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IMPEDANCE OF AEROSPACE NiCd CELLS UNDER OPEN

CIRCUIT CONDITIONS

I. INTRODUCTION

The impedance properties of battery cells provide a useful means. for

characterizing the processes that occur in a battery cell during both

operating and open circuit conditions. For NiCd cells, Impedance has been

measured mainly In the audio frequency range. The work of Brodd and Degane1

demonstrated a notable inductive component in the impedance of sealed NiCd

cells above several kilohertz, which was attributed to the physical structure

of the cells. Gulton Industries2 report the ac impedance of 20-A h cells in

the frequency range 1 Hz to 100 kHz, as part of their effort to devise a

state-of-charge indicator for NiCd batteries. In addition, there is a large

body of literature3-6 on NiCd cell impedances as a function of capacity at a

fixed frequency, typically 1000 Hz. These results indicate that the impedance

decreases as cell capacity increases;6 this effect is likely to arise from

decreased ohmic resistance as well as greater capacitance as cell capacity is

increased. None of this work provides much detailed information on the chemi-

cal and physical processes of significance in NiCd cells. In fact, essen-

tially no data exist on the impedance of NiCd cells at frequencies below 1 Hz,

which is the range expected to be most important for diffusion processes and

film growth.

Diffusion processes both in the alkaline electrolyte and in solid-state

film at the electrodes are generally believed to be extremely important to

the proper functioning of the NiCd cell. Diffusion of both OH and 920 in the

electrolyte must occur because these reagents are produced and consumed during

cell charge and discharge' Work on planar Cd electrodes by Armstrong and

Edmondson7 has indicated that diffusion through a surface file is important in

the passivation of the Cd electrode. An Important step in the oxidation of

the Ni electrode is believed to involve proton diffusion from the oxidation

site to the electrode-electrolyte interface.8 Diffusioncoefficients and

5 P A FAix hfIgE
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activation energies for this process have been measured.9 However, the

problem of detecting and measuring these processes in the actual battery cell

remains.

In this report, we present detailed measurements of the impedance of a

10-A h NiCd cell over frequencies ranging from 0 to 100 kHz. The impedance

measurements at the low frequencies are expected to provide information on the

electrolyte and solid-state diffusion processes that are important in the NiCd

cell. The measurements also will add to the data base that is used for the

application of NiCd cells. These cells are an Important component of many

secondary power systems in satellites, and, therefore, their impedance is a

parameter that should be considered over as wide a frequency range as possible

in the planning and operation of the power system.

6



II. EXPERIMENTAL

All experimental measurements were made with a 10-A h sealed NiCd cell.

This cell was an aerospace quality cell (SIN L1-137) of prismatic design,

manufactured by General Electric Company.* Before it was used and during

storage periods longer than 4 days, the cell was stored in the shorted

state. Preceding each experiment, the cell was brought to full charge by a

16-h charge at 1 A, then discharged to 1 V at 2.50 A, and finally recharged

again for 16 h at 1 A. The cell capacity for the 2.50-A discharge rate was

12.7 A h. A Kepco KS36-15M power supply was used for cell charge and

discharge.

Previous work1 0 has indicated that NiCd cells have temperature coeffi-

tients of several hundred microvolts/*C. Therefore, it was necessary to pre-

cisely control the cell temperature during the galvanostatic transient mea-

surements. The temperature of the cell was held constant to *O.05C per day

in a thermally insulated compartment, which was immersed in a regulated tem-

perature bath (Forma Scientific 2095). The differential amplifier and ref-

erence cell were contained in the same thermally regulated compartment as the

cell, so thermal noise effects could be minimized. With this arrangement,

thermal drift was limited to 10 to 20 OV per day and less than 1 OV per

minute.

The galvanostatic transient technique was used to measure the impedance

at frequencies below 1 Hz. The apparatus for these measurements consisted of

a 1-uk constant current source, which was applied to the open circuit battery

cell. A low-noise differential amplifier that has an input impedance of
1012 f0 was constructed in our laboratory to permit the change in cell voltage

relative to a mercury cell to be monitored as a function of time. The voltage

transient was monitored by the use of a strip chart recorder with a full scale

pen response time of about 0.5 sec (Linear Instruments Model 141). Beginning

*G.E. Catalog No. 42BO1OABO-G3.
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wlth the cell near full charge, several transients were measured for 1 mA

charge and discharge current steps. Then the cell was discharged at 2.5 A to

a new state of charge and the measurements repeated until the cell was totally

discharged. The cell had to stand at least 8 h between measurements to

reattain the open circuit steady-state voltage. Because these experiments

were spread over many days, the state of charge of the cell for each

experiment had to be corrected for self-discharge. The self-discharge rate

was found by noting the capacity difference between the freshly charged cell

and the cell 30 days after charge. This self-discharge rate amounted to 0.75

to 1Z per day.

Because of the relatively small voltage changes that were apnitored (1 to

5 mV typical), the presence of noise would lead to severe problem. We found

that after a 16-h charge at 1 A, the NiCd cell produced a noise srgnal that

had a peak-to-peak amplitude of about 80 UV. This cell noise was in a very

low frequency range, with periods from several minutes to an hour. The noise

prevented experiments from being made with a newly charged cell. After 1 week

of open circuit stand, the noise decreased to about 20 UV. Then after 1 A h

of capacity was discharged, the noise further decreased to about 10 uV , which

was an acceptable level for the experimental measurements. The background

noise from the amplifier electronics was equivalent to 3 to 4 uV at fre-

quencies less than 10 Hz. The source of the low-frequency cell-generated

noise has not yet been established, although it was absent for a flooded NICd

cell.

Impedance was measured in the 10 Hz to 100 kHz frequency range by mal-

coring the in-phase and out-of-phase components of the voltage. produced by an

alternating current. The apparatus used for these measurements was based on a

HP-3575A gain phase meter. The detailed configuration of this apparatus is

described in Ref. 11.

/ 8



III. RESULTS

Results of impedance measurements in the 10 Ez to 100 kHz range are

indicated in Fig. 1. The impedance is quite low--several milliohms or less

throughout this frequency range. The impedance exhibits small changes vith

state of charge at frequencies below 100 Hz, and generally becomes more re-

sistive and more capacitive as the cell is discharged. In agreement with

other work,1 2 °14 we found the impedance became inductive at frequencies higher

than several hundred hertz. This effect is likely to result from the self in-

ductance of the conductors in the cell as well as from distributed inductance

caused by the porous structure of the electrodes.1 5 The fact that the high-

frequency inductive impedance of the cell is practically unaffected by the

electrochemical state of the cell supports the theory that this inductance

arises from the cell structure itself.

The impedance at very low frequencies (<1 Hz) was obtained from the tran-

sient voltage response of the cell to a 1-mA current step. The impedance was

determined by assuming that the cell, when discharging, possessed a natural

voltage change caused by the change in its state of charge, and that this

natural behavior was linear in time. This assumption .is expected to be valid

when the transient is small enough that it does not noticeably perturb the

electrochemical state of the cell. Transients less than roughly 5 mV appear

to satisfy this criterion. The transient is monitored experimentally until

the voltage becomes linear in time. The linear region gives the natural re-

sponse, which is extrapolated back to zero time and subtracted from the

data. The remaining transient response was converted to the frequency domain

through a Laplace transformation. The current step was also transformed to

the frequency domain, whereupon the ratio of voltage to current was used to

obtain the impedance as a function of frequency.

Details of the conversion of a battery voltage transient to its impedance

in the frequency domain are described in Ref. 11. Impedance data from a

typical experiment are presented in Fig. 2 in the complex plane. In Fig. 3

the resistive and reactive components of the impedance are plotted as a

function of W /

9
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IV. DISCUSSION

The charge-discharge reactions at the electrodes in the NiCd cell involve

transport of H20 and OH" ions through the cell as well as mass and charge

transfer at the electrode-electrolyte interface. The overall electrode re-

actions can approximately be written as

NiOOH + 20 + e- dhare Oi- + Ni(OH) (1)
- care2

Cd + 20 l har 2e" + Cd(OH)2  (2)

These reactions indicate that at low frequencies the Impedance may be con-

trolled by diffusive transport of OH" and H20 to and from the electrodes.

Transport of these species may also be affected by the presence of films on

the electrode surfaces. Diffusion transport will be coupled with the double-

layer capacitance and charge-transfer resistance at each electrode in a manner

that can be schematically represented by a Randles type circuit,1 6 as indi-

catnd in Fig. 4. The double-layer capacitance is represented by CDL. Capaci-

tance that arises from surface species, or "pseudocapacitance," is represented

by C., resistance to charge transfer at the electrode interface by Rct, and

the diffusion impedance or faradaic impedance by ZD. Figure 4 also indicates

a typical plot of the impedance in the complex plane when a single diffusion

process controls the impedance. The linear portion, which rises from the

origin at a 45-deg angle, results from semi-infinite diffusion control. In

this linear regime, the diffusion gradients are not significantly affected by

convective dissipation or boundary conditions during the period that corre-

sponds to the frequencies in this regime. The effects of convection or

boundaries eventually result in the diffusion layer approaching a steady-state

condition. The steady-state condition is represented in Fig. 4 by the

13
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diffusion resistance Ro, and the approach to it by the semi-circular arc

traced out in the complex plane as the frequency decreases.

A more quantitative description of the impedance from the equivalent

circuit in Fig. 4 is obtained with the use of the analytical form for ZD,

which is a Warburg impedance.
17

Z- aW-1/2(1 - j) tanh 1/2 ) (3)

where a is the Warburg coefficient, 6 the diffusion layer thickness, Do the

diffusion coefficient, w the angular frequency, and j 1. The real and

complex components of ZD can be separated and expressed in dimensionless

variables, giving

ZD - A(q) - j B(q) (4)

where:

A(q) a -1/2[ sinh q + sin q]Scosh q + cos q
• t ,(5)

1 B~~q) = o~~a-1/ 2 " sinh q - sin Lsh q + o q]

B(q) - r in
Lcos q +coo q

and the dimensionless variable q - 6(2w/D )1/2. These equations then can be
0

used to obtain an expression for the resistive and reactive components of the

impedance for the equivalent circuit in Fig. 4,

A (q)w'r - J(CD,[A'(q) 2 + B(q)2 1 + B(q)w-1 )
Z(W) - 2(C [A,(q)2 + B(q)2 1 + 2 CDLB(q) + W 1  (6)

where AS(q) - A(q) + Rct. In the low-frequency limit the impedance approaches

the diffusion resistance, which is given by

15
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The above description of the low-frequency impedance of a NiCd cell can

be tested by comparing experimental impedance data with that obtained by the

use of Eq. (6). In Fig. 3, the resistive and reactive components of the cell

impedance are plotted as a i.4action of (-l/2 for the data of Fig. 2. These

data clearly demonstrate that at least two processes influence the cell im-

pedance, as indicated by the two peaks in the reactive component of the

impedance. In general, the diffusion impedance may reflect either diffusion

in the electrolyte or diffusion in surface films on either of the electrodes

in the NiCd cell. Because the time constants of the two processes noted in

Fig. 3 are of the sae order of magnitude, we may assume they are both caused

by either electrolyte or film diffusion. It is likely that each of the tie

processes is respectively associated with each of the electrodes in the NiCd

cell. The overall cell impedance will have the form

ZT(W) - Z1 (w) + Z2(w) (8)

where Z, and Z2 are the impedances arising from each of the two diffusion-

controlled processes and each has the form given by Eq. (6). A nonlinear

fitting routine18 (GAUSAUS) was used to simultaneously fit the resistive and

reactive components of the experimentally measured impedance to Eq. (8). The

fit to the data is indicated by the curves in Fig. 3. For the open circuit

NiCd cell, the model represented by Eq. (8) described the cell Impedance at

states of charge ranging from near total discharge to about 902 of full

charge. The applicability of the model was limited, because at total dis-

charge the Impedance measurement itself changes the state of charge of the

cell significantly, and near full charge noise presents experimental problems.

The parameters that describe the equivalent circuit in Fig. 4 for each of

the two processes are CT - CS + CDL, Rct , a, and 6/No. Except at total dis-

charge, the open circuit impedance data could be accurately modeled if we

neglect ct, i.e., Rct << Ro . In analyzing the data, we therefore assume

16.4



Rt -0. The charge transfer resistance is expected to be small for NiCd

cells, because a large transfer resistance would prevent high-rate cell

discharge.

The capacitance associated with each electrode is obtained as the sum of

the double layer and surface capacitances. This capacitance was typically

several hundred farads, most of which is expected to be a surface pseudo-

capacitance. As indicated in Table I, the capacitance displayed wide

variations for duplicate measurements. This variability implies that the

electrode surfaces are difficult to precisely control over long time intervals

on open circuit.

Table I. Typical NiCd Electrode Capacitances (F)

Percent
State of Process 1 Process 2
Charge Capacitance Capacitance

88 EX A 606 374

B 725 305

C 299 1099

44 EXP A 203 97
B 492 569

C 391 481

20 EXP A 744 321

B 555 473

C 751 249

0.5 EXP A 547 <1

B 71 32

C 67 15

17



As the cell neared the discharged state, the capacitance associated with

the observed diffusion processes tended to decrease. For process 2 in Figs. 2

and 3, the capacitance became on the order of 10 F or less. The overall

decrease in capacitance is likely to result from changes in film structure and

thickness as well as from decreasing active material surface area as the cell

is discharged.

Each diffusion process that can occur in a NiCd cell can be represented

by a Warburg coefficient a and a characteristic time 6/ 1o . These parameters

are plotted as a function of state of charge in Figs. 5 and 6, respectively,

for the open circuit NiCd cell. Each of these data points consists of the

average of three experimental determinations; the standard deviations are

indicated by the error bars. The Warburg coefficient a depends on the elec-

trode surface area normal to the diffusion flux. The results in Fig. 5 are

given in terms of geometric plate areas (which are uch less than the elec-

trochesically active surface areas), and therefore include the effects of

changes in active area with state of charge. The quantitative application of

the data in Figs. 5 and 6 is restricted by our limited knowledge of the sur-

face areas involved. However, we can analyze the consistency of the data with

diffusien processes involving either electrolyte transport or transport of

species in a solid-stite film at the active electrode surface.

If a solid film covers an electrode surface, diffusion of active species

through this film must occur for charge transfer to take place. If the War-

burg coefficient for diffusion is given by the equation17

o RT (9)

where c is the concentration in the diffusion layer, the data in Figs. 5 and 6

can be used to obtain the diffusion length 6 and c€Jo as a function of state

of charge. In the case of diffusion through a solid film on the electrode

surfaces, we must use a expressed in terms of the active electrode area rather

than the geometric area. The electrodes in the NiCd cell consisted of 10

positive and 11 negative sintered plates, each 6 x 7 ca. The geometric areas

18
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(both sides) are 840 and 924 cm2 for the positive and negative plates,

respectively. The active surface areas, as determined from BET measure-

ments,1 9 are about 3 x 107 cm2 and 2 x 106 cm2 for positive and-negative,

respectively. The active electrochemical area must lie betveen these

extremes, and is almost certainly more than an order of magnitude greater than

the geometric area. Using 104 cm2 as a lover limit for the active area and

60 0 cm2 s-1/2 as a typical value for a, c 4o is calculated from Eq. (9) to

be less than 3 x 10-9 mole cm"2 s "1/2. This limit is consistent with a film

diffusion process.

Proton diffusion from the oxidation site in the NiOR lattice to the

electrode-electrolyte interface is believed to be an important step in the Ni

electrode reaction. Diffusion coefficients of 3.1 x 10 1 0 and 4.6 x 10- 1 1 cm2

s "1 have been measured by MacArthur9 for charge and discharge, respectively,

for this process. This type of proton diffusion in the solid state may result

in one of the observed processes. Armstrong and Edmondson7 have studied

diffusion in solid-state films on flat Cd electrodes in the context of elec-

trode passivation. Their work gave c49 - 3.6 x 10-10 mole cm 2 8 "1 /2 and

Do M 5 x 10- 1 0 cm2 s "1 . Although the results are consistent with our measure-

ments, the data of Armstrong and Edmondson were for a passivated Cd electrode,

whereas in the NiCd cell we are far from passivating potentials. However, it

is clear that the processes described here could arise from diffusive trans-

port through surface films.

Since O- and R20 are produced and consumed at the Ni and Cd electrodes

during charge and discharge, diffusion of these electrolyte species should be

considered as a possible origin for the observed processes. This kind of dif-

fusion would involve polarization of the electrode material by the diffusion

of electrolyte species through the uintered plate. The diffusion coefficient

should depend on the plate structure and the morphology of the electrode sur-

faces, and is expected to be less than that for bulk KOH electrolyte" where

Do - 2.3 x 10-5 cm2 8 "1 . With the use of the geometric plate area, a typical

value of a is 6 0 Cm2 8ol/2, which gives c o - 3 x 10- 8 mole cm-2 2-l/2. At

50Z state of charge, the concentration of KOH electrolyte in the NiCd cell is

21
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about 6M, which gives Do = 2.5 x 10- 1 1 cm2 s-1. If a typical value of 40 s1/2

is used for 6/-o, the diffusion length is estimated to be 2 x l0 4 cm. This

is several orders of mpgnitude less than the plate thicknesses (7 x 10-2 cm,

30 mtil). The low diffusion coefficient combined with the estimated diffusion

length indicates that electrolyte diffusion may be more accurately described

as a combination of limited pore diffusion in the sintered plates and dif-

fusion of electrolyte species through the oxides with which the pores are

loaded.

Electrolyte diffusion must occur for the NiCd cell to operate, and there-

fore this diffusion impedance is expected to be revealed somewhere in the fre-

quency spectrum. Since only the two processes were observed, it seems likely

that at least one of these is caused by electrolyte diffusion. A plausible

interpretation of the data is that these two processes are associated with

diffusion in the positive and negative plates, respectively. The processes

are resolved in the frequency spectrum, because the pore morphology in the

positive plate differs from that in the negative. The variations in a with

state of charge indicated in Fig. 5 can be qualitatively explained by Eq. (9).

As the cell is discharged, the electrolyte concentration (or activity) in-

creases, causing a to initially drop. As discharge continues, oxide materials

build up in the electrode pores, decreasing Do and thereby causing a to rise

sharply as the discharged state is approached. The trends indicated in Fig. 6

for 8/,[4fo may also be explained by the expected decrease in Do as the cell is

discharged.

The temperature dependence of the impedance (44% charged cell) is indi-

cated in Fig. 7 by the dependence of a on temperature from 10 to 40C. The

parameter 8/,,fBo did not display a significant temperature dependence. Acti-

vation energies obtained for each diffusion process are indicated in Fig. 7.

The range of about 3 kcal/mole Is typical for thermal diffusion processes, and

therefore the observed temperature dependence is consistent with the diffusion

model employed.

22
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V. CONCLUSIONS

The impedance of a NiCd cell has been measured over the frequency range

of 0 to 105 Hz under open-circuit conditions. An equivalent circuit model of

the cell is presented that accurately describes the low-frequency impedance in

terms of two diffusion-controlled processes operating in series. Data anal-

ysis indicates that both' solid-state film diffusion processes and electrolyte

diffusion processes are consistent with the data. Because concentration

polarization is known to occur in NiCd cells, the two observed processes are

tentatively assigned to electrolyte diffusion in the positive and negative

plates. These processes are resolved in the impedance spectrum because of the

differences in pore structure and morphology between the positive and negative

electrodes.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation Is conducting exper-

imental and theoretical investigations necessary for the evaluation and applica-

tion of scientific advances to new military space systems. Versatility and

flexibility have been developed to a high degree by the laboratory personnel in

dealing with the may problem encountered In the nation's rapidly developing

space systema. Expertise in the latest scientific developments in vital to the

accoapliehment of tasks related to these problems. The laboratories that con-

tribute to this research are:

Aerophysics Laboratoy: Launch vehicle and reentry aerodynamics and heat
transfer, propulslon cheistry and fluid mechanics, structural mechanic., flight
dynamics; high-temperature thermomechanics, gas kinetics and radiation; research
in environmental chemistry and contamination; cw and pulsed chemical laser
development including chemical kinetics, spectroscopy, optical resonators and
been pointing, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, @tmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plums, applied laser spectroscopy. laser chemistry,
battery electrochemistry, space vacuum and radiation effects on mterials, lu-
brication and surface phenomena, thermlonic emission, photosensitive mterials
and detectors, atonic frequency standards, and bioenvirormental research and
monitoring.

Electronics Research Laboretory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasers, elactromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
communication sciences# applied electronics, semiconductor crystal and device
physics, radiometric imaging; millimeter-wave and microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance-sensitive system design, distributed architectures for
spaceborne computers, fault-tolerant computer systems, artificial intelligence,
and aicroelectromics applications.

Materials Sciences Laborstory: Development of new mterlls: wmtal matrix
composites,. polymers, and new forms of carbon; component failure analysis and
reliability; fracture mechasics and stress corrosion; evaluation of mterials in
space environment; materials performance in space transportation system; ansl-
ysis of system vulnerability and survivability in enemy-induced envirments.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radiation
from the atmosphere, density *ad composition of the upper atmosphere, auroras
and airglow; anetoopheric physics, coemic rays, generation and propagation of
plasma moves in the agnetosphere; solar physics, Infrared astronomy; the
effects of nuclear explosions, magnetlc storm, and solar activity on the
earth's atmosphere, ionosphere, and agntosphere; the effects of optical,
electromagnetic, and particulate radiations In space on space systema.




