Journal of Power Sources, 41 (1993) 321-333 321

The analysis of voltage fluctuations for the
characterization of rechargeable alkaline manganese
dioxide-zinc cells

P. R. Roberge and M. Farahani

Department of Chemistry & Chemical Engineering, Royal Military College of Canada, Kingston,
Ont., K7K 5L0 (Canada)

K. Tomantschger
Battery Technologies Inc., 2480 Dunwin Drive, Mississauga, Ont., L5L 1J9 (Canada)

(Received August 11, 1992; in revised form October 27, 1992)

Abstract

Selected rechargeable ‘bobbin-type’ alkaline manganese dioxide (RAM)-zinc ‘AA’ cells
were investigated. The cells had an identical design and chemistry with the exception that
one group had a conductive coating applied to the inside of the nickel plated steel can
which serves as the positive current collector. The electrochemical characterization of the
cells was made with various techniques throughout their cycle life. The internal resistance
at 1 kHz and electrochemical impedance spectroscopy (EIS) measurements were made at
regular intervals on fully charged cells. The voltage fluctuations of the baseline discharge
voltage were also recorded during discharge at three moments of the cells’ cycle life. These
voltage fluctuations were analyzed with a novel analysis technique which relies on the
stochastic nature of the voltage fluctuations. The test performed revealed that the can
coating contributed to an increase of the overall cell performance, Cells with a coated
can exhibited a lower internal resistance and maintained this characteristic even after
extended periods of storage.

Introduction

The study of chemical oscillations and electrochemical fluctuations has always
fascinated scientists. The early work published in the field of fluctuating electrochemical
systems was reviewed in 1972 by Tyagai [1], in 1987 by Bezegh and Janata [2] and
in 1988 by Searson and Dawson [3]. Most of the electrochemical noise work published
to date has focused on phenomena associated with corrosion studies. Only a limited
research effort has been reported [4-10] on the study of the voltage fluctuations
associated with the operation of battery systems.

The usefulness of monitoring voltage noise patterns observed during the various
phases of charging sealed lead/acid cells was demonstrated [9] by associating the origin
of noise signals to problems associated with either the operation of the positive electrode
during the earlier phases of charging the cells or the behavior of the negative electrode
toward the end of charging. It was also demonstrated [10] that the baseline noise
recorded during the simple resistive discharge of Li/SO, and Li/SOCI; celis was related
to fundamental characteristics such as cell type and depth-of-discharge.
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But in order to apply noise monitoring in practical production or testing environments
as a quality control tool, it became important to transform the information visibly
present in the recorded noise spectra into quantitative variables that could eventually
become control parameters. An extensive body of literature exists on the various ways
of doing such transformations [11, 12}, but they have in common a lack of simplicity
and appropriateness in the present context since the noise patterns of interest were
found to occupy only a relatively narrow frequency domain (1 mHz to 100 Hz).

Stochastic pattern noise analysis

The most common way to analyze noise data has been to transform time records
in the frequency domain in order to obtain power spectra. Since noise signals can be
produced by either deterministic or stochastic processes and often consist of a complex
combination of these processes, the most universal analytical approach has been to
correlate predominant frequencies and deconvolute unwanted signals in an iterative
manner using well-established mathematical functions. Spectral density plots would
thus be computed utilizing fast Fourier transforms (FFT) or other algorithms such as
the maximum entropy method (MEM) [13, 14}

Although these techniques find a very appropriate use for the deconvolution of
spectroscopic data sets which often contain millions of data points, they can yield
disappointing results when applied to smaller sets of data points. The utilization of
approximations as in the MEM technique to circumvent this limitation will itself be
affected by the presence of nonstationary phenomena which can greatly complicate
the final analysis.

The approach taken here for the analysis of voltage fluctuations consisted of two
levels of transformation of the original recordings. At the first level the voltage
fluctuations were transformed into individual voltage peaks as basic events. This was
accomplished relatively simply by sorting the consecutive voltage fluctuations as a
function of the recorded voltage changing slopes. Each directional change of the slope
of the recorded voltage was used as a trigger and the resulting inter-event times (peak
duration) compiled as a basic event in an histogram-type distribution. The rise time
of these singular peaks was also sorted in parallel with this first grid since the rise
time (dV/dr) is an important characteristic of electrochemical systems. This first level
of transformation of incoming signals, which was accomplished by a few lines of BASIC
programming language, can yield drastically simplified results (Figs. 1-4).

The approach taken to perform the second level of transformation was imported
from the field of statistics of event series such as practiced in reliability engineering
[15]. Situations in which discrete events occur randomly in a continuum (e.g. time)
and which are called stochastic point processes can normally be described by a Poisson
probability distribution p(x; Af), as in eqn. (1), where x represents a random variable,
t the specific time involved and A the mean number of events per unit time:

A

plx; At)= T

x=0,1,2, ... 1)

For situations where the hazard rate is constant (x=0), the Poisson probability
distribution can be reduced [16] to an exponential distribution (eqn. (2)) where the
characteristic parameter (A) can be easily obtained by integrating the occurrence
distribution of the phenomena that have occurred in a given sample:

firy=ae=2 @

The voltage fluctuations were firstly sorted into peak population distributions
which were plotted as cumulative distributions (eqn. (3)) for the evaluation of their
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Fig. 1. Example of voltage fluctuations observed during the first 20 minutes discharge of an
uncoated can RAM cell.
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Fig. 2. Voltage fluctuations of Fig. 1 transformed into an histogram of peak population vs. peak
duration.
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The characteristic parameter A was evaluated at a point of the cumulative distribution
given by eqn. (4) which corresponds to a computerized version of the classical method
to find A by plotting data on exponential distribution probability papers:

F)=2

Y Histogram(t)
&4 > Histogram(t)

The goodness-of-fit (GF) of each noise data file was evaluated by comparing the
calculated exponential distributions (A) to the experimental distributions observed.
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Fig. 3. Average voltage rise time of the fluctuations presented in Fig. 1 as a function of peak
duration.
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Fig. 4. Distribution of the positive peak duration of Fig. 1 (histogram) and results calculated
with the exponential model (curve).

Rechargeable alkaline manganese (RAM) dioxide-zinc technology

In the early 1950s the rechargeability of the MnO,-Zn system was recognized
[17] and efforts commenced to make the ‘throw-away’ primary alkaline cell rechargeable
[18]. The development work revealed that primary alkaline cells, with some design
modifications, could be used for applications requiring a relatively inexpensive cell
that could deliver a moderate number of cycles, but the first commercial cells produced
at the time were plagued with high internal resistance, low nominal capacity and
required electronic means to determine the end of discharge [19, 20]). The inability
of those cells to handle any kind of consumer abuse resulted in the withdrawal of
the rechargeable cells from the market in the early 1970s. The research effort was
pursued and new cell designs appeared in the early 1980s [21, 22]. In 1987 the
technology was transferred to the Battery Technologies Inc. (BTI) laboratories where
the commercial development was intensified.



325

In the cylindrical cell consumer market RAM cells have become an economically
and viable alternative to single use zinc—carbon and alkaline batteries. Most cell
components and raw materials used are identical to those used in primary alkaline
cells. The major design changes made to primary alkaline cells lie in cathode and
anode formulations, the limitation of the anode capacity to less than the first electron
capacity of the MnO, cathode, the addition of barrier layers to the separator and the
integration of means to enable moderate cell abuse. Depending on the conditions of
utilization, between 7 to 20 times the operating time of primary alkaline cells and 20
to 50 times that of zinc—carbon cells has been achieved. Current ‘AA’ RAM cells
deliver, during their first cycle, in excess of 125% of the International Electrotechnical
Commission (IEC) minimum average for primary alkaline cells and in excess of 80%
of the performance of the leading primary alkaline cells on the market. The manufacturing
cost of RAM cells is within 120% of the cost of alkaline throw-away cells and the
mercury content of commercial design RAM cells has been reduced to the level of
present alkaline cells (0.025% of cell weight).

Experimental

In order to determine the effects of can coating on the overall performance of
‘bobbin-type’ RAM cells, 130 cells were assembled at BTI. These cells were identical
in design and chemistry (0.3% Hg based on cell weight) with the exception that one
group had a commercially-available carbon-based conductive coating applied to the
inside of the can prior to the insertion of the positive electrode while no coating was
applied to the nickel-plated can of the second group. These test cells were subsequently
submitted to various test procedures commonly used to evaluate alkaline MnO,-Zn
cells.

The initial electrical measurements were taken one week after assembly. The
short circuit current was determined using a four probe instrument, to eliminate contact
problems, by shorting cells for a period of 150 ms. Closed-circuit voltage measurements
were made by applying a 3.9 ) load to the test cells and recording the cell voltage
after 150 ms. In the photoflash test, the RAM cells were exposed to the cyclic imposition
of a 1.8  load for 15 s followed by a 45 s period of rest. This sequence was repeated
until a 0.9 V threshold was reached. These cycling tests were performed at room
temperature after storage for various periods at temperatures between 55 and 65 °C.

The voltage fluctuations were recorded during discharge every ten cycles using
a digital multimeter (Fluke Model 8840 A) and a high-pass filter to cut off the d.c.
voltage in an experimental set-up described elsewhere [10]. The slowly decreasing cell
voltage would appear as a negative offset (= —175 uV in Fig. 1) directly related to
the slope (dV/df) of the discharging voltage. For this study, the cells were discharged
in a deep discharge fashion with a continuous 3.9 Q load and a cutoff voltage of
0.75 V after which they were recharged in taper chargers at a maximum current of
500 mA and a 1.72 V maximum voltage over a period of 12 h. A sampling interval
(Ar) of 0.3 s and the number of consecutive data points (N) of 4000 were chosen
since they allowed access to the frequency domain where electrochemical processes
are dominant [3]). The frequency domain corresponding to these sampling conditions
can be evaluated to be between 1.7 Hz (fna) and 0.8 mHz (f,,) with the help of
eqns. (5) and (6) [23]:

1
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1

fmin= N At (6)

The internal resistance (R;,) of fully charged cells was measured with a commercial
milliohmmeter (HP Model 4328A) and EIS measurements were obtained at every ten
cycles on fully charged cells with a commercial frequency response analyzer (FRA)
(Solartron Model 1253) equipped with a potentiostat/galvanostat (Solartron Model
1186).

Results and discussion

Figure 5(a) illustrates the effect of high temperature storage on the short-circuit
current of the coated and uncoated test cells. It is apparent cells with a can coating
have and maintain higher short-circuit currents which is an indication that the internal
resistance of the cells is lowered by the application on the can coating. The short-
circuit current of fresh coated cells was determined to be 16.3 A, and 13.2 A for the
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Fig. 5. (a) Short-circuit current and (b) closed-circuit voltage measured with coated and uncoated
RAM cells after storage during various periods at 55 and 65 °C.
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uncoated cans. After two weeks storage at 55 °C (equivalent to one year storage at
room temperature) the ‘AA’ RAM cells with the coated can maintained 99% of the
original short-circuit current while the uncoated can version could only maintain 79%
of their initial short-circuit current. After two weeks at 65 °C (equivalent to 2 years
storage at room temperature) the coated can cells still maintained 78% of their initial
short-circuit current whereas the uncoated can cells’ current dropped to 51% of the
initial values. Figure 5(b) contains results describing the behavior of the closed-circuit
voltage parameter which was monitored on the two cell designs. Again, the coated
can cells outperformed visibly the uncoated can version of these RAM cells.

The performance curves obtained during the 3.9 Q) ambient temperature discharge
of RAM cells with coated and uncoated can collectors are presented in Fig. 6(a) with
a comparable curve made with a newer technology (1992 design, 0.025% Hg based
on cell weight). Figure 6(b) contains performance curves of 1991 cells versus their
1992 counterparts obtained during the photoflash accelerated testing (1.8 (). It appears
that the motor toy (3.9 Q) and photoflash (1.8 2) performances of the two cell designs
to the low voltage cutoffs are very similar. However, a closer analysis of the test data
revealed that cells with a can coating exhibited higher average discharge voltages and
discharge currents. In the photoflash application this would be translated by more
deliverable energy in shorter time periods. As a result, cells with a can coating would
have the ability to rejuvenate the flash unit more quickly resulting in the ability to
take a sequence of pictures at a much faster rate. It was also noticed that cells with
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Fig. 6. Average performance of two groups of 1991 (-M-) uncoated and (—) coated can RAM
cells deep discharged at (a) 3.9 ©2 and (b) 1.8 Q compared with the performance of (—--)
1992 RAM cells.
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the can coating could deliver more capacity to a higher voltage cutoff than cells without
the can coating. This would be a particular asset in applications requiring a constant
current discharge and a high voltage cutoff (e.g., 1.1 V).

The analysis of EIS measurements yielded the results presented in Table 1
(uncoated can cells) and Table 2 (coated can cells). This analysis was focused on the
EIS data (7 to 1300 Hz) known to be sensitive to the electrochemical interface
parameters of interest, i.e., the charge-transfer resistance (R.,) in parallel to the double-
layer capacitance (Ca). A third parameter calculated from the EIS data expresses the
angle of tilt that is a common feature of EIS Nyquist plots and is apparent in the
capacitive range of log(Z) versus log(Freq) Bode diagrams [24] as a digression from
slope (a) value unity (Figs. 7 and 8). The empirical factor which has to be introduced
into the mathematical procedures to fit EIS data would appear as an exponent a with
a value between 0 and 1, which would be added to the imaginary component of an
impedance frequency (w) response Z(w):

Ry

Z(w)= R+ m1+Uchth!)a (7N

The constant phase element (CPE) corresponding to this empirical factor has
often been associated with dispersion effects [25-27] that, in the present case, could
be due to a multitude of factors related to the series of interfaces involved between
the positive and negative electrodes. The presence and magnitude of the CPE has
been demonstrated to be of practical significance for monitoring the health and reliability
[28-30] of some chemical power sources (Li/SO,) that can be modeled with relatively
simple equivalent circuits. The magnitude of the CPE (aw®™') calculated for the
RAM cells tested in the present study can be explained by a broad distribution of
values attributed to the activity of the sites involved during the operation of the cells.

TABLE 1

Internal resistance and analyzed EIS results obtained with six uncoated can RAM cells

Cycle R; o R, Ca

no. (mQ) (me) (mF)

2 150 (20)* 0.42 (0.05) 170 (20) 1.8 (0.3)
12 260 (20) 0.37 (0.05) 600 (50) 1.0 (0.2)
22 320 (20) 0.36 (0.05) 800 (80) 0.8 (0.2)

*Calculated standard deviation.

TABLE 2

Internal resistance and analyzed EIS results obtained with six coated can RAM cells

CyCle R, [44 R Cd)

no. (mQ) (me) (mF)

2 180 (20)* 0.10 (0.08) 240 (20) 1.8 (0.3)
12 270 (20) 0.12 (0.08) 410 (50) 0.9 (0.2)
22 350 (20) 0.14 (0.08) 550 (90) 0.7 (0.2)

*Calculated standard deviation.
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Fig. 7. Bode plots (log(Z) vs. log(Freq)) of EIS data obtained on fully-charged RAM cells at
various points of their cycle life (uncoated can: (V) cycle no. 2, (O) cycle no. 12, (A) cycle
no. 22 and coated can: (¥) cycle no. 2, (W) cycle no. 12, and (A) cycle no. 22).
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Fig. 8. Bode plots (phase shifts vs. log(Freq)) of EIS data obtained on fully-charged RAM cells
at various points of their cycle life (uncoated can: (V) cycle no. 2, (O) cycle no. 12, (A) cycle
no. 22 and coated can: (¥) cycle no. 2, (M) cycle no. 12, and (A) cycle no. 22).

The fact that the CPE apparently increased by adding the conductive coating is
probably due to the decreased contribution of the positive electrode to these cells
overall impedance (Table 2) thereby increasing the relative importance of the negative
electrode. If this is the case, the CPE could partly be attributed to the distributed
field caused by the geometry of the negative current collector. But the magnitude of
the CPE, which is associated to the dullness of the EIS features (Figs. 7 and 8), also
signifies that the RAM cells can not be modeled with simple equivalent circuits thus
rendering the interpretation of the differences observed in the parameters calculated
from EIS data somewhat uncertain.

The improved conductivity between the positive can collector and the active
manganese dioxide became evident during the analysis of the voltage fluctuations



330

recorded at regular intervals of the cycle life of these cells. The noise analysis was
performed with the stochastic pattern detection (SPD) technique presented earlier.
The average values of the means (A) and rise times obtained for the twelve cells
tested during this study are presented in Figs. 9 and 10.

The mean values reported in Fig. 9 being an indication of the level of electrochemical
noise recorded with the instrumental arrangement used in the present study (sensitivity
of filtered voltage =1 uV), it is quite apparent that the uncoated can cells are much
more ‘noisy’ than their coated counterparts. The level of noise of the uncoated cells
also seemed to increase during the cycle life of the RAM cells with the middle of
the early cycles (cycle number 3, Figs. 9 and 10) being almost noiseless. A comparison
of the voltage rise time of the voltage fluctuations (Fig. 10) calculated with the SPD
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Fig. 9. Average of the means (A) calculated with the SPD technique of the voltage noise
fluctuations recorded during the discharge of (——--) uncoated and (—) coated can RAM cells
((V) cycle no. 3, () cycle no. 13, and (A) cycle no. 23).
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Fig. 10. Average of the rise times measured during the discharge of (-~—-~) uncoated and (—)
coated can RAM cells ((V) cycle no. 3, () cycle no. 13, and (A) cycle no. 23).



331

Log (R/S)

13

12b e -t

al
: QDDQD
11k = :

g, .
&7 - Slope = 0.25

0.9 Dﬂ'd
0.8 .......... > D ......
0.7+ D’/ .

06 -a%-
0.5 L.

oal—i :
08 1 12 14 16 18 2 22 24 26 28

Log (lag) (0.3s)
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technique also indicated that almost no observable difference existed for the coated
RAM cells while the rise time of uncoated can cells dropped to a minimum value
part-way through discharge, then increased.

The average goodness-of-fit by the SPD technique of over 80 h of noise measurements
made during this study was evaluated to be 97.7%. A similar goodness-of-fit value
was obtained when synthetic files of either white of ‘brown’ (from Brownian motion)
noise were tested thus confirming that most of the voltage fluctuations observed with
the RAM cells are produced by stochastic processes. This observation was tested
against one of the most useful mathematical models for analyzing time-series data
which was proposed a few years ago by Mandelbrot and van Ness [31]. Although the
fractional Brownian motion (fBm) model can help to describe very complex geometries
or time series, its analysis can be made in relatively simply by using the rescaled range
analysis or R/S technique, where R or R(t, s) stands for the sequential range of the
data points increments for a given lag s and time ¢ and S or S(¢, s) for the square
root of the sample sequential variance, which was originally proposed by Hurst [32]
and applied by Mandelbrot and Wallis [33] to the determination of the fractal
characteristics of a time-series [34].

Figure 11 presents the results obtained by transforming the noise sample of
Fig. 1 into a R/S or Pox plot. It can be seen that this noise sample seems to be
governed by two modes which correspond to two slopes on the Pox plot (Fig. 11).
Hurst [32] and later Mandelbrot and Wallis [33] have proposed that the ratio R/S is
a random function with scaling properties of dimension H (the slope of a Pox plot).
A slope of 0.5 would correspond to a fractal dimension of 1.5 which is itself characteristic
of the well-known Brownian motion. A slope differing from 0.5 would be characteristic
of what was termed fBm. The initial slope of 0.50 in Fig. 11 would correspond to
the predominance of Brownian motion in the frequency range of 1.7 Hz (fn.) and
40 mHz (lag=25 s) and to a different mode (slope 0.25) for lower frequencies. A
slope smaller than 0.5 would reveal the presence of anti-persistence [34] and indicate
that a negative correlation exists between past and present trends. By experimenting
with synthetic noise files it can also be concluded that a slope of 0.2 on a Pox
plot corresponds to a typical 1/f decay while the Brownian motion decays with a 1/f2
ratio.



332

Conclusions

A total of 130 ‘AA’ RAM test cells were assembled and exposed to a variety of
test procedures to determine the effect of applying a carbon-based coating, to the
inside of the nickel-plated steel can. The standard electrical tests performed during
this study permitted to demonstrate the increase in performance achieved by adding
the conductive can coating. Cells with a coated can exhibited overall lower internal
resistance and maintained this characteristic even after extended periods of storage
at different temperatures. The various tests performed made it obvious that cells
utilizing a can coating maintained their electrical performance over their cycle life
while cells with an uncoated can deteriorated at a faster rate, particularly in situations
requiring a high voltage cutoff or after high temperature storage.

The application of the SPD technique to the analysis of spontaneous electrochemical
noise also revealed that the presence of an additional layer of conductive coating
between the can collector and the positive material drastically reduced the amplitude
of the voltage fluctuations recorded during the discharge of these test cells. The voltage
fluctvations recorded in the present study can thus be attributed almost entirely to
differences in the electrical contact between the can collector and the active cathode
material, the plated nickel having a tendency to passivate and become less conductive
with usage. The results of analysis of all the noise samples gathered during this study
indicated that the SPD technique fitted almost perfectly the noise signatures generated
during the lifetime of the RAM cells. The rescaled range analysis performed on typical
noise samples confirmed that the noise signatures were indeed produced by stochastic
processes generating Brownian motion signals in the frequency domain of analysis.

EIS and internal resistance measurements were also made during the lifetime of
the cells tested. They proved to be relatively insensitive to the two different technologies
tested in this study except for the general aspects of the EIS plots which were much
more diffuse in the case of cells with a conductive can coating. Additional work is
presently being carried out with flat plate RAM cells into which it is possible to add
a reference electrode and perform EIS and electrochemical noise (EN) measurements
in various three-electrode configurations. It is hoped that the results obtained with
this work will permit to develop the models necessary to understand more fully the
features revealed in the present study by both EIS and EN measurements.
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