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ANOMALOUS TRANSIENT CURRENTS IN NaCl

Measuring the time or voltage dependence of charging and discharging currents
is one of the suitable methods of investigating the electrical properties of contacts').
A poorly defined state of the electrodes may appreciably influence them. The aim
of the present paper was to point out the possible effect of the non-equilibrium of
the electrodes on the charging currents and the currents following the reversal of

the applied voltage:

SINGLE CRYSTALS

STEFAN LANYI*, Bratislava

The current-voltage chara
in the vmﬂoh ,Z.n.,.«o_n of products of electrochemical reactions
ﬁmsmnar in establishing the equilibrium on the electrode has been pointed out

e . . :
mz.n.mm_cnnao.:.a on the .nn: graphite | NaCl{ graphite have shown that nonequilibrium
1tial conditions result in an apparent increase of the interface conductivity and may be

¢ ~ .
he cause of non monotonous transient currents following the switching-on or the -
reversal of the applied voltage.

Kpucrann-anexrpog. HMokazaua
HBAIOIMX NepeHoc 3apsna np,
CHCTEMbI ..vm%:.?ZmQ-wE%
COCTOANME SRATETCT NPHuKHO
BRI3LIBATE HEMOHOTOMHOE 1o

HT :O_nmwr-mm.—o.-.. ITO HepaBHOBECHOE NEpBOHaYaNLHOe
H Kaxyuerocs PocTa npoBoUMoCTH Ha rpaHvne u MOXeT
BEACHUE 3apAnHOTrO U KOMMYTalMOHHOro TOKOB.

L INTRODUCTION

€ interfaces. In papers [8, 9]
interface conductivity was
nductivity if the sample had
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II. THEORY

In papers [3, 12] a nonlinear conductivity of NaCl | Pt and in [8, 9] of NaCl |
graphite interfaces was observed, which could be described by the relation

_ a.e a,e
\H\o—ﬁox_u \Mﬂ&lox@Al \MN.,:.VH— (1)

where j is the current density, j, is the exchange current density, a,, a. are
symmetry factors of the potential barrier at the interface, 7 is the overvoltage and
kT has the usual meaning. ¢, may be interpreted as the fraction of time of an
elementary act of reaction, during which the reacting ion is charged, and thus the
electric field contributes to its energy. The current-voltage characteristic (1) is the
consequence of an incomplete blocking action of the electrode and it could result
from the charge transfer ensured by one reversible reaction [13, 9].

In this case @, +a,=n is expected, where n is the change in the <m._o=o< of
reacting ions. However, to enable the flow of a dc current across a cell consisting of
an ionic crystal and two nonparent electrodes (i. e. of different ions as Na or Cl in
case of NaCl) two reactions are needed. These may be the discharge of Na* ions on
the cathode and the discharge of CI” ions on the anode, or perhaps the dissolution
of cations from the anode in the crystal. The current across the interface may be
written in the form

i=h-h-(h-TF) @)

» .
where designates the current due to the i-th forward reaction, J; in the backward
direction. The equilibrium condition for one reaction n =0, 7=0is not sufficient in
case of two reactions (2), there must hold further 5= J =0. Note that equilibrium
may arise only if both reactions are reversible.

') From the point of view of electrical properties the sample can be replaced by an equivalent circuit
consisting of capacitors and conductances. for which the expected isothermal transient currents should
decrease with time. Any different behaviour of the transients will be called anomalous throughout this
paper. -

249




The current flowing across the interface under some devation from equilibrium

will be
oo a,e ro(1— ! :
I =Jo Tx_u Awﬂd —exp NIA \«Qﬂv 3: + -0
+ Joz Txn a l\aawmv _ exp A,IFMM.:: .

ﬁ_n Joz M:.o the exchange current densities of the individual reactions. Positive
: ues of  correspond to positive potentials of the sample with respect to the
electrode. The exchange current densities may be written in the form

.\.c_ = Nk—&e. = N\ﬂ—&\—

Jo=¢k,a,,=¢ 2852

ﬂ\«r: k, wz.w .::m 833:.8 related to the bulk activities a,,, a,, of reactants, £, ks to
€ activities of reaction products a,,, a,, on the surface of the electrode, The
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activities of anions a,,, and of cations a,,, in front of the barrier may be expressed
in the form [13]
Qo1s = 8y @xﬁﬁlam\\«ﬂ_ (4)

aNN.a. "‘an @xﬂv _”NM\\ﬂNJM =

£ is the equilibrium potential difference in the diffuse double layer. As long as the
electrode is at least partly blocking, the interface barrier is higher than the barriers
in the bulk, therefore the changes of activities at the interface barrier must be fast
compared to the processes on the electrode.

A part of the overvoltage 7 reduced by the difference £— &, where & is the
non-equilibrium potential difference in the diffuse double layer, may be formally
ascribed to changes of inteface activities. Its magnitude is given by the Nerst
relation

n.=(kT/e) In ﬁhe:heN\thwnL (%)

if no charge transfer across the interface occurs. This overvoltage component is
more or less fictious, as it is not possible to modify the activities of ions at the
interface barrier without breaking the individual reaction equilibria ; nevertheless,
it enables to deduce the influence of neutral components upon the equilibrium. In
reality, the overvoltage must differ from 7. in accord with relations (1) and 3).
Thus it becomes evident that although the direct contribution of neutral reaction

- products to the charge transfer across the interface is not significant, they affect the

contact potential. Due to the possible slowness of heterogeneous electrochemical
reactions, which may be complicated by diffusion or by further chemical steps,
changes in concentrations of neutral products may influence the situation on the
electrode for a long time.

The conductivity resulting from the current-voltage characteristic (1) has
a minimum. Provided that the values of a, and a, are not very different, the
minimum is near the equilibrium potential. '

The enhanced interface conductivity, observed before equilibrium sets in, can be
explained using relation (3). Immediately after the contact has been brought about,
the concentrations of the reaction products are zero, therefore in (3) the second
and third terms are missing and relation (3) is reduced to (1). Since the contact
potential is scarcely equal to the equilibrium one, one of the remaining terms may
be small compared to the other and we can write

b (B2 g
or 4
\.nnu |\.nu €xp EIQNA\»\M%|GVH_ _mSA& .
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%MHN M:M MMSw.:.nw: from Em equilibrium potential is now designated by & — ¢
¢ differential conductivity, which is effective in small signal Bnmmcnoansa.

will. be
El d/ _ae . a.e _elem
dn —d& g7l ai kT _v.

equilibrium sets in.

mZosoa uilibrium Q.Ea electrodes may lead to the reversal of the polarity of one
of the electrodes during mroz-omnn:mm:m. With a sufficiently great initial departure

from equilibrium ?aunnmo:a:m at least tenths of a volt), owing to the asymmetry of

the current-voltage characteristic and/or of the potential dependence of the

the start of mroz-omno&::m. This will result in reducing the short-circuit current to
a small wm_:o, which may be crroneously considered to be zero or negligible. In
such a situation the increased differential conductivity of the Eﬂnlmoo is oxﬁ.na-
enced mmm.m:. As the return to equilibrium, subsequent to polarization by high
voltages, is rather slow [3, 12], the enhanced conductivity may appear to be

——

N .
::v ,;M term low <ﬁw_8mo R_uanmnanm voltages at which the potential drops near the electrodes are small
:mmm“mn_ to »w.\m Since the potential drop in the bulk depends on the conductance of the sample, the -
Ow voltages cannot be simply defined. In case of doped NaCl it was y; il
: . to1l
gh voltages may represent > (10~ 100) v, P P 00V miarty
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1IL. EXPERIMENTS

Experiments have been performed with the following aims:

i) to find out the difference in the behaviour of the electrodes with regard to the
magnitude of the accumulated charge and the rate of their depolarization,

ii) to demonstrate the effect of the nonequilibrium state of the electrodes on the

charging currents, ; .
iii) to demonstrate the existence of non-monotonous transients following the

switching-on and reversal of the applied voltage.

Measurements were carried out on single crystals of NaCl doped with 100 ppm
and 200 ppm of Ca®*, grown by the Stockbarger method. Samples were cleaved to
a small thickness, in order to achieve an advantageous ratio of the interface and
bulk impedances. Their size was usually 3 mm X 3 mm X (0.3~ 0.5) mm. The
samples were etched for 15 min. in a 90 % methylalcohol, 9 % ethylalcohol and
1 % water mixture at room temperature, then rinsed in isobuthylalcohol. Elec-
trodes were deposited on the opposite faces of the samples using graphite
dispersion, and dried. The measurements were performed in air, some in an argon
atmosphere, at temperatures about 220 °C and 285 °C.

In the experiments i) discharge currents were compared, flowing if the sample
was shorted immediately after switching-off the voltage ; if it was shorted 20 min.
after switching-off; if it had been removed for 20 min. from the oven and then
shorted and if the electrodes had been washed down and newly prepared and then
shorted. The last procedure lasted 20 min. again. In a further series of measure-
ments one of the electrodes consisted of an aluminium foil pressed to the sample.
The Al-foil was replaced by a new one during the discharging. For comparison also
both Al-foil electrodes were used. The polarization time was 3 min., the applied

voltage 50 V.

IV. RESULTS

i) The discharging currents flowing from the cell graphite | NaCl| graphite after
immediate short-circuiting, after shorting the cell removed for 20 min. from the
furnace and in the cell Al |[NaCl| Al after immediate shorting are shown in Fig. 1.

_If the electrodes were washed and newly prepared, the sample behaved as

a previously not polarized one. This suggests that the charge was accumulated on
the interface or in a thin surface layer unintentionally removed with the electrodes.
The thickness of this layer was estimated to be less than 1 ym.

Measurements on the cell graphite [NaCl| Al revealed a large and slowly
decaying charge accumulated on the graphite anode and a much smaller and faster
decaying one on the graphite cathode (Fig. 2). This conclusion is supported by the
fact that exchanging the Al-foil had little effect on the current and the Al-foil
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contact potentials of the graphite INaCl and Al| NaCl interfaces, the short circuit
current in case of the Al anode and the graphite cathode had the same direction as
the charging current. However, the discharge transient had the correct polarity,
The slow decrease of the current results from balancing of contact potentials.
Some results of experiments ii) are shown in Figs.3 and 4. The currents flowing
from the samples with fresh electrodes reached magnitudes corresponding to
polarization voltages of tenths of 1 V. As they result from the instantaneous
difference in the deviation of both electrodes from equilibrium, the order of
magnitude change of the contact potentials with respect to the potential of the free
surface to the bulk could be estimated to be 1V. The effect of imperfect
equilibrium on the charging currents or else on the interface conductivity is seen in
Fig. 4. The influence of previous polarization and incomplete depolarization was
similar, but the increase’ of conductivity was frequently at least one order of
magnitude greater. .

iii) Some of the non-monotonously decreasing charging currents are shown in °

Figs. 57 and non-monotonous transients following the polarity reversal of the
applied voltage are in Figs. 8 and 9. ‘

0 S 10 t ?:& 0 5 10 mT:m:.._ 15

Fig. 1. Discharging current in NaCl : 100 ppm  Fig. 2. Discharging current in NaCl : 100 ppm
Ca® : (A) graphite electrodes, immediate short-,  Ca’* : (@) Al anode, graphite cathode, (A) Al
circuit, (O) graphite electrodes, sample 20 min.  cathode, graphite anode, (O), (O), graphite
outside the furnace, (®) aluminium electrodes. - anode, Al cathode exchanged during discharge,
. T=220°C. 1 (V) graphite cathode, Al anode exchanged during

‘ discharge. T =220 °C.
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Fig. 3. Currents flowing in NaCl : 200 ppm Ca** from fresh graphite electrodes, T = 288 °C.
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Fig. 4. Charging currents in the cell C [NaCl| C: (A) 70 min. from preparation of electrodes,

T'=289 °C, (®) after 16 hours in short-circuit, T'=283 °C, (O) 45 min. from preparation of electrodes,
T'=287 °C, (0J) after 16 hours in short-circuit, 7= 289 °C, NaCl : 200 ppm Ca?*,
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Fig. 5. Charging currents in the cell C | NacCi| C,

Sample repeatedly polarized and short - —circuited,

T=287 °C, NaC] : 100 ppm Ca?+,

_ U=4v

20 30 tlmin] 40

Fig. 6. Charging currents flowing after preceding

polarization by 3 V and 60 min. short-circuit (1),

and 110 min, short-circuit (O). T=288 °C, NaCl
1200 ppm Ca*", graphité electrodes.

Fig. 7. Charging currents flowing at 3 V after
i 24min. polarization by 1.5V and 52 min. short-
-Circuit, at 5V after 100 min, mro:-n:.n_:m:m

and at 10V after 24 min, short-circuiting. 7=
289°C, NaCl 200 ppm Ca?, graphite
electrodes.
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Fig. 8. Current flowing after repeated reversal of  Fig. 9. Current flowing after repeated reversal of
voltage. T'=284°C, NaCl : 100 ppm Ca®*, applied voltage 2.5 V., (@), (A) reversed every
graphite electrodes. 10min., (0) repeated reversal of + 2.5V,
20 min., —2.5 V, 10 min. the first time — 2.5V,
20min. T=284°C, NaCl : 100 ppm Ca’*,

! graphite electrodes.

V. DISCUSSION

The observed consequences of the non-equilibrium state of electrodes are
qualitatively in accord with the conclusions of the theoretical section of the present
paper. As the diffusion of reaction products, which markedly complicate the
picture [3], have not been considered, it is not possible to analyze the degree of the
quantitative agreement.

Anomalous, i. €. non-monotonous transients result from both the nonlinearity of
the properties of the interface and the non-equilibrium initial conditions, therefore
they must differ from the results of simplified computations in papers [12, 18].

Currents increasing in time are frequently observed at high voltages in crystals in
contact with metal electrodes. They result from the injection of electrons into the
bulk of the sample. - However, they are improbable in case of graphite electrodes
and at polarization times used in this work. Moreover, a part of the bulk is affected
by the injection and its consequences cannot be removed by a mere change of the
electrodes. .

The appearance of two minima in some transients following the voltage reversal
(Fig. 9) and their indication in some charging currents (Fig. 6) is obviously in
relation to different depolarization rates of the two electrodes (Fig. 2). The
dependence of the voltage reversal transients on the polarization time (Fig. 9), and
thus on the amount of the transferred charge makes it possible to ascribe the
second minimum, which corresponds to the minima of the charging currents, to the

257



reversal of the polarity of the anod
chlorine at the interface is used up

oncentration of chlorine on graphite electrodes. i i i
mployed atmosphere, thus its surface concen

tration is small and the possibility of
ts return to the crystal is limited.

The slower decay of the charging transients with fresh electrodes indicates that .

he electrical history and the none

nterface capacity. However, its pro
aper.

quilibrium of the electrodes affect also the
perties are beyond the scope of the present

Anomalous charging currents have to be expected also if the charging is
iterrupted for some time, allowing partial return to equilibrium. Currents

>sembling those from Fig. 7 were observed after the interruption of charging also
n samples with platinum electrodes.

VI. CONCLUSIONS

The current-voltage characteristic of the ionic crystal | electrode interface, across
hich a charge is transferred by means of at least two electrochemical reactions,
scussed in the theoretical section, renders it possible to elucidate the role of the
utral reaction products in coming into existence of equilibrium and in return to
juilibrium after preceding polarization. A well defined and as far as possible an
uilibrium initial state is a necessary condition of reproducibility and of the
ssibility of a relatively mmEn_m,ESGBSao: of charging, discharging and voltage
versal transient currents. . ‘

The rise of equilibrium on freshly prepared electrodes may be a lengthy process,
the case of the system graphite |NaCl| graphite at room temperature lasting
rhaps thousands of hours. Therefore at lower temperatures measurements in
uilibrium may be hard to realize. In some cases the effect of preceding
larization can be entirely eliminated by exchange of electrodes or by removal of

hin surface layer from the sample. A necessary but non sufficient evidence of
iilibrium is the absence of short-circuit current.
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