph formed are very small, being unresolveable, to
powder diffraction of the electrodeposits as a whole, as opposed to X-ray diffraction
directed on to the faces of the deposits.

In the actual lead acid battery positive plate situation reduction in the levels of alpha

lead dioxide of 50% is accepted as the norm, the disparity between this and the levels
of conversion seen with electrodeposited dioxide are explained by the formation of
passivating sulphate films, on the surface and along cracks and fissures in the deposit,
that render the vast bulk of material inaccessible to electrolyte. The essentially nonporous nature of the electrodeposited dioxides permits such behaviour, whereas the pores
found in the positive active material of a positive plate would largely prevent it

The study of the potentiodynarnic conversion products of electrodeposited lead dioxide in
sulphuric acid revealed that the presence of metallic lead is required for the formation of
lead monoxide, and that the formation of a sulphate film or membrane above it, is
required to create the alkaline conditions necessary. Further, it was shown that formation
of alpha lead dioxide in deposits of the beta form is dependent upon the presence of
this lead monoxide.

The voltammetric peak assigned to the reduction of lead monoxide by other workers
[1-7] in studies on lead in sulphuric acid (Peak III), is suggested to be a composite
peak, with possible contributions from the reduction of lead monoxide, lead dioxide and
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basic lead sulphates. The cathodic migration of this peak in progressively weaker
concentrations of sulphuric acid, and its return on addition of sulphate ions, suggest that
its formation is dependent on the creation of a sulphate membrane.

The novel technique of A.C. Resistometry was introduced in Chapter 6, used in
conjunction with cyclic voltammetry this offers the possibility of observing the nonfaradaic processes occurring in potential regions apparently devoid of electrochemical
activity. The instrumentation nsed in this technique is still at a fairly crude stage and it
is likely that any future work will involve a digital algorithm.
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APPENDIX
THEORETICAL PRINCIPLES

!.The Electrode-Electrolyte Interface
An interphase is that three dimensional transition region between two phases in which
the properties have not yet attained the characteristics of the bulk of either phase.
The structure of the electrode-electrolyte interphase is of paramount importance in
establishing the manner and direction of the reaction occurring in this region. The
"electrochemical double layer'' is an arrangement of two layers of charges and orientated
dipoles making up the interphase region at the boundary of an electrolyte, and which
thus acts as a capacitor. This interphase is typically found between a metal-solution
boundary and is usually of the order of a few angstroms across.

The earliest model proposed to describe the double layer was given by Helrnholtz [1],
and was a simple one; he suggested that it was a layer of ions at the solid surface and
a rigidly held layer of oppositely charged ions in solution, and is therefore equivalent to
to a simple parallel plate capacitor. Fig. A.l. For this model to hold the separated
charges at the interphase must be in electrostatic equilibrium, there must be no transfer
of charge in either direction across the interphase with changes in electrode potential
and the charge in the solution near to the electrode interphase alters with variations in
electrode potential. Such an electrode, that fulfllls the above criteria is known as 'ideally
polarisable'.

Basically the Helrnholtz model is inadequate because it fails to take into account that
the thermal motion of liquid molecules will not sustain a rigid array of charges at the
interphase, therefore a more sophisticated model is required to describe the double layer.
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The Helmholtz Model

Electrode

Electrolyte

Fig. A.l The Helmholtz Model.

Gouy [2] and Chapman [3] proposed a theory of a double layer with a statistical
distribution of ions in the electric field. This theory takes into account the thermal
motion of the ions and the presence of ion pairs in the electrolyte. The greatest
concentration of excess charge is adjacent to the electrode where electrostatic forces are
most able to overcome the thermal processes, and progressively less concentrations of
charge are found at greater distances, as these forces are weakened. Fig. A.2. The
Gouy-Chapman model has a serious defect, in that it fails to take into account the size
of the ions, treating them as point charges, which can therefore approach to within very
small distances of the electrode surface. This leads to very high values for the charge
concentration in the immediate neighbourhood of the interphase. The theory does predict
that capacitance varies with potential, but the experimental values are much smaller than
the theoretical ones.

In 1924, Stern [4] proposed a hybrid of a modified Helmholtz and Gouy-Chapman

theory (Fig. A.3). He pictured an adsorbed layer of ions having finite sizes, and others
approaching the electrode only to within a certain critical distance. The double layer
can be divided into two zones, a region close to the electrode of high field and low
dielectric constant, with a row of fmnly held ions, and a diffuse layer extending from
the plane of closest approach to the bulk of solution.

A modified Stern model postulated by Graharne [5] in 1947 took into account the
presence of dipoles due to water molecules at the double layer. He proposed that the
Helmholtz fixed plane could be divided into two regions. The Iuner Helmholtz plane
consisting of specifically adsorbed ions, which have lost some of their water of
hydration, and are thus closest to the electrode surface, and the Outer Helmholtz plane
consisting of normally hydrated ions at their distance of closest approach to the surface,
Fig. A.4. This model of the double layer can therefore be looked upon as two
capacitors counected in series.
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The Gouy-Chapman Model

Electrode

Electrolyte

Fig. A.2 The Gouy-Chapman Model.

The Stem Model

Electrode

Electrolyte

Diffuse Layer
Helmholtz
Layer

Fig. A.3 The Stern Model.

The Grahame Model

Electrode
Water Non Hydrated Ions

Electrolyte
Hydrated ions

Inner

Outer

Diffuse Layer

Helmholtz
Double Layer

Fig. A.4 The Grahame Model.

1
-1 - - +
CL - CrVted

where:

1
Cwrruse

(A.1)

CL = overall double layer differential capacitance
Ctixed = differential capacitance corresponding to the fixed layer.
Cwffuse =differential capacitance corresponding to the diffuse layer.

In concentrated solutions, Cwffuse will be large since many ions will require much

energy for reorientation, therefore 1/Cwrfuse will be very small and can be neglected,
hence at high concentrations the differential capacitance represents the fixed double layer
almost exclusively. In dilute solutions, Cwrruse will be small and therefore 1/Cdiffuse will
be large and now dominate 1/CL, so that CL represents the behaviour of the differential
capacitance due to the diffuse layer.

This model was improved by Devanathan, Bockris and Muller [6] who went on to
consider the dielectric properties of the species of the Inner and Outer Helmholtz
planes. They suggested that adsorbed solvated cations remained outside a layer of
strongly orientated solvent dipoles. The inner solvent layer is penetrated by specifically
adsorbed anions. The water molecules are thought to be adsorbed with their dipoles
orientated in such a fashion that their negative poles are either pointing towards or
away from the electrode surface, depending on the potential.

The majority of the work on the theory of the double layer since this concept was
proposed, has been concerned with the compact layer and the orientations behaviour of
the water molecules therein [7-9].

Cooper and Harrison [10-14] questioned the splitting up of the double layer into a
concentration independent compact layer and a diffussion region. They suggested that
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the double layer be treated as a single entity with no regard to the concepts of inner
and outer planes, compact planes or contact adsorption. The structure of the double
layer is considered to arise specifically from the differences between anions and cations
in the aqueous solution and the net distributed charge acts at a mean distance from the
electrode.

2. The Charge Transfer Process

The equilibrium of an electrode reaction is characterised by the Nernst equation, which
links the electrode potential to the bulk concentrations of the reactants.
In the general case:

kr

O+ne - - R

(A.2)

where: kr =the forward (cathodic) rate constant.
kb = the reverse (anodic) rate constant
n = number of electrons.
the equation is

(A.3)

For any theory of electrode kinetics to be valid it must predict this result for
corresponding conditions. It must also explain the observed dependence of current on
potential under varying conditions.

Electrode processes are heterogeneous chemical reactions which occur at the electrodeelectrolyte interphase and are accompanied by the transfer of electric charge. The
reaction involves the transfer of electrons as represented in equation A.2.
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As a result of this charge transfer, electrical current is generated At a fixed potential
the cathodic and anodic currents are given by:

ir = nFktCo(o,t)

(A.4)

ib = nFkbCR(o,t)

(A.5)

where: ir = cathodic partial current density
ib = anodic partial current density

Co =

concentration at the electrode surface of oxidised species 0.

CR = concentration at the electrode surface of reduced species R.

The dependence of this reaction can be better understood if transition state theory is
considered. The change in free energy for both the anodic and cathodic reactions is
shown in Figure A.5. At an electrode potential of zero volts, .6.0~, and .6.0~a will
correspond to the activation energies of the forward and reverse processes. If the
electrode is polarised to a new potential of value, E, the overall change in free energy
is given by:
.6.0 = -nFE

(A.5)

At equilibrium, the standard Oibbs free energy is given by:
.6.09
where

= -nFEe9

(A.6)

E: is the standard equilibrium potential.

Following this potential shift the energy required for the forward process is greater than
for the reverse. The manner in which the energy is divided between these two
processes can be seen from the following equations:

For the forward reaction

.6.0~ = .6.0~ + anFE
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(A.7)
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Fig. A.5 The effect of potential on the free energy of activation for oxidation and reduction.

and the reverse reaction
~G

#

#

a = ~G oa - (1-a)nFE

(A.8)

If we assume that the rate constants kr and Iq, are of the Arrhenious type then:

kr =Are

-~diRT
c

(A.9)

and

-~G#/RT
kb = Abe

a

(A. IQ)

If we expand these equations in terms of the activation energies we obtain:

(A.ll)

and

(A.l2)

Thus it can be seen that the above rate constants have both a potential dependent and a
potential independent term. The latter term is equal to the rate constant at zero potential
and is designated by either kr0 or kb0 •
Therefore:
kf

li- _o -anFE/RT
= .,
e

(A.l3)

and
(A.l4}
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For an electrode interphase in equilibrium with a solution:

(A.l5)

Co* and

CR * are the bulk concentrations, therefore:

(A.16)
and
(A.17)

0

The rate constant k is known as the standard or intrinsic rate constant

Referring to equation A.13 and A.l4, it can be seen that when the potential is
equivalent to the standard potential i.e. E = E0 , then kr = kb = k0 •
The potential independent term can now be removed:

(A.l8)
and
(A.19)

It is desirable in the field of electrochemistry to deal in terms of current, rather than

rate constants, as the former can easily be measured directly. This current is however
only the net current.

(A.20)
and as
i = nkC

(A.21)

equating A.18 and A.19 with the previous two equations we obtain
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i = nF{ ko -anF(E-E'11RT
ko (l-a)nF(E-E'11RT
}
e
Co(ot) e
CR(ot)

(A.22)

which is known as the Butler-Volmer equation. Under conditions where the solution is
well stirred and/or the current density is low, the equation can be simplified

· =nFkoC{ e-anF(E-E'11RT - e (l-a)nF(E-E'1!RT}

1

(A.23)

Under these conditions, as the standard potential is equal to the equilibrium potential i.e.
0

E

= Ee, therefore

E- Ee is the overpotential 11· The exchange current which is the

partial current in either direction, i.e.

(A.24)
is given by

(A.25)
substituting for i0 in A.23
.

. { e-anF111RT - e(l-a)nF11/RT }

1=10

(A.26)

which is known as the Erdey-Gruz and Volmer equation [15].

Equation (A.26) can be simplified in one of the following ways:

(a) Large Overootentials
The Erdey-Gruz and Volmer equation can be used as a limiting equation under
conditions where the overpotentials are greater than or equal to lOOmV. As before
(A.27)
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and if the electrode is sufficiently polarised the rate of the reverse reaction is negligible

in comparison to that of the forward reaction, and ir >> ib so
i = ir

(A.28)

.

(A.29)

and
1

. -anFniRT
= toe

taking logs
.
.
Im= 1m0

anFn

(A.30)

---

RT

rearranging
RT-In. t oRT
11=
- - lni
anF
anF

Cathodic form

(A.31)

Anodic form

(A.32)

and
11 =

RT lffio - RT lni
(1-a)nF
(1-a)nF

The two above equations constitute the Tafel relationships [16).

(b) Low Overpotentials

When the overpotential is very low, the Erdey-Gruz and Volmer equation can be
expanded using the first two terms of the series ex = 1 + x:

(A.33)
so
.

1

=

i 0 nF

RT

(A.34)

11

which as 11/i = the charge transfer resistance, Rct• leads us to

RT
Rct = - nF i 0

(A.35)
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The value of i0 can be obtained from the values of charge transfer resistance at low
overpotentials or from measurements taken at high overpotentials by extrapolation of 11
versus i plots to the equilibrium potential.

Returning to the Butler-Volmer, A.22, when an electrode is at equilibrium the rate of the
forward reaction will be equal to the backward reaction, hence as no net current flows
or_
-anFn/RT
Fkoe
(1-a)nFn/RT
nFk '"V(x,t)e
= n
R(o,t)e

(A.36)

therefore
Co(o,t) =

Co•

(A.37)

•

(A.38)

and
eR(o,t) = eR
Substituting into equation A.36

nF(Ee- E<)!RT _
e
-

Co•
eR

(A.39)

•

Taking logs and rearranging

•

o
RT ~
Ee=E +-pin
•
n
eR

(A.40)

which has returned us to the Nemst equation in terms of formal potential.

Even though the net current at equilibrium is zero, there is still a balanced faradaic
activity in the form of the exchange current

io. this

being equal in magnitude to either

ic or i3 • If both sides of equation A.39 are raised by the power -a, then:

•

-anF(Ee - E<)!RT _ [ Co ] -a
e
•
eR
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(A.41)

on substitution of equation A.41 into

.

0

~o=nFk

•

-an(Ee- E')!RT

Co e

(A.42)

we obtain:
.
FkoC .(1-a)C •a
Jo=n
0
R

(A.43)

The exchange current is therefore proportional to k0 and is often substituted for it in
0

kinetic equations. k can be interpreted as a measure of the kinetic capacity of a redox
couple. A system of large k0 will achieve equilibrium quickly, whereas a smaller value
will take longer. A thorough treatment of this is given by Vetter [17,18].

3. Mass Transport Effects

A species that is formed due to electrode reaction and passes through the
electrode/solution interface, causing a disturbance in the concentration, results in diffusion
to or from the electrode to counter this. The ultimate effect of this is to hinder current

flow. It is therefore necessary to consider mass transfer as well as charge transfer
when trying to design a model for any electrode reaction

An electrode process whose electron transfer kinetics and associated chemical reactions
are all very rapid in comparison to the mass transport effects, has then a rate of
reaction which is governed by the mobility of the electroactive species.

The three modes of mass transfer which are normally encountered are migration,
convection and diffusion.

(a) Migration
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Mass transfer by means of migration is the result of the forces exerted on charged
particles by an electric field. This is treated as being negligible with excess of
electrolyte.

(b) Convection
Natural convection occurs spontaneously in any solution that is undergoing electrolysis.
This occurs due to the differences in density which develop near to the electrode
surface. It may also be caused by way of thermal or mechanical disturbances.

(c) Diffusion
Whenever differences in concentration are present in a solution, diffusion will occur. As
a concentration gradient is initiated, diffusion occurs to some extent in every electrode
reaction.

In a solution free from migration and convection, in which linear diffusion occurs, we
consider a volume element ox, at a distance x from the electrode surface of area A.
Fick's first law of diffusion states that the number of moles of an oxidised species 0,
which diffuse past a given cross-sectional area A in time dt, is proportional to the
concentration gradient of the diffusing species. That is

dN
dt

= Do A OCocx,O

(A.43)

ox

Where OCocx,O is the concentration gradient and Do is a proportionality constant known
ox
as the diffusion coefficient. A slight rearrangement of this gives :

dN _ D OCocx,O
Adt- 0
ox

(A.44)

The left hand side of this equation is known as the flux (q), and is the number of
molecules diffusing through a unit area per unit time.
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!~ = flux

= q = Do

7:·

0

0

(A.45)

During electrolysis the concentration of 0 in the volume element dx decreases, therefore

oCorx.Q = [Number of moles entering- Number of moles leaving] (A.46)
ox

in time t, therefore

oCorx,O = (x+ dx)- gx
q
dx
ox

(A.47)

therefore

oCorx.O = 0q

ox

as dx ----> 0

ox

(A.48)

Referring to Fick's first law again (equation A.45), and differentiating with respect to x:

(A.49)

If we then substitute for

~

in equation A.48, we obtain:

Corxo

(A 50)

ot

This equation is known as Fick's second law and shows how Co varies with time. In
solving this equation (A.50) for a given set of boundary conditions, we are able to
detennine Co(x,t) and thus the onset at anytime after the initiation of electrolysis can be
calculated.

The given boundary conditions for the solution are:

70

(i) Co(o,t) = 0 at t > 0
(ii) Co(x,t) --->

c0

00
,

as x --->

oo

(iii) Co(o,t) = Cooo at t < 0

Where Cooo is the concentration of 0 in the bulk and Co(o,t) is the concentration at
the electrode surface.

The expression for the instantaneous current at a planar electrode finally becomes:

i -

nFAD 05 C
0

lt0.5{5

0

oo

(A.51)

This is the Cottrell equation and it states that the diffusion limited current of a planar,
stationary electrode is inversely proportional to the square root of time.

4. Electrocrvstallization

Crystal formation of a deposit on the surface of an electrode proceeds via two distinct
stages. Firstly, there is the incorporation of an atomic species into the crystal lattice. In
order for this to occur a dislocation or kink site must be available for the species to
adsorb to. The second stage is the subsequent thickening of the layer to form a
macrodeposit, this occurs by growth at the peripheries of formed nuclei.

The derivation of equations to predict the current-time response of a nucleation and
growth process requires a number of assumptions to be made.

(a) Edge effects are neglected.
(b) Potential application leads to the formation of discretely centered nuclei that grow
laterally across the electrode area. The growth area itself may be modified by overlap
of nuclei.
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(c) The current is proportional to the area where growth occurs.

Two Dimensional Nucleation and Growth
(1)

Without Diffusion

(i)

Growth of Isolated Centres

When a potential pulse is applied, nuclei form with discrete centres, either
instantaneously or progresively with time [19]. The characteristic current-time curves in
the early stages of nucleation before overlap occurs, are determined by simple geometric
arguments for one nucleus:

i

= nFkA

(A.52)

Where k = rate constant

A = area on which material is deposited

The current is also equal to the rate of change of accumulated charge with time on the
surface. Using Faraday's Law,

.
1

nFpdV
= nFkA = M dt

(A.53)

Where p = density of the deposited material
M = molecular weight of the deposited material
V

= volume

of the deposit

By expanding the derivative

.
1

~~

with respect to the radius r.

p (dV)@
= nFM (dt) (dt) = nFkA

(A. 54)
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Using a cylinder as the model for the growth of a single two-dimensional nucleus, the
height of the nucleus is taken as h and

A = 21trh

(A.55)

(A. 56)

Substituting for A and V in equation A.54
dr Mk
dt =

p

Assuming that at r

=0

then t

(A. 57)

= 0, equation

(A.57) can be integrated with respect to

time. to give the time dependence of the radius of a single nucleus,

Mkt
p

r=-

(A.58)

Substitution for r in equation (A.55), followed by insertion of A into equation (A.52)
gives the current for the growth of a single centre as a function of time
21tnFk1IMt
i = =!!!..!!..::;=

(A.59)

p

As a large number of nuclei will be present on the electrode surface at a given time,
the factor N0 , the total number of nuclei for the simplest case of instantaneous
nucleation is introduced. Assuming that no new growth centres are generated after the
application of the potential equation (A.59) becomes

i = 21tn N0 Fk1I M t

p
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(A.60)

which is the total current for instantaneous nucleation and predicts a linear relationship
between i and t. A more realistic model supposes that nucleation and growth occur
simultaneously, that is progressive nucleation [20]

N = N0 (1 - (exp -Zt))

(A.61)

where N = number of nuclei at any one time

Z = nucleation rate constant

Differentiating equation (A.61) with respect to t and acknowledging that at short times
N << N 0 , then the differential

':i: is given by
dN

dt = N0 Z

(A.62)

As nucleation and growth occur simultaneously the resulting current at time t after the
initiation of deposition is given by

(A.63)

where u is the age of the nucleus. Substituting equations (A.59) and (A.62) into
equation (A.63) the total current due to simultaneous growth and nucleation (progressive
nucleation) is obtained:
2

2

i = 7tnFk hMNgZt

p

(A.64)

Similar equations for other types of geometry are given by Harrison and Thirsk [19].
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(ii)

Overlap of Growth Centres

Equation (A.60) and (A.64) predict that the current obtained is infinite with time, this
will not be the case, as overlap of neighbouring centres will occur during the
deposition.

Avrarni [21-23] has shown that when growing centres overlap randomly, then

S1
where Slex = m

2

=I-

(A.65)

exp (-Siex>

and is the top area of an isolated nucleus, and S1 is the actual area

when considering overlap.

For instantaneous nucleation Slex will be
2

(A.66)

Slex = Nom
and for progressive nucleation

Slex

= 7t

f

t

0 r(u)

2(dN)
dt t-u du

(A.67)

Substituting for r from equation (A.58)

(instantaneous)

(A.68)

and
(A.69)
Substitution into equation (A.65) gives

(A.70)
and
(progressive)
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(A.71)

For circular two dimensional nuclei, the volume per unit area of total surface is
V = S1 h and if equation (A.53) is utilised then the following expressions for
potentiostatic transients are produced:

.
1

2

2 22

= (2nFJt.Nohk Mt ) exp ( -ltNJI:2 M t ) ("mstantaneous)
p
p

(A.72)

and

.

2

2

2

23

(nF1t.N0 Zhk Mt )
( -JtNoZk M t ) (p
. )
1 =
exp
rogress1ve
2
p
3p

(A.73)

Figure A.6 gives the characteristic shapes of equations (A. 72) and (A. 73) when plotted
in non-dimensional form. The maximum current (im) and maximum time

(tm)

are

obtained by differentiating equations (A.72) and (A.73).

For short times the current increases linearly with time (instantaneous nucleation) or
time squared (progressive nucleation) because the exponential terms in both cases are
approximately equal to one. At long times (t > tmax> the exponents dominate, and In i
varies linearly with t2 (instantaneous) or

e (progressive).

Only rarely is the formation of a true monolayer observed, usually the production of
successive layers is seen. Multilayer deposition has been studied in depth [24-27], and
it has been discovered that the limiting value for the current is reached after four or
five monolayers.

(b) With Diffusion

Considering a nucleus that grows by diffusion, two dimensionally and without overlap,
the radius (r) at time (t) has been shown [28] to obey the following equation:
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Instantaneous .

1.0

1.0

Progressive

1.0

1.0

Fig. A.6 Characteristic shapes for Instantaneous and Progressive growth.

r

=0

(Dt) 0·5

(A.74)

where 0 is a constant detemrined by the potential, the molar mass and the density, and
D is the solution diffusion coefficient.

Using Avrarni's treatment [21-23], the following expressions are obtained:

i

= '!m1t02 D exp (-1t02DN0t) (instantaneous nucleation)

and

2

i

2

= qm1t0

DNoZt exp ( -1tE>

2

~NoZt

(A.75)

.

) (progressive nucleation)

(A.76)

where '!m is the charge for the monolayer.

(2) Three-dimensional model
Three-dimensional growth is characterised by layer-by-layer growth. Fig. A.7 shows the
three-dimensional model used by Armstrong [29], he described the growth of circular
cones, where the rates of advance are defmed as V1, V2 and V3. Considering a section
at distance x from the surface and of height dx growing horizontally, then assuming that
the nuclei are randomly distributed on the surface and that the Avrarni equation can be
used to describe the interaction of sections at the height x, then the current due to a
layer comprising all the cylinders of height dx can be written

i

= f(x) dx = 2nFN0Mkt 2 (t- Vx) exp
2

2

2

[-JtNok} M (t- Vx

p

2

YJ

dx (A.77)

for instantaneous nucleation, where V2 is the growth velocity perpendicular to the plane
and k1 is the rate constant parallel to the plane. Integration and substitution of V2 by
the related rate constant k2 gives

77

X

(i) Growth of circular cones on an inert substrate.

v2

(ii) Growth of circular cones on a substrate of the same material.

v2

i

(iii) Current only flows into the uncovered area (passivation).

Fig. A.7 Three Dimensional Growth Model.

(A.78)
At short times the current is given by

i

=

(A.79)

Equation (A.80) is obtained for progressive nucleation:

(A. SO)
This model can be used to explain the passivation of an electrode. The species has to
spread from the electrode to the nucleation centres in order to increase expansion. If
the species is considered to pass through only the uncovered electrode area, as time
approaches infmity, the current reaches zero. By assuming that the velocity of advance
0/2), perpendicular to the electrode, is proportional to the uncovered surface area, then
equation (A.80) is obtained for progressive nucleation.

(5)

A.C. (Alternating Current) Impedance

Introduction
The kinetic parameters related to a certain electrode can be evaluated to give a better
understanding of its reaction mechanisms via the study of its a.c. impedance
characteristics. It is possible to examine simple charge transfer processes as well as
more complex ones involving species adsorption, and chemical reactions that occur
before or after the charge transfer process.

With normal electrochemical techniques, the voltage applied to a cell is kept constant
during the current measurement.· For the a.c. method, an alternating voltage (v) of
relatively small magnitude (3mV) is superimposed onto the potential difference, so that
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the current contains an alternating component of amplitude i. When the amplitude of v
varies sinusoidally with time (t), and with frequency (f), then the following expressions
are obtained:

= 21tf

CO

(A.81)

where ro is the angular frequency,

v

= Vmax sin.rot

(A.82)

i

= Imax sin.(rot- cjl)

(A.83)

and

and
Z

= imax
max

arg (cjl)

= [z] arg

where Z is the impedance of the cell and

<1>

<1>

(A.84)

is the phase angle between the current and

the voltage.

It has been observed that when a voltage is applied to a capacitor, or inductor, a phase
change is seen in the current. In the case of a capacitor, the current leads the voltage
by 90°, for an inductor the voltage leads the current by 90o. Argand diagrams have
been used to denote real and imaginary impedances in the form of "complex plane"
plots (also known as Sluyter's plots), where a large amount of information is easily
obtainable. Convention decrees that capacitive reactance is plotted negatively (in the
fourth quadrant), in electrochemistry where reactances are mostly capacitive, it is
however, customary to use the first quadrant (by multiplying the reactance by -1).

Complex numbers are used to represent impedances, using the j notation to represent

90° phase shifts, this greatly increases the ease with which equations involving disparate
entities can be manipulated.
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Z

= R+jX

(A.85)

where R is the resistance
X is the reactance
j is the square root of -1.

Cell Impe<lance
Considering a cell which consists of the Helrnholtz double layer, it can be envisaged
that an equivalent electrical circuit would be made up of a capacitance and a resistance
in parallel (Fig. A.8), where Cdl is the capacitance of the double layer and R its
associated resistance. This equivalent circuit gives an impedance plot in the complex
plane, Fig. A. 9.

The first to calculate the a.c. impedance of a cell, without a contribution from the
double layer capacitance, was Warburg [30,31]. Randles [32] combined the model for the
double layer capacitance with Warburg's model for a.c. impedance, obtaining a model
for the whole electrochernical interface. This model gives a good approximation for fast
electrode reactions, one step redox reactions in galvanic cells. The equivalent circuit is
shown in Fig. A.lO, and a typical impedance plane diagram in Fig. A.ll.

R801 is the solution resistance,and

Rct

is the charge transfer resistance, which represents

the activation polarisation of the electrode reaction (also related to the rate of reaction).

Zw

is the Warburg impedance and it represents the impedance to a.c. due to charged

species diffusing to and from the electrode.

Using Pick's second law of diffusion, Warburg showed that with appropriate boundary
conditions:

Z

= crro-0·5 - jcrro-1J.S
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(A.86)

Fig. A.8 Helmholtz equivalent circuit.

Impedance Plot for Simple Double Layer System

Decreasing Frequency

.,

Z"/0
(Reactive
Impedance)

Z'/0
(Resistive Impedance)

Fig. A.9 Graph of Impedances for Simple Double Layer System

-------------------------------------------------------,

Rct

Zw

..

Fig. A.lO The Simple Randles Circuit.

SluyteJSComplex Plane Plot

Z"

I
I

,

I

I'

\

\
\
Rsol

Fig. A.ll Sluyter Complex Plane Plot

+ Rct

Z'

Where cr is the Warburg coefficient, at equilibrium:

(A.87)
and

(A.88)

Where ksh is the standard heterogeneous rate constant.

It is important to note that these equations only hold at equilibrium potentials, at other
values equations (A.87) and (A.88) must be modified to allow their use in terms of
bulk concentrations [33,34].

Sluyters [35] and Sluyters-Rehbach [34] interpreted the total cell impedance in terms of
Rg, Cctl• Rct and cr, and represented the frequency dependent impedance of a simple
electrode by plotting the impedance as a vector in the complex plane. This procedure
involved plotting the real component of the cell impedance Z', against the imaginary
component Z", as a function of some varied parameter, for example, frequency, d.c.
potential or concentration.

From Randles circuit the cell impedance is given by:

Z

= Rsol

+

1
------,(---!:'---------....,....)

iroCdl +

1

Rct + crro-0.5 - icrro·o.

(A.89)

5

After separation of the real and imaginary parts of Z

Z=Z'-iZ"
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(A.90)

is obtained. Where Z' and Z" are given by

(A.91)

and

Z" = roCdl (Rct + crro .o.s) 2 + cr 2Cd 1 + crro .o.s
(crroo.scdl + 1)2 + ro2Cdi2(Rct + crro·o.s)z

(A.92)

At low frequencies, the effects of the double layer capacitance can be neglected and the
impedance Z can be written as:

(A.93)

The impedance tends to Zw (Warburg impedance) and when plotted on the Argand
diagram gives a straight line of 45° gradient (Fig. A.l2).

At higher frequencies and with near irreversible reactions, the concentration polarisation
can be neglected and equation (A.90) becomes

(A.94)

Fig. A.13 shows a Sluyters plot. It takes the form of a semicircle and is due to

Rct

and Cdl acting as a parallel resistance aod capacitance, which is shunted along the real
axis from the origin by the ohmic resistance of the electrolyte (R801). Cdl can be
calculated using the frequency at the top of the semicircle:

(A.95)
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Impedance Plot in the Complex Plane
Diffusion Control

Reactive
Impedance

Z'/0.

Rsol

Resistive Impedance

Z'/0.

Fig. A.12 Warburg impedance due to diffusion.

Impedance Plot in the Complex Plane
Charge Transfer Control

Decreasing Frequency
(l)

.,.

= 1/Rct en

Z"/Q

ro=O

Reactive
Impedance

J
Z'/Q
Resistive Impedance

Fig. A.13 Sluyters plot of charge transfer controlled impedance

In a Sluyters' plot it is usually observed that the diffusion limited case takes over from

the high frequency semicircle as the frequency decreases, so that at low frequencies a
"Warburg tail" rises at 45° from the real axis (Fig. A.ll).
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