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ABSTRACT

S

The impedance of sealed 2.5 ampere hour lead-acid cells has been
measured  as  a  func tion of state of charge at frequencies  of 10  Hz  to
500 KHz. The impedance of a small lead-acid wet cell employing flat
plate electrodes has also been measured over this frequency range.

Comparisons between the results for these two cell types indicate that

impedances are sensitive to chemical and physical changes which accom-

pany cell discharge. A model is proposed which relates induc tive behavior
for porous electrodes to the electrode structure. Double layer capacities
are estimated for the two types of lead-acid cells.
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Impedance Measurements on Sealed Pb/HZ 04 Cells

*                       At present the Pb/H2504 galvanic cell is one of the most commonly

employed cells in battery systems. The performance characteristics .

of Pb/H2504 cells depend not only on the chemical and electrochemical

reactions which Occur during storage, charge, and discharge; but are
' also critically dependent on the physical configuration and morphology

of the active materials as well as the ease with which mass transport

can occur within the cell. The interplay of these effects combined with

the fact that the properties and structures of the electrodes are continuously        :

being modified by the passage of current, make it difficult to apply standard

methods of electrochemical kinetics to the characterization of battery

cell processes.

Frequency dependent impedance measurements have seen limited

application in the past to studying the electrochemical and physical properties

-                  of battery cells. Several previous studies have been directed toward
1                                            2LeClanche type cells   and nicl:el cadmium cells . Recently the impedances

of standard Pb/HZS04 wet cells have been reported3 by Keddam, Stoynov,

and Takenouti. While quantitative interpretation of frequency dependent

impedances are sometimes difficult, they usually can provide qualitative

information which is useful for characterizing the chemical and physical

changes which accompany the charge or discharge of a battery cell.

An important complication which must be considered when measuring

the impedance of battery cells is that during charge and discharge, the

cell is never in a steady state.  For this reason these measurements

-1-



must be made in a time interval Which is short enough so that, during

the course of the measurement, cell properties remain essentially un-

changed: This interval will depend on the rates at which cell properties

change, and thereby on the current flowing throu gh  the  cell  as  well as .ID

the cell state of charge. With appropriately short measurement times
4

the cell impedance can be determined during charge or discharge at

near steady state conditions.

4
During a recent investigation  of the relationship between the im-

pedance properties of sealed Pb/H2S04 cells and their state of charge,

the change in the phase angle between an applied alternating voltage

and the current response was found to correlate with state of charge.

The phase angle became increasingly less capacitive with

cell discharge, the magnitude of the effect increasing as the frequency

was decreased. One purpose of this study is to characterize the cell

changes which cause the phase angle, or cell impedance, to change in this

manner. Impedance measurements are reported for commercially avail-
able sealed Pb/H2S04 cells as well as for small flooded cells incorporating

flat plate electrodes. These measurements should allow the impedance

of cells having porous, electrolyte starved electrodes to be compared with

that of cells having flat, electrolyte-flooded electrodes.

Experimental

The sealed Pb/H2504 cells studied here were 2.5 arnpere hour D

size cells produced by Gates Energy Products. These cells have the

active materials pasted onto lead grids, which are spirally wound so as                      •

to fit into a cylindrical can. They contain only enough electrolyte to wet

-2-



the separator material. The cells were brought to full charge using a

Gates Energy Products 6 volt hybrid charger for a minimum charge time

of 24 hours. The charged cells were allowed to stand overnight on open

circuit to stabilize, after which the cell potentials were typically 2.175

to 2.180 volts. All experiments were performed at a temperature   of

23  *  2'C.

For sufficiently low discharge currents the cell voltage did not

change by more than 0.5 mV over the course of an impedance measure-

ment (about 12 minutes). Measurements  were made at a number of states

of charge at discharge rates of 1, 20, and 50 mA. The cells were allowed

to stabilize for at least 30 minutes at each discharge current prior to

impedance measurements. Near total discharge, measurements couid only

be made at the 1 mA discharge rate, since the higher rates led to unaccept-

ably rapid changes in cell voltage.  The zero state of charge is defined to

be that obtained when the cell potential reaches 1.500 volts with a 50 mA (C/50)

discharge rate.

The electrodes for the Pb/H2504 wet cell were circular lead plates

3.8 cm in diameter and 1 mm thick. The electrodes were separated by a

4. 7 cm diameter,  1. 1 mm thick glass fiber separator. The electrodes

had lead wires (Pb) spot-welded to them and the electrode/separator

assembly *as held in a plexiglass holder. The electrolyte consisted of

H2S04 having a density of 1.22, which was made by diluting reagent H2S04
(density 1. 84) with deionized water.

Impedance measurements  for the wet cell were made at

-                             specific cell voltages ranging from 1. 50  to  2. 15 yolts. The specific cell voltages

were maintained by a potentiostat during the measurements.

-3-



Measurements were made 30 minutes after stabilizing the cell voltage

at each given value.

Impedance measurements were made by applying low amplitude
sinusoidal voltages to the cell using the apparatus shown in Figure 1.4                                                                                                                                                    9
The resistance RL is adjusted to give the desired discharge current

through the cell. A reference resistor consisting of about 1 cm of nichrome
wire and having a resistance of 0. 011832  was  used in.all measurements.

This resistor was calibrated to 1 2% in the circuit of Figs re 1 as well as

separately using a B224 Wayne-Kerr bridge. The amplitude of the sinu-

soidal signal applied to the cell was 2 mV. Th& voltage across the reference
resistor was input to channel A of an HP-3575A gain-phase meter, while the

voltage across both the cell and the reference resistor were input to

channel B. The relative AC voltage across the cell is monitored as the

logarithmic difference X, between channels A and B. This amplitude in
dBV as well as the phase difference 0 between A and B is displayed on a

digital voltmeter. These quantities are combined with the value of the

reference resiitor R , to give the real and complex components of the cell

innpedance.

Re (Z)     =     R  [cos  e exp (0.1151 X)  - 1]

Im  (Z)         =          RQ   s i n   8   exp   (0.1151  X)

These components are plotted  in the complex plane Z=R-j G a s func tions

of frequency. The apparatus which was used enables impedances down
to less  than l mQ  to be accurately measured over the frequency range

of 10 Hz to 500 kHz.                                                                               •
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1
  8ff

4000 mF

R
L

')»- AM           B

GP      , M 1 '

C                                                          :,5

PS                             A
« . ,

1

f   R ref

Fig.  1.   Instrumentation Used to Measure Impedances of
Pb/H2S04 Cells.  S is the sine wave generator, A the
broadband amplifier, C the battery cell, Rref the
reference resistor, GP the gain-phase meter, M a digital
voltmeter, AM is a milliammeter, RL a variable load re-
sidtor, and PS the bias .power supply.   The 80 resistor is
the amplifier load resistor and the 4000 FF capacitor a
blocking capacitor.
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Results

A.    Sealed Pb/H SO Cells.
2-4

The   results of impedance measurements   as   a  func tion   of
'11>frequency for a sealed Pb/H2S04 cell at states of charge ranging from

fully charged to fully -discharged are presented in Figures  2-  5 for dis -

charge rates  of 1 mA. Measurements performed on other cells showed

small cell to cell variations in the impedance at each state of charge,

however the overall trends in impedance as the cells were discharged

were the same as those shown in Figures 2  -  5. The impedances

presented in these figures are between the positive and negative

terminals   of the cells,    and will therefore consist  of the series impedance

of both electrodes and the intervening electrolyte.

In all cases cell impedances tend to be capacitive at low frequencies

and inductive  at high frequencies,   with the degree of inductive character

diminishing with cell discharge. Small changes in impedance were

observed as the discharge rate was varied at each state of charge.   The

higher dischar'ge rates tended both to decrease the size of the capacitive

arc observed at frequencies less than 500 Hz,  and to slightly increase

the size of the small capacitive arc at about 3 KHz.

One of the more prominent features in the impedance of Pb/H2S04

cells is a large high frequency inductive arc which schematically resembles

an  induc tor shunted  by a parallel resistor. This inductance is independent

of discharge current and if the cell is more than about 20% charged it is

essentially independent of state of charge.   This type of self inductance                        ci

has beed previously observed for battery cells 3,5- 7 and may qualitatively
'.

be attributed to the geometrical arrangement of electrodes and conductors

-6-
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within  the  c ell. When the cell is discharged below about 20% state-'of-charge

-                 the high frequency inductive arc diminishes in size until at total discharge

it is no longer observable (Figures 3 - 5).  It is also noteworthy that in

all cases the high frequency limit of the cell impedance remains at about

48 mQ independent of its state of charge.

These observations are consistent with the model of a cell self

induc tance   due   to the distributed self inductance   of the porous electrodes

shunted by the resistance of the electrolyte.   This is schematically repre-

sented in Figure 6.  At high frequencies the impedance represented

by Figure 6 will approach a limiting resistance which is significantly greater

than the net electrolyte and interfacial resistance. . This limiting resistance

is expected to be a function of cell geometry and electrode structure and

to be essentially independent of cell state of charge. The somewhat dis -

tributed nature   of  the self induc tance accounts   for the slight distortion  of

the experimental induc tive  arcs  from the semicircular  arcs  expected  for
.,

a pure LR circuit.

At lower frequencies the cell impedance becomes capacitive at all

states of charge.  At full charge the capacitive impedance is quite pro-

nounced at very low frequencies, while near discharge the capacitive

character of the impedance is less pronounced but extends to much higher

frequencies. The resistive component of the low frequency impedance

consistently increases as the cell is discharged, a result which is a prin-

cipal cause of the previously noted variation of the phase angle with state of
r

4
charge. It seems likely that the capacitive impedance at the lowest

.--

frequencies results largely from concentration polarization and therefore

-11-
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depends on diffusional and transport properties within  the   cell.        Thi s
3

is  supported  by  the  work of Keddam  et.   al. who showed that the.impe -

dance of fully charged Pb/H2504 negative plates at very low frequencies
./

(< 1  Hz)  behaved  like that arising  from a Nernst' s diffusion layer of finite

thickness.  In the case of sealed Pb/H2S04 cells mass transport properties

are expected to be particularly important as the discharged state is ap-

proached since the cells are operating in an electrolyte starved condition.

At frequencies of 1 to 10 KHz a small inductive arc followed by a

small capacitive  arc is observed in the impedance of charged cells  (Figs.

2  -  3). This induc tive  arc is again likely  to be associated with  the  cell                                  

self induc tance. The small capacitive  arc  is seen superimposed  on  the

impedance at about the same frequency for all states of charge, however               .

it becomes significantly more prominent when the cell approaches the

discharged state.  Near the discharged state a second capacitive arc appears

at high frequencies.    For the totally discharged state shown in Figure  5
.

\

these capacitive arcs may schematically be represented by re sistances

of about 0.029 and 0.099 and parallel capacitances of about 4 X 10-3F

and 7 X 10-5F respectively for the low and high frequency arcs.   The

former capacitive feature does not change frequency but does grow in

size with discharge, indicating that as the resistance in this parallel RC

configuration increases, the capacitance decreases correspondingly.

This feature could be due to the capacitance of the porous, polarized

interfacial layer of PbSO4. The latter capacitive arc which is observed
  near discharge at very high frequencies is most likely due to the double

layer capacity of the Pb grids on which the active material is supported.

-13-



The impedance arising from this double layer capacity is observed near

discharge where the active materials are nearly depleted, leaving only

the lead grids covered with PbS04
B.· Flat Electrode Pb/H2S04 Wet Cell.

The impedance of a Pb/FIZSO4 wet cell having flat plate elec-

trodes is presented  as   a  func tion of frequency in figures   7  and   8    for

cell potentials ranging from 2.10 - 1. 50 volts. At frequencies greater

than about 30 KHz this cell exhibits a self inductive inipedance which is

essentially independent of cell potential.  This is to be expected since

this  cell has flat rather than highly porous electrodes.    The self induc -

tance may schematically be represented by a 1.6 X 10-6H inductor

shunted by a parallel 0.632 resistor.

At cell potentials of 2. 05 - 2.10 volts the impedance exhibits

a gradual capacitive rise at intermediate frequencies, followed by a

sharply capacitive rise at the lowest frequencies.  As the cell potential

decreases below 2.00 volts a capacitive impedance arc characteristic

of a double layer capacitance shunted by a parallel charge transfer resis-

tance begins to appear at high frequencies. With decreasing cell potential

the charge transfer resistance increases dramatically while the double

layer capacity gradually decreases. The result is  that the capacitive

arc becomes larger and is shifted to lower frequencies as the cell potential

decreases. These capacitances and resistances are summarized in Table 1.

It is interesting but not entirely unexpected that the charge transfer
7resistance increases so dramatically near discharge, since this increased

resistance is certainly  one  fac tor limiting the current  from a battery  cell

as the discharged state is approached.
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TABLE 1. Dodble Layer Capacities and Charge Transfer
Resistances Observed for the Pb/H2504 Wet Cell

Cell Potential Capacita2ce Resistance
(volts) (FF/cm ) (Q)

2.00 3.4 1.4

1.95 3.1 4.0

1.90 2.8 12. 5

1.80 . 2.8                    68

1.50 2.6 84

r
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For a commercial wet cell Pb/HZS04 battery the recent work by
3Keddam et. al. has shown that the high frequency capacitive arc arises

entirely from the impedance of the negative electrode at full charge.
..'This suggests that the double layer capacities and transfer resistances

presented in Table 1 arise from the negative electrode. Furthermore,
Tiedemann and Newman8 have shown that the double layer "capacity" of

the positive plate is several orders of magnitude greater  than that of the

negative. This indicates that the sharply capacitive rise which is observed

in the impedance at very low frequencies, particularly at the higher cell
potentials, is likely to arise from the positive electrode.

Conclusions
.

The impedances of both commercial sealed Pb/H2S04 and flat electrode

Pb/H2S04 cells have been measured at various states of charge.  An over-

all comparison of these two systems reveal impedance differences due
both to differing electrode construction as well as to differing resistances

and capacitances. However similarities in overall impedance changes

with state of charge are observed which allow comparisons to be made

between the two systems.

The changes which were observed in the inductive behavior of sealed

Pb/H2S04 cells with discharge indicate that impedance measurements

have significant potential for characterizing changes in electrode structure

and surface morphology with charge or discharge. These measurements

are advantageous over other methods for investigating electrode structure

:Isince disassembly of the cells is not necessary.

On the basis of this study the correlation of the phase angle with cell state ¥

of charge which is observed at frequencies less than 100 Hz cannot be

-18-



explicitly related to electrode changes.  In fact the data for the flat

electrode cell indica.te. the low frequency phase angle variation ceases

to become monotomic as the discharged state is approached. Changes
/*,

in the phase angle may thus reflect a number of varying electrode,

interfacial, or diffusional properties. Detailed impedance·measure-

ments at much lower frequencies must be made for the individual cell

electrodes before the relationships between low frequency phase angle *

changes and variations in Pb/HZS04 cell properties can be fully charac-

terized.
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