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ELECTRODE NOISE IN BETA ALUMINAS

by

James J. Brophy and Steven W. Smith
Physics Department
University of Utah

Salt Lake City, Utah 84112

ABSTRACT

-~

Experimental contact noise spectra of Nag" alumina and Agsg"

alumina ceramics at room temperature exceed low frequency thermal

ri noise for both blocking and ohmic electrodes. Contact noise spectra

d above 102 Hertz for ohmic electrodes of sodium amalgam and Nal in pro-
P pylene carbonate agree with Nyquist noise levels determined from ac

o impedance measurements, and the low frequency excess noise is shown to

be associated with non-equilibrium electrochemical processes. Similar
effects are found for ohmic silver amalgam and aqueous AgNO3

electrodes on Agg" alumina. Greatly increased voltage fluctuations

are observed to accompany current in the samplie and both contact
current noise and bulk granular current noise have similar charac- |
teristics. A total dc charge flow of 25 coul/cm? at sodium amalgam

electrodes to Nag" alumna increases both contact and current noise

many orders of magnitude and can be returned to initial levels by

equivalent reverse charge flow. No corresponding changes in conven-

tional experimental measurements, e.g. current-voltage characteristics

are detected.
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I. Introduction

Although it has long been recogn'lzed1 that equilibrium electri-
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cal fluctuations associated with electrochemical contacts can be
used to examine electrode properties experimentally, relatively few

studies have been reported. On the other hand, faradaic current noise
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has been commonly used to determine kinetics of electrode reactions
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such as crystal growth2 and corrosion3»4, Conductivity fluctuations
in aqueous ionic conductors have been examined with minimum influence
from contact noise by suitable cell design employing large area metal
electrodes; in the absence of current, white noise has been observed
over the frequency range 1 to 10" Hertz 1n solutions of beryllium
sulphates, potassium chloride® and copper su1phate7. Similar Nyquist
noise spectra are also observed at glass microelectrode contacts to KC18.
Corresponding studies of contacts to solid ionic conductors are
rare9, although Nyquist noise has been observed at colloidal graphite
and evaporated lead contacts to lead fluoridel®. The present work
examines voltage fluctuations characteristic of ohmic and blocking

contacts to the superionic conductors sodium 8" alumina and silver g"

alumina ceramicsll, both in electrical equilibrium and in the presence of
current. These results represent the first reports concerning contact
gﬁ{ noise of fonic conductors in which the electrical species crossing the

E% electrode - conductor interface is ifonic rather than electronic.

.
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I1. Experimental Procedure

Polycrystalline ceramic samp'les12 of Nag" alumina and Ags"
alumina approximately 1 ¢cm x 0.5 cm x 0.4 cm are shaped to provide
current contacts and transverse potential electrodes. A1l specimens
are baked above 800 °C in air for several hours and subsequently kept
dessicated to reduce absorbed moisture. The ends of the sample are
sealed with epoxy cement into openings in the sides of plastic test
tubes to make contact with various liquid electrode materials inside.
Liquid electrodes are found to yield more reproducible noise measure-

.menss than other configurationsg, although the present technique

1imits the study to temperatures near ambient. Conventionally, the
same electrode material is used for all contacts to the sample.

Electrical noise is observed with samples connected to the input
of a conventional amplifier, tuneable filter and ac voltmeter system.

Either a PAR 113 or a specially-constructed low-noise preamp11f1er13

employing a FET input stage is used to assure that internal amplifier
noise is independent of sample impedance. The system accurately
measures Nyquist noise of resistances from 10" to 2 x 108 ohms over
the frequency interval 10° to 105 Hertz. Current is supplied to the
samples through a 105 ohm metallic series resistor to reduce current
fluctuations.

111. Contact Noise in Sodium Alumina

Contact noise spectra in the absence of current for gallium,
mercury, sodium amalgam, and Nal in propylene carbonate electrodes are

shown in Figure 1. Both the gallium and mercury contacts are blocking

f
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such that the resistance between contacts exceeds 108 ohms. The
sodium amalgam and propylene carbonate contacts are ohmic, as

illustrated by the current-voltage characteristics in Figure 2.
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The sodium amalgam electrodesl?»15 are prepared by dissolving
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approximately 5% (by weight) of Na in reagent grade mercury at room
temperature. The propylene carbonate electrodesl® are a 0.5 M solu-
tion of Nal, while the si]ver.nitrate contacts are a 5M solution

in water. Platinum foil contacts are immersed in the liquid
electrodes to connect to the external circuit. These electrode

materials all yield 1inear current-voltage curves, Figure 2, with slo-
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pes corresponding to a total sample resistance of 1.2 x 10" ohms 1in

the case of Nag" alumina and 2.2 x 10" ohms for the Agg" alumina sample.
Silver amalgam contacts to Agg" alumina are also ohmic, but of high
resistance, 3.9 x 106 ohms, and have a tendency to show current-voltage
hysteresis. The slight voltage offset of the propylene carbonate data
at zero current is enhanced by prolonged currents and may reach values
as large as 0.3 volt. The effect appears to translate the curve along
the voltage axis, as in Figure 2, with no apparent change in slope.

According to Figure 1, the observed high-frequency noise in the

case of ohmic contacts is in rough agreement with Nyquist noise calcu-

lated from the measured dc resistance using the familiar Nyquist

expression”»18

Sy = 4kTRe
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where S, is the noise spectral density in vo]tsZ/Hertz, k is

T
% SN

T T
a3 [N

Boltzmann's constant, T is the absolute temperature and R, is the real
part of the sample impedance. Conversely, the noise in the case of
blocking electrodes greatly exceeds this value. No difference in the
observed noise for either type of contact is found when the large area
? platinum foil contacts are replaced by platinum wire contacts of small
Eé area, indicating that the measured noise is characterig}ic of the

E electrode-sample interface and/or internal noise of the sample.

The electrical properties of an electrochemical contact may be
modeled] 14 by a faradaic resistance R. in parallel with a double-
layer capacitance Cc. A resistor Rp in series with this combination
accounts for the bulk sample resistance, although a more accurate

representation could incorporate a distribution of parallel

resistance-capacitance values to account for the ceramic nature of the

specimen and the effect of grain-grain contacts®. The real part of

the impedance of the series-parallel combination is easily shown to be

A SR G0 i
. &,

" -

‘;‘." 'Re = Rb + (2)
¥ 1+ (WReCe)2

i where w is the angular frequency. This value may be inserted into

M

Eﬁ Equation (1) to calculate the predicted noise (assuming both contacts
B:

.

are identical) or, conversely, to determine parameters characteristic

RS

of the contacts and sample from the observed noise spectra.
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Depending somewhat upon the relative values of the parameters,

Equations (1) and (2) predict a low-frequency noise plateau charac-

LT T

teristic of a resistance equal to (R, + Rc) and a high frequency noise
plateau given by Ry. In the frequency interval between the plateau
regions the noise spectrum decreases with a slope of -2 on a 1o0g-log
plot as used in Figure 1.

Many features of the noise spectra in Figure 1 are similar to this
description except that the low frequency noise in the case of ohmic
contacts is very much larger than the value calculated from Equations
(1) and (2) using the measured value of (Rp + Rc) from the current-
voltage curves in Figure 2. It is conceiveable that R; could be so
highly non-linear at very small voltages that (Rp + R.) is very large
under the zero current conditions pertaining to the noise spectra in
Figure 1, but this seems artificial and unlikely in view of the good
1inearity of the experimental current-voltage curves. Because of the
blocking nature of the Ga and Hg electrodes, R. is very large and

Equation (2) could apply in these cases. However, as discussed more
fully below, the low frequency noise spectra in Figure 1 exceed the
noise level of the amplifier input resistance, in violation of
Nyquist's law. Thus, both sets of data suggest that the specimens are
not in thermodynamic equilibrium, even in the absence of any applied

voltage and accompanying current.
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The stochastic nature of electrochemical reactions is most easily
observed under faradaic conditions. In the simple case of a single
reacting species characterized by a reaction rate k, fluctuations in
the current are given byZ

412 k
S§ = (3)

N k2 + P

where S; is the noise spectral density in AmperesZ/Hertz, I is the
current, and N is the total number of the reacting specie. In the
absence of current but in a state of chemical non-equilibrium, a noise

voltage spectrum related to Equation (3) is observable under
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appropriate experimental conditions. Note also that the spectral
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shape of Equation (3) is the same as the second term of Equation (2).
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In order to explore this possibility, the noise properties of a

"‘I
P

second Nag" sample cut from the same larger pfiece as the first sample

QE were examined. The sample was not subjected to dc current (as in

2 current-voltage experiments) to obviate the possibility of an

;; electrochemically-induced non-equilibrium state. The observed contact
E noise spectra for gallifum and sodium amalgam electrodes are shown in
EE Figure 3. The gallium electrode data is taken with two different

EE amplifier input resistances, 2 x 108 ohm and 4.7 x 10° ohm. The

observed contact noise spectrum is sensibly the same for both and is

in essential agreement with the gallium noise spectrum in Figure 1.

v - - e e
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Significantly, the observed noise for both input resistances with the
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sample removed is much lower than the sample noise at low frequencies
and is in good agreement with that calculated from Equation (1) for
ii the known input resistances. These results prove that the gallium

) electrode sample is not in thermodynamic¢ equilibrium, since the

= Nyquist noise of two resistances in parallel must be smaller than

ii either one alone. The excess noise is attributed to chemical reac-
N tions at the gallium-sample interface.

The much lower noise of the sodium amalgam electrodes precludes a

Ea similar experiment in this case. Rather, the noise spectra is

?: observed initially, after four hours, and after 48 hours. As shown in
EE& Figure 3, the low frequency noise related to Equation (3) is much

i.} - reduced, suggesting a chemical reaction gone to completion.

Furthermore, the observed noise is in reasonable agreement with
Nyquist noise calculated from ac impedance measurements. The overall
il noise level is increased after 48 hours, suggesting additional chemi-
E:. cal effects. If the high frequency noise data are assumed to indicate
:'n the bulk resistivity of the ceramic, a value of 4 x 102 ohm-cm, con-
E; sistant with literature valuesl9 is obtained.

b, Similar ageing phenomena are seen with propylene carbonate con-

b tacts. The dc sample resistance is increased by a factor of five

. after several hours and the contact noise level increases correspon-
E@ dingly. The low-frequency noise of the sample with sodium amalgam
g{ electrodes subsequently applied is observed to exceed the Nyquist
.}:)

noise of a 10S ohm amplifier input resistance and the high frequency
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noise plateau decreases significantly from 102 to 10" Hertz. This

MIRURE R

suggests a distributed resistance-capacitance network associated with
grain-grain contacts as seen in ac impedance measurementsl® and that

electrode material has penetrated the sample as a result of chemical

or electrochemical driving forces.

IV. Contact Noise in Silver Alumina

Related contact noise spectra are observed in Agg" alumina cera-
mics, as shown in Figure 4. The slope of the low-frequency portion

changes in both cases from -2 corresponding to Equation (3) to -1

% N LR PRIy

aftér dc current in the sample sufficient to obtain current-voltage

v

characteristics. Here again, electrochemical effects are indicated,
which is confirmed by the fact that the low-frequency noise is much

greater than Nyquist noise corresponding to the measured dc sample

e

resistance. The change in slope can be accounted for by the conven-
tional exp'lanation18 for 1/f noise in terms of a distribution of

relaxation rates in Equation (3). Also, there is no observable change

in current-voltage characteristics equivalent to the differences in

the noise spectra.

. A1l of the nofse spectra in Figure 4 converge at high frequencies,
é suggesting a noise level associated with the sample bulk resistance.

E This value is somewhat below the measured dc resistance for the

% aqueous sodium nitrate electrodes, which is consistant with a small

; contact resistance. The room temperature resistivity calculated from
g sample dimensfons is 2.9 x 10° ohm cm, which appears to be in

agreement with literature valuesZ0,
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V. Current Noise
VYery significantly increased voltage noise levels are observed

accompanying current in the specimen, as illustrated in Figure 5 for a

T

Nag" alumina specimen. Essentially identical results are found for

Che 4

Agg" alumina. It is noteworthy that the spectra show a slope of -2, in

agreement with Equation (3) and that both longitudinal and transverse

o

noise spectra are similar. Since transverse noise can be associated

w

ﬁ_ with bulk conductivity f1uctuation521, the data suggest that bulk and
%

EE contact noise effects are similar. This is consistant with the

!g understanding that bulk conductivity in ceramic specimens is dominated
B

by the resistance of grain-grain contactslé. Note also that the zero
current noise spectra converge at low frequencies where chemical reac-
tion effects at the contacts dominate, and are different at high fre-
quencies corresponding to the difference in the bulk resistance
associated with the geometry of the sample.

Voltage noises observed at both the transverse and longitudinal
contacts are porportional to the square of the dc current, as expected
for conductivity fluctuations or electrochemical noise described by

Equation (3). Transverse noise voltage levels are independent of the

value of the series resistance from 103 ohms to 10° ohms (sample
resistance, 10“ ohms), which is usually sufficient to assure constant-
current conditionszz, and ascribe transverse noise to conductivity
fluctuations, but bulk electrochemical noise at grain-grain contacts

would exhibit similar behavior. Present experimental results are not
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sufficient to choose between the two explanations. Alternatively, it
may be that electrochemical noise is the predominent source of bulk
conductivity fluctuations in these ceramic specimens.

Transverse noise using propylene carbonate electrodes is lower
than that for sodium amalgam contacts. Presumably this can be
ascribed to the penetration of contact material interior to the speci-
men as noted earlier, and may favor an electrochemical noise explana-
tion for bulk noise. :

The sensitivity of experimental contact and current noise spectra
to ;1ectrochem1ca1 effects is dramatically illustrated by Figure 6 in
the case of Nag" alumna with sodium amalgam electrodes. The initial
spectrum at zero current is similar to that observed in other speci-
mens. After dc current of 2.5 ma x 30 min = 4.5 coulomb in the
sample, both contact and current noise levels are increased dramati-
cally. The current noise spectrum is orders of magnitude greater than
before dc current (compare Figure 5) and exhibits a slope of -1 in
contrast to -2 in Figure 5. Similarly, the zero current noise level
is significantly increased and suggests a minimum reaction rate of
approximate1& 10° sec'l, according to Equation (3). Here again the
slope of -1 beyond the turnover frequency can be ascribed to a distri-
bution of reaction rates.

Significantly, the specimen can be returned to essentially the
starting condition by a reverse current equivalent to the initial

charge flow, as also illustrated in Figure 6 for zero current. Of
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1§ particular significance is the fact that experimental current-voltage

characterfistics are unchanged by charge flow corresponding to the con-
ditions of Figure 6. This points up the extreme sensitivity of con-

tact noise measurements to electrode conditions compared to

- conventional experimental techniques.
VI. Discussion
These experimental results clearly demonstrate that ohmic, low

a resistance electrodes to sodium and silver 8" alumina exhibit low con-

tact noise such that Nyquist noise of the sample can be observed. Low

frequency contact noise of both ohmic and blocking electrodes is much

in excess of Nyquist noise and is attributed to non-equilibrium chemi-

cal effects. Measured noise voltages are dramatically increased by

F/ current in the sample even in the absence of changes in other experi-
mental data, e.g., current-voltage characteristics. It appears from
this that current noise measurements offer an unusually sensitive
experimental technique for study of electrode effects.

The shape of experimental current noise spectra (slope of -2)

suggests relatively simple electrochemical processes at both the |
electrodes and grain-grain contacts in favorable cases. 1t is unfor-

.; tunate that the present experimental apparatus does not extend the

= measurements to lower frequencies in order to detect the anticipated

low-frequency plateau suggested by Equation (3) and thus permit a more

quantitative interpretation which might establish differences or simi-
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larities between granular processes compared to electrode effects.
Extension of the study to very low frequencies using digital tech-
niques is currently beginning.

Additionally, experimental measurements at higher temperatures may
raise characteristic turnover frequencies to the present experimental
range, if the electrochemical processes are thermally activated. This
is most easily accomplished using molten sodium electrodes in the case
of Nag" alumina, which may also prove to be chemically “simpler than
electrode materials examined to date. Furthermore, molten sodium
electrodes are of considerable practical interest in connection with
device applications of Nag" ceramics.

Clearly, grain-grain contact effects can best be established by
comparing these experimental results with contact and current noise
observed in single crystal samples. Such studies are contemplated
after the low-frequency and high-temperature ranges of the experimen-
tal apparatus are extended, as discussed above.
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5 FIGURE CAPTIONS

f& 1. Contact noise spectra for blocking and ohmic contacts to Nag" alu-

b mina ceramic. The gallium (Ga) and Mercury (Hg) electrodes are

fo b10ckin? while the sodium amalgam (A) and Nal in propylene car-

e bonate (P) are ohmic.

2. Current-v01ta?e characteristics of Nag" alumina (open circles) and
Agg" alumina (solid circles) ceramics using sodium amalgam (A},
Nal in propylene carbonate (P), and aqueous AgNO3 electrodes.

3. Contact noise spectra for gallium and sodium amalgam electrodes to
a second Nag" alumina ceramic sample. The dashed curves repre-
sent the observed Nyquist noise of amplifier input resistances
alone and the dot-dash curve is the sample Nyquist noise calcu-
lated from ac impedance measurements.

4. Contact noise spectra for silver amalgam (solid circles) and
aqueous silver nitrate (open circles) electrodes to Ags" alumina
ceramic before and after dc current in the sample. The dc Nyquist
level refers to the silver nitrate electrodes.

5. Current noise spectra for Nag" alumina ceramic with sodium
amalgam electrodes.

6. The effect of dc current on the contact and current noise spectra
of Nag" alumina ceramic with sodium amalgam electrodes.
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NOISE SPECTRAL DENSITY IN VOLTS2/HERTZ
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Figure 1. Contact noise spectra for blocking and ohmic

contacts to Nag" alumina ceramic. The gallium
(Ga) and Mercury (Hg) electrodes are blocking
while the sodium amalgam (A) and Nal in propylene
carbonate (P) are ohmic.
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Figure 2. Current-voltage characteristics of Nag" alumina
(open circles) and Ags" alumina (solid circles)
ceramics using sodium amaigam (A), Nal in propylene
carbonate (P), and aqueous AgN03 electrodes.
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Figure 5. Current noise spectra for Nag" alumina ceramic with
sodium amalgam electrodes.
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