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ABSTRACT

The impedance of sealed 2.5 ampere hour lead-acid cells has béen
measured as a function of state of charge at ffequencies of 10 Hz to
500 KHz. The impedance of a small lead-acid wet cell employing flat
plate electlrodes has also been measured over this frequency range.
Comparisons between the results for these two cell typeé indicate that
impedances are sensitive to chemical and physical changes which accom-
pany cell discharge. A model is proposed which relates inductive 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 P_b'/Hz,_Sﬁ)‘} Cells

At.presgnt the Pb/HZSO4,A galvanic cell is one of the most comnrionly

employed cells in battery systéms. The performance charaqteristics
of Pb/HZSO4 cells depend not only on the chemical and électrochemical
reactions which occur during storage, charge, and discharge; but are
also critically dependent on the physical configuration and morphology
of the aqtiye 'mater'ials as well as the ease with which mass tranépo;t
can occur within the cell. The interplay of these eff;ects combined with
the fact that the properties and structures of the electrodes are continuously
being modiﬁ‘ed‘by the passage of current, make it difficult to apply stalndard
methods of electrochemical kinetics to the characterization of battery
. cell processes. |

- Frequency dependent imp'edance measurements have seen 1i‘mited
applfcation in‘the past to studying the électrochemical and physic.al properties
of bat;cery cells. Sevefal previous studies have been directed toward °
' LeCl-an'che type cells1 and nickel cadmium cellsz. Recently the impedances
of standard Pb/H’ZSO4 wet cells have been reported3 by Keddam, Stoynov,
and Takenouti. While quantitative interpretation of frequency dependent
impedancgs are sometimes difficult, they gsually can ISrovide qualitative
information which is useful fc;r characterizing the chemical and physical
changes wﬁich accompany the charge or discharge of a battery cell.

An important complicatiqn which must be considered Qhen measuring

the-impedance of battery cells is that during cléarge apd discharge. the

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




must be made in a time interval \.ﬁvhic'h is short enough so that, during
the course of the measurerﬁent, cell properties remain essentially un-
changed: This interval will depend on the rates at which cell properties
change, and thereby on the current flowing through the cell as well as |
the cell state of chargé. With a.;;propriately short measurement times
the cell impedance can be determined during charge or diséharge at
near steady state conditions.

Duriﬁg a recent invest'iga.tion4 of thé relations'hip betwegn the irln-'
pedance properties of sealed Pb/HZSO4 cells and their state of charge,
.. the change in'the phase angie between an'apélied alternating voltage
‘and the current response was found to correlate with state of charge.
The phase angle becarﬁe increasingly less capacitive with
cell discharge, the magnitude of the effect increasing as thev frequency
§vas decreased. Oné 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]HZSO4 cells as Well as for small flooded cells incorporating
flat plate electrodes. These measurements should allow the impedance -
of cells _havir}g. poxtous; electrolyte starved electrodes to be compared with
that of | c~ells having fl?.t, electrolyte-flooded electrodéé.

Experimental

The sealed Pb/HZSO4 cells studied here were 2.5 ampere hour D
size cells pfoduced by Gates Energy Products. These cels have thé
active materials pasted onto lead grids, which are spirally wound so é.s

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

P



the separator material. The ' .éélls were brought to full cﬂarge u-sing*a
Gates Eﬁergy Products 6 volt hybrid charger for a minimum jc.harge‘vtime
of 24 hours. The charged cells were allc.>wed'to stand overnight on open
circuit to stabilize, after which the cell potentials were t}lrpicallf 2175
to 2.180 volts. All experiments were performed at a tempéraf:uie of

23 & ZQC‘.

For sufficiently low discharge currents the cell voltage did not.
ché.nge by more than 0.5 mV over the course of an impedance measu.fe-
ment (about 12 minutes). Measuremel.jlts were made at a number of states
of cﬁargé at discharge rates of 1, 2(5, and 50 mA, The cells'were allowed
to stabilize for at least 30 minutes at each discharge current prior to
impedénce(measurem'entks. Near total discharge, measureménts cou'ldiiorily
be made a~t the 1 mA discharge rate, sinée the higher rates led to unacé_eth
ably rapid ci‘xanges in cell voljlﬁage. 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/HZSO4 wet ceil were circular lead i)lates
3.8 cm in diameter and 1 mm thick. The electrodes were separated by a
4.7cm dia;neter, 1.1 mm thick glass fiber separator. lThe electrodes
had lead wires (Pb) spot-welded to them and the electrode/separator
assembly Waé held in a plexiglass holder. The electrolyte consisted of

SO

HZSO4 having a density of 1. 22, which was rn'ade'.by diluting reagent HZ 4

(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 volts. The specific cell voltages

were maintained by a potentiostat during the measurements,




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 Figufe 1.

Q
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 ;.)f 0. 01188 wa:s used in.all measurements. |
This resistor was calibrated to i 2% in the circuit of Figure 1 as well as
s'epara..tely using a B224 Wayne-Kerr bridge. The amplitude of the sinu-
soidal signal applied to the cell was 2 mV. The voltage across the reference
resistor was input to channel A of an HP-3575A gain-phase mefer, while the
Avolltage across-both the cgll and the reference resistor were input to
channel B. The rela.tive AC voltage across the cell is monitored as the
log#rithmic difference X, between channels A and B. This a'mplitude in
dBV as wgll as the phase difference § between A and B is displayed on a
digital voltmeter. These quantities are combined with the value of the
reference resigdtor R, to 'give the real and complex components of the ce‘lll

impedance.

Re (Z) R, [cos gexp (0.1151 X) - 1]

Im (Z) °

R_ sin 6 exp (0.115]1 X)
These components are plotted in the complex plane Z = R - jG as functions
of frequency. The apparatus which was used enables impedances down

to less than 1m$ to be accurately measured over the frequency range

.of 10 Hz to 500 kHz.
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. .Instrumentation Used to Measure Impedances of
Pb/H2S04 Cells. S is the sine wave generator, A'the
broadband amplifier, C the battery cell, R,qs the
reference resistor, GP the gain-phase meter, M a digital
voltmeter, AM is a milliammeter, Ry, a variable load re-
sistor, and PS thc bias power supply. The 8( resistor is
the amplifier load resistor and the 4000 uF capacitor a
blocking capacitor, .




Results
A. Sealed Pb/H,S0, Cells.
The results of impedance measurements as a function of

frequency for a sealed Pb/HZSO4 gell at states of charge raﬁging from
fully charged to fully ‘discharged are presented in Figures 2 - 5 for dis -
charge rates of ImA. Measurements performed on other cells showed
small cell to cell variations in the impedance at each state of c‘hafgé,
however the overall trends in impedance as the cells were discharged
were the same as those shbwn in Figures 2 - 5. The impedances
presented in these fi.gures are between thé ‘positive and negative
terminals ‘6f the cells, and will therefore consist of the series impc'edance
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 degrée of inductive character
diminishing with cell discharge. Small changes in impedance were
observed as the discharge rate wa‘s varied at each state of charge. The
higher discharge 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 cépacitive arc at about 3 KHz.

One of the more prominent features in the impedance of Pb/HZSO4 '
cells is a large high frequency inductive arc which schematically resembles
an inductor 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

has been previously observed for battery cells -7 and may qualitatively

be attributed to the geometrical arrangement of electrodes and conductors

<
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Flg 2. Impedance of a 2.5 AH Sealed Lead-Acid Gates Cell. Thé
. points correspond to the noted frequencies in KHz for the cell
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Fig. 3. Impedance of a 2.5 AH Sealed Lead-Acid Gates Cell. The

points correspond to the noted frequencies in KHz for the cell
27.9% charged (—) and 12, 5% charged (- - -).
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Fig. 4. Impedance of a 3. 7% Charged 2.5 AH Sealed Lead-Acid
Gates Cell. The points correspond to the noted frequencies
in KHz.
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Impedance of a 2.5 AH Sealed Lead-Acid Gates Cell Completel'y}
Discharged (to 1.50 volts at 50 mA). Total discharged capacity
was 2.85 AH. The points correspond to the noted frequencies
in KHz.
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within the cell. When the cell is discharged't;elow about 20% state-of-charge
- the high f;;equency inductive arc diminishes in size ‘until' at total discharge
it is no longer observable (Figur.es 3 - 5) . it is also noteworthy that in
all cases the high frequency limit of the cell impedance remains at about
48 m{ independent of its state of charge.

These 6bserva.tions are consistent with the model of a cell self
‘inductance due to the distributed self inductance of the porous electrodes
shunted by the resistance of the electrolyte. This is schematicall? repre;
sented in Figure 6. At high frequencies the impedance represented |
by Figure 6 will approach a 1imit);.ng resistance which ié significantly greater
than the net électrolyte and interfacial resistance.. This limiting resistancle
is expected to be a function of cell geometry aﬁd electrode strucfure, and
to be essentially independent of cell state of chargé. The somewhat dis-
tributed nature of tile self inductance accounts for the slight distortion of
the experimental inductive arcs from the .semicircular arcs e>_<'pe:c'tedffor
a pure LR ’circuif.

- At lower f'requencies the cell impedance becomes capacitive at alll
states of charge. At full charge the capacitive impédance is quite 'pro—
nounced at very low frequencies, while near discharge the capacitive
cfxaracter of the impedance is less pronounced butAextends to much higher
frequencies. The resis‘tiv.e component of the low frequency impedance
cbnsistenfly increases as the cell is diecharged, a result which is a i)rin-
cipal cause of the previously noted‘variatioh of the phase angle with state of
charge. 4 It seems likely that the capacitive impedance at the lowest

frequencies results largely from concentration polarization and therefore
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Fig.

6. Cell Self-Inductance Caused by Porous Electrodes
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depends on diffusional and tranépbrt properties within thé cell. This

is suppértéd by the work of Keddam et. ,ai. 3 who sthed that the impe-

dance of fully charggd Pb/HZSO4 negative plaites.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/HZSO4 cells mass transport properties

are expected to be particula.ﬂy important as the discﬁarged state is ap- |

proached since the cells are operating in an electrolyte starved condition.
At frAequencies of 1 to 10 KHz a small indﬁctive arc followed by a

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

2 - 3). This inductive arc is again iikely to be associated with the cell

self inductance. The small capacitive arc is seen superimposed an 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 freqﬁencies. -For the totally d_\ischarged state shown in Figure 5
these capacitive arcs rhay schemafically- be represented by resistances
of about 0.02% and 0.0982 and parallel capacitances of about 4 X ,1'0-3F
and 7 X IO-SF 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 ca;pa.citance 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-
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The impedance arising from this double layer capacity is observed near
discharge wherAe the active materials are nearly siepleted, leaving only
_the lead grids covered with PbSO4.

B.. Flat Electrode Pb/H,SO, Wet Cell.

2—'4
The impedance of a Pb/HZSO4 wet cell having flat plate elec-

trodes is presented as a function 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 impedance whivchvis
.essentially iﬁdependent 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 2 1.6 X 10-6H in-ductor
shunted by a parallel 0. 62 resistor.

At cell poteAntials of 2.05 - 2.10 volts the impedancAe 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 chafge 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 ié.interesting but not entirely unexpected that the charge ‘tran sfer
resistance increases so dramatically near discharge, since this increased
resistance is cevrtainly one factdr limiting the current from a battery ce11.

as the discharged state is approached.

-14-
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Fig. 7. Impedance of Flat Electrode Lead-Acid Cell at Various
Potentials; (—) 2. 15 Volts, (- - -) 2.05 Volts, (- - - - - )
2.00 Volts, and (—:—:).1.95 Volts. The points correspond to
the frequencies noted in KHz.
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Fig. 8. Impedance of the Flat Electrode Lead-Acid Cell at Various

Potentials; (—) 1.95 Volts, (- - - -) 1,90 Volts, (—-—-)
1.80 Volts, and (----) 1.50 Volts. The points correspond to

the frequencies noted in KHz,
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TABLE 1.

Double Layer Capacities and Charge Transfer

Resistances Observed for the Pb/H,S0, Wet Cell

Cell Potential B Capacitance

Resistance
(uwF/cm®) (2)
.3.4 . 1.4
3.1 ' : 4.0
2.8 | 12.5
2.8 o 68
2.6 - 84

-17-



For a commercial wet cell Pb/'HzS_O4 hattery the recent work by
Keddarh'et. 'a‘l. 3 has shown that the high frequency capac1t1ve arc arises
entlrely from the 1mpedance of the negatlve electrode at full charge
" This suggests that the double layer capac1t1es and transfer resistances
presented in Table 1 arise from the negative electrode. Furthermore,
Tl{.edemann and Newma.n8 have shown that the double layer‘“capacity” of
the positive plate is several-orders of rhaghitude greater than that of the
negative. This indicates that the sharply capacitivelrise which is bbserved b
in the impedance at very low frequencies, particularly at the higher cell
potentials, is likelyir to arise from the poeitive electrode.

Conclusions

The impedances of both commercial sealed Pb/‘HZSO4 end flat electrode
Pb/HZSO4 cells have been measured at various statee of charge. An over-
all comparison of these two systerhs reveal impedance differences due
both to d_iffering electrode construction as well as to differing resistances
and capacitances. However similarities in overall impedance changes
with state of charge are observed which allow e.omparisons‘ to be macie
between the two systems.

The changes which were observed in the inductive behavior of sealed

2

have significant potential for characterizing changes in electrode structure

Pb/H SO4 cells with discharge indicate that impedance measurements

and surface morphology with charge or discharge. These measurements
are advantageous over other methoas for investigating electrode structure
sinee disasserhbly of the cells is not necessary.

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

of charge wh1ch is observed at frequencies less than 100 Hz cannot be

-18-



explicitly related to electrode éhanges; In fact the data for t.he flat
elcctrdde cell indicate the low frequency phase angie Variati_on ceases
to become monotbrﬁic as the discharged state is approached. Changes
in the phase angle may thus reflect a number of‘Varyi'ng ehlectro‘de,‘
interfaéial, or diffusional I;roperties. Detailed impedance measure-

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

electrodes before the relationships between low frequency phase a.nglAe~

changes and variations in Pb/HZSO4 cell propérties can be fully charac-

terized.
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