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Summary 
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The impedance of 12 A h Ni-Cd sealed cells was evaluated as a non- 
destructive, m sdu means of determmmg cell hfetime, particularly with 
respect to the probabihty of premature failure The Nr-Cd cell impedance 
was measured (10000 to 0.0004 Hz) as cells were subjected to charge/ 
discharge cycle testmg under a variety of temperature and depth-of-discharge 
conditions 

The results mdicate that cell degradation is reflected m the low fre- 
quency impedance characteristics associated with diffusional processes. 
The slope (W) of the low frequency portion of complex plane impedance 
plots obtained from totally discharged Ni-Cd cells was found to increase 
with charge/discharge cycling In addition, based on data for two cells, 
a high or rapidly Increasing W value signals unmment cell failure by one 
mechanism. Degradation by another mechanism is apparently reflected m 
a fall-off of the lmagmary impedance component at low frequencies. 

The frequency dependence of the absolute cell impedance at low 
frequencies (0.5 - 0.005 Hz) was found to vary monotomcally with cell 
state-of-charge. 

Introduction 

Especially for aerospace applications, a nondestructive means of de- 
tecting flaws m batteries and predicting cycle life is needed so that costly, 
and sometimes dangerous, premature failures can be avoided. Cell imped- 
ance charactenstics determmed over a wide frequency range should be 
sensitive to imperfections m both the electrode and separator materials 
and, thus, could provide the desired mformation. 

Impedance characteristics of a number of commercial battery systems 
have been mvestigated, typically with the goal of developmg a method for 
determmmg the state-of-charge. Hampson et al. [l] have reviewed the 
literature prior to 1979 and report a general theory for describing the 
impedance of batteries. Systems that have been studied mclude Zn/HgO 
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[2,3], Zn/MnO* [4, 53, Leclanchk cells [6 -81, Pb/HzSOa [9 - 111, Mg/ 
MnO, [ 51 and Nl-Cd [ 12 - 141. The effects of charge/discharge cycling on 
Pb [ 151, smtered-plate Cd electrodes [ 161, and Nl-Cd cells [ 141 have been 
mvestlgated. These studies, although not particularly successful in estab- 
hshmg state-of-charge correlations, have demonstrated the value of lmped- 
ante measurements for mvestlgatlon of battery properties. 

Zimmerman et al [ 121 determined that the impedance of an operating 
Nl-Cd battery 1s domrnated by mass transport processes. Two dIffusIonal 
features were observed m the impedance spectra one apparently corre- 
spondmg to sohd state proton diffusion wthm the nickel oxy-hydroxide 
electrode and the other to cadmium dlffunon. Zimmerman and co-workers 
note that the dlffuslonal processes m Nl-Cd cells are sensitive to changes in 
the morphology or chemical structure of the electrode active mate&. In 
a recent study, Zimmerman and Janeckl [14] report that the voltage losses 
that occur m Nl-Cd cells during charge/discharge cycling are accompamed 
by changes m the Nl electrode impedance and probably involve separation 
of @-NiOOH and y-NiOOH phases Sathyanarayana et al [13] conclude 
that the Impedance of Nl-Cd cells 1s dominated by diffusion and may be 
mterpreted m terms of a long, cyhndncal pore model. The latter authors 
found that the equivalent series and parallel capacitance reflect (within 
20 - 30%) the battery state-ofcharge 

Interpretation of impedance data for commercial Nl-Cd cells presents 
a challenge since the cell 1s typically sealed so that the contnbutlons of the 
mdlvldual electrodes and electrolyte/separator must be inferred from the 
total cell unpedance The sltuatlon IS further complicated by the porous 
nature of the electrode 

Impedance charactenstlcs of porous electrodes have been treated 
theoretically by de Levee [ 171, using a transmlsslon lme model and assuming 
mfmltely-deep, cyhndncal pores of uniform cross section. Whereas mter- 
facial impedances are simply additive for a planar surface, they combme as 
the geometnc mean for such porous electrodes. Consequently, impedance 
charactenstlcs for a given process may be slgmflcantly affected by the 
electrode porosity. For example, whereas the diffusional impedance for a 
planar electrode 1s dvectly proportional to w- “* (w = 2af, f = perturbation 
frequency m Hz), it 1s proportional to o- 1’4 for porous electrodes of the 
type treated by de Levee. For electrodes having such idealized pores, the 
impedance can be correlated mth that for planar electrodes by squarmg the 
absolute magnitude of the impedance and doubling the phase angle [ 171. 

For real porous electrode systems, nomdeahzed behavior must also be 
considered For example, since at lower perturbation frequencies pores must 
be deeper to behave as though mfmltely deep, a tram&on from porous to 
nonporous electrode behavior can occur as o 1s changed over a few decades 
[ 171 Thus, for a typlcal frequency scan, which covers seven decades (e g , 
10 kHz - 1 mHz), It IS quite possible to encounter both porous and non- 
porous behavior This has been used to advantage by Armstrong et al [16], 
who were able to detect a decrease m pore length for Cd electrodes m 
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alkaline solution caused by redistribution of active material and a progres- 
sive buildup of Cd(OH)2 dunng charge/discharge cycling The effect of pore 
geometry on impedance spectra has been addressed by Kelser et al [18], 
noncyhndncal pores, especially those with occluded geometries, were shown 
to exhibit anomalous impedance behavior. These authors were able to 
discern the average pore structure of a nickel electrode from impedance 
measurements. 

In the present study, the impedance characteristics of a relatively large 
number of Ni-Cd cells were determined at various times m an accelerated 
charge/discharge testing program and were empirically examined for features 
which could be easily identified and cataloged for later correlation with 
cell lifetime and cycle history Emphasis was on developmg impedance 
characterization as a quality control technique, which could be applied and 
interpreted m a straightforward manner rather than on mterpretation of 
the data m an absolute sense. 

Expenmental 

Testing was performed on 12 A h sealed cells (General Electric) for 
which the NI active material was either chemically (L2 senes) or electro- 
chemically (Ll senes) deposited. The charge/discharge cycle was based on 
a satellite low earth orbit and consisted of 60 mm charging and 40 mm 
dlschargmg. Nme test conditions were used, defined by the matrix of three 
temperatures (20, 30 and 40 “C) and three depths of discharge (20, 35 and 
50%). Statistical mformation is available for the average cycle life under a 
given set of conditions; for example, at 40 “C and 50% depth of discharge, 
cells have a 63% chance of failing by 3100 cycles [19] 

Impedance measurements were performed under potentiostatic control 
using a Solartron Model 1172 frequency response analyzer, which deter- 
mines the real and imagmary components of the impedance, m conJunction 
with a Stonehart Model BC 1200 potentiostat. The Stonehart potentiostat 
has the advantage of dual reference Inputs, which mmimize lead wire mduc- 
tive effects. The voltage perturbation used m the present work was 2 mV 
(rms), except for prehmmary studies (10 mV). Impedance was measured 
from 10 kHz to about 0.4 mHz, wrth 20 logarithmically-spaced points per 
decade of frequency. Full computer control of the expenments and data 
handling was provided by a Hewlett-Packard Model 9825 desktop computer. 

Typically, cells were first discharged through a 2 a resistor for 1 day 
(C/20 rate, i e, - 600 mA) then short-circuited for one day, and the imped- 
ance was determmed (under potentiostatic control) for the totally du- 
charged state (0.0 V d.c. bias) In some cases, impedance measurements 
were also made at various other states-ofcharge, m which case the cell was 
charged at a current of 600 mA, allowed to equihbrate for about 4 h, and 
then biased at the voltage yielding zero direct current. Some expenments 
were performed under galvanostatic rather than potentiostatic control. 
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Results and discussion 

Prellmanary studies 
Initial studies mvolved 12 cells, 9 of which had undergone charge/ 

discharge cychng, and were directed toward estabhshmg suitable measure- 
ment conditions (charge state, frequency range, integration time, and per- 
turbation magnitude) and baselme data for subsequent comparisons. Cell 
impedance was measured (under potentiostatic control) using a 10 mV 
(rms) voltage perturbation for various states of charge, 1 e , totally dis- 
charged (0.0 V), slightly charged (1.0 V), and with 4, 8 and 12 A h of 
charge. 

At frequencies greater than about 10 Hz for charged cells and 100 Hz 
for those totally discharged, the unpedance is apparently dominated by 
mductance associated unth the electrical leads. This was demonstrated by 
measunng the impedance of isolated resistors (0.02, 0.05 and 0.1 ohm) 
chosen to simulate that of the Nr-Cd cells; an mductive response similar 
to that obtained for the cells was observed. Because of these results, which 
are m agreement with those reported m the literature [ 121, the mductive 
portions of the impedance spectra were ignored and are not discussed here, 
although mductlve portions of the impedance are included m Bode plots 
for completeness. 
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Fig 1 Complex impedance spectrum for Nl-Cd cell L2-92 at 0 0 V (fully discharged) 
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Fig 2 Complex Impedance spectra for Nl-Cd cell L2-82 at charge states of (a) 4, (b) 8 
and(c) 12 Ah 

Representative impedance data plotted m the complex plane* for 
cells at v~vlous states-ofcharge are shown m Figs. 1 and 2, where 2’ and 2” 
are the real and lmagmary components of the impedance (Z), respectively. 
In mterpretmg these data, it 18 instructwe to consider the overall electrode 
reactions, z e., 

discharge 
NiOOH + Hz0 + e- B 

charge 
OH- + Nl(OH), (1) 

*Data were plotted m various other ways but only complex plane plots are discussed 
m this sectlon 1 
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discharge 
Cd + ZOH- I 2e- + Cd(OH), 

charge 
(2) 

Since Ni-Cd cells are typically constructed with excess negative (Cd) 
electrode capacity, the cell impedance for the totally drscharged state 
(Fig. 1) is dominated by the fully discharged Nl electrode, m the absence 
of extraneous factors drastically affecting the reverslblhty of the Cd elec- 
trode. Note that the overall impedance is relatively high, probably because 
of the presence of a resistive nickel hydroxide layer. In this case the data 
closely resemble that modelled by the equivalent-circuit shown m Fig. 3. 

Fig 3 Equivalent clrcult for the cell whose impedance characterlstlcs are given m Fig 1 

In the frequency range studied, a relaxation process (semicircle defined by 
R, and C,) is observed at frequencies between about 100 Hz and 10 mHz, 
followed at lower frequencies by a diffusional process (linear region with 
slope W). The low frequency slopes are considerably greater (65 - 77”) 
than expected for a dlffusional process to either a planar electrode (45”) 
or an “ideal” porous electrode (22”). Such large slopes are probably asso- 
ciated with a non-ideal pore shape, or with sohd-state diffusion or slow 
adsorptlon/desorptlon processes (perhaps mvolvmg protons). 

For partially or fully charged cells, the impedance behavior 1s more 
complex (Fig. 2). Although well-defined semicucles are generally observed 
for the lower states of charge, the diffusional impedance region is often 
nonlinear, which makes it difficult to tabulate data and make quantitative 
compansons. Nonetheless, the diffuslonal slopes tend to fall m the range 
expected for a porous electrode (20 - 40”). Interestmgly, for the highest 
state of charge (12 A h), an inflection m the impedance spectrum is often 
observed at a value of about 0.042 a (see Fig. 2). 

In order to draw correlations between impedance characteristics and 
cycle history and to maxmlze the probablhty of mcludmg cells that would 
fail prematurely, emphasis was placed on analyzmg the maximum number of 
cells at only one charge state. The fully discharged state, for which a rela- 
tively simple equivalent circuit model appears to be apphcable, was chosen. 
Thus choice also facilitates data acqulsltlon smce the zero charge state can 
be reproducibly attamed, and measurement problems associated with hrgh 
current response are mmnnrzed (cell resistance ls largest). In order to mmi- 
mize the magmtude of the current response at the higher frequencies while 
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retammg good resolution at the lower frequencies, a perturbation voltage of 
2 mV (rms) was selected for subsequent experiments 

Fallwe predtctlon 
Impedance spectra were determined for NI-Cd cells (m the fully dls- 

charged state) at vanous points during charge/discharge cycle testmg and 
were routinely plotted m the four ways illustrated m Figs. 4 - 7. From the 
complex plane plots (Fig. 4), R, , C, and W were determined (whenever 
possible) and tabulated*. Log-log (Bode) plots of the total impedance (2) 
and its imaginary (2”) and real (2’) components us frequency (0) generally 
exhibited two linear regions (neglecting mductlve portions). The slopes 
and inflection points for such plots were also tabulated, using the notation 
given m Figs. 5 - 7. 

Data for the impedance parameters found to depend on the cell charge/ 
discharge history, z e , W and C,, are summarized m Table 1. For both types 
of cells (NI active material chemically deposited for L2 series and electro- 
deposited for Ll senes), W increases steadily with the number of charge/ 
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Fig 4 Complex impedance spectrum for NI-Cd cell L2-59 at 0 0 V after 3457 charge/ 
discharge cycles 

*Note that R, was neglected smce It was found to be msensltlve to the battery 
charge state and cycle history 
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TABLE 1 

Dependence of W and C, for various Nl-Cd cells on charge/discharge hlstory 

Cell no 

L2-59 

L2-68 

L2-82 40 35 

L2-93 

L2-95 

L2-96 

L2-102 

Ll-68 

Ll-69 35 

Ll-70 

Ll-71 

Cycle Depth of Charge/discharge 
temp discharge cycles 

(“C) (%) (number) 
$eg) 

30 

30 

40 

40 

40 

30 

35 

50 

50 

35 

20 

50 

50 

50 

50 

30 

30 

40 

40 

1116 
3457 

1957 
3119 
4704 
5223 

1332 
2448 
4488 

378 
1496 
3072 
3573 

3124 
3446 

1561 
3025 

906 
5109 

0 
800 

2278 

0 
800 

2278 

0 
800 

2126 

0 
800 

76 6 22 
82 4 17 

716 - 
77 1 21 
78.7 20 
82 1 78 

-Faded- 

65 6 20 
67 4 22 
68 1 17 

71 6 52 
45 0 - 

69 7 22 
-Failed- 

87 1 18 
-Faded- 

76 6 19 
745 - 

69 7 18 
79 9 19 

79 5 89 
80 5 47 
81 4 51 

80 5 58 

65 6 34 
76 9 43 

77 4 42 
76 3 58 

-Faded- 

80.2 42 

76 0 5.4 

dxcharge cycles after the u&al condltlonmg period*.. Interestingly, C, 
decreases with cycling for L2 cells but increases for Ll cells. 

Based on data for two cells, a high or rapidly mcreasmg value for W 
apparently signals imminent cell failure. This I most evident for cell L2-95 

*Note that Nl-Cd cells typically must undergo several charge/discharge cycles before 
normal behavior 1s obtained 
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Fig 7 Bode plot of the real Impedance component us frequency for the data given 
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10 mHz 

Fig 8 Complex Impedance spectrum for Nl-Cd cell L2-95 at 0 0 V after 3124 charge/ 
discharge cycles 
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Fig 9 Complex Impedance spectra at 0 0 V for falled NI-Cd cells (a) L2-95, (b) L2-93, 
(c) Ll-70, (d) L2-94 

which yielded a W value of 87.1” when evaluated at 3124 cycles (Table 1) 
and failed only 322 cycles later, note that W typically falls m the 60 - 75” 
range. The complex impedance spectrum for this cell is shown m Fig. 8. 
Likewise, W for cell L2-68 steadily increased and was high (82.1”) when 
evaluated at 5223 cycles, Just before failure. Unfortunately, only four of 
the cells monitored failed during the course of this work so that a firm 
correlation between W and cell failure could not be estabhshed. It should 
be mentioned, however, that high W values have been reported [7] for 
Leclanche cells and attributed to polarization of the carbon electrode 
caused by inadequate sorptlve or electrocatalytic properties. 

A roll-over of W m the diffusional region may also signal cell deten- 
oration, most probably by a different mechanism. This is evident from 
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the complex impedance spectra for failed cells shown m Frg. 9. For the 
fnst three spectra, (a) - (c), the low frequency dlffuslonal response IS absent, 
presumably because the cells have been shorted by dendrrtes/separator 
falure. For these cells, the impedance behavior 1s apparently dommated 
by double layer charging and, m cases where two semlclrcles are observed 
(Fig. 9(b), (c)), adsorption processes. The impedance spectrum for cell 
L2-94 (Fig. 9(d)), which comprises a normal high frequency semicircle and 
a dlffuslonal tall that becomes nonlinear (falls off) at lower frequencres, 1s 
of particular interest The latter behavror IS typrcal of drffusron through a 
fmrte diffusion layer and has been observed for Nl-Cd cells [ 121. The 
posslblhty that the devratlon of 2” from hneanty m the diffusion region 
signals cell detenoratron is supported by the prehmmary data obtained 
for cell L2-94. Figure 10 depicts the complex impedance spectrum for this 
cell after 2350 cycles (1000 cycles before failure). The value of W 1s lower 
than for most cells, and the curvature m the dlffuslonal region 1s greater 
than that observed for any other cell. 

As indicated by the impedance data for Ll cells after 800 charge/ 
discharge cycles summanzed m Table 2, C, may also reflect cell detenora- 
tron For the harsher cycle condrtrons (50 “C, 40% depth of drscharge), 
C,, which also increases wrth cycle life for this type of cell, 1s consrderably 
larger Although no correlation was found between llzzl and cell agmg, this 
parameter does appear to be dependent on cycle condrtrons, as seen m 
Table 2 

16mHt 

10 mHz 

, I 1 

04 08 12 

z’ b-l) 

Fig 10 Complex Impedance spectrum at 0 0 V for Nl-Cd cell L2-94 after 2350 charge/ 
discharge cycles 
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TABLE 2 

Dependence of C, and mZ1 for Ll cells after 800 charge/discharge cycles 

Cell 
number 

Cycle Depth of 
temperature discharge 

(“Cl (%I 

Ll-68 35 30 47 -0 96 
Ll-69 35 30 3.4 -0 92 

Ll-70 50 40 58 -0 86 
Ll-71 50 40 54 -0 75 

mZ1 = slope of the log 2 us log w plot between - 0 4 and 5 mHz 

State-of-charge de termma tron 
In view of the considerable interest m impedance measurements as a 

means of determmmg battery state of charge, data generated under the 
present program were evaluated for mcidental relationships along these 
lmes. It was found that increases m the state of charge are consistently 
reflected in a linear mcrease in mzh, which, as depicted m Fig. 11, is the 
slope of the linear portion of log 2 - log w plots between about 5 and 
500 mHz. Values of mzh as a function of charge state for 8 Nr-Cd cells are 
given m Table 3. Although the absolute values vary somewhat, the trend is 
consistent for each cell. The results indicate that low frequency impedance 

I I I I I I I I 
-2 -1 0 1 2 3 4 

LOG w 

Fig 11 Bode plot of cell Impedance us frequency for Nl-Cd cell L2-67 at full charge 
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TABLE 3 

Dependence of mZh on the charge state of various Nl-Cd cells 

state of mZh 

charge 

(A h) 
L2-67 L2-72 L2-82 L2-88 L2-92 L2-93 L2-96 L2-102 

4 -008 -0062 -0 10 -0 061 -0083 -0083 -0073 -0 10 

8 -009 -0069 -011 -0 069 -0.080 - -010 - 

12 -0 14 -0 095 -0 13 - 0 095 -0 095 -0 11 -0 13 - 0 18 

mZh = slope of log 2 - log o plot between 500 and 5 mHz 

measurements are most promismg for state of charge determmations, which 
is consistent with recent work mvolvmg the diffusional impedance for Ni- 
Cd cells [12]. 

Conclusions 

Impedance charactenstics at low frequencies (< 1 Hz) appear to reflect 
degradation m Ni-Cd cells. Since none of the cells evaluated in the present 
work failed prematurely (as determined by a failure model proposed by 
Fedors et al [19]) under charge/discharge cychng, it was not possible to 
establish defmite correlations between impedance parameters and cycle life. 
However, based on the data obtamed, such correlations are likely to exist. 

Future work m this area should apparently be focussed on the low 
frequency domam. Smce a.c. perturbation measurements are time consummg 
below frequencies of about 0.001 Hz, alternative measurement techniques 
should be considered. One possibility is the transient method (described 
by Pilla [20] and utilized by Zunmerman et al [12, 14]), which requires 
assumptions concernmg the natural cell response with respect to background 
chargmg or discharging, but which can be performed more rapidly. Another 
possible approach to reducing measurement time at low frequencies is to 
use fast Founer transform (FFT) analysis. In any case, future measurements 
should probably not be hmited to the fully discharged state, for which the 
nickel electrode dominates the cell impedance, since some unportant cell 
failure modes mvolve the cadmium electrode. For charged or partially 
charged cells, measurements should be performed galvanostatically so that 
the overall charge state is not changed during the course of the measure- 
ment. 
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