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Electrochemical Processes at the Sodium 
B" Alumina Interface 

Catherine Colette Mailhe 

University of California 
Lawrence Berkeley Laboratory 

Department of Materials Science 
and Mineral Engineering 

Berkeley, CA 94720 

ABSTRACT 

The inf1uences of some impurities including oxygen, calcium and 

potassium on the polarization at the interface Na/s" alumina, were 

studied using a Na/Na cell. At 350°C, the normal operating temperature 

of the battery and at low current density (~0-40 mA/cm2) voltammetry 

indicated Ohmic interface behaviour. Deviations from this behaviour 

occurred only for higher current densities (100-150 mA/cm2) and were 

accentuated at low temperature (160°C). Oxygen contamination caused 

an increase in resistance for sodium flowing in the s" alumina, this 

effect was explained by a pile-up at the interface of the oxygen 

present in the sodium and eventually formation of an oxide film, 

whereas the decrease in resistance associated with fresh sodium flowing 

out of the electrolyte could be attributed to a resultant decrease in 

oxygen concentration. The addition of vanadium to the sodium decreased 

the cell resistance. Vanadium is believed to reduce the oxide layer 

present at the surface of the s"Al 2o3• Surprisingly, the addition 

of CaO, CaC1 2, Ca or KCl, which might have been expected to increase 

significantly the cell resistance did not result in such effects. 
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INTRODUCTION 

The Na/S battery has been the object of investigations and of 

great expectations for more than ten years because it constitutes a 

promising high energy density storage device for electric cars as well 

as for load leveling {Fig. 1.1). This battery operates at 350°C so 

that the two reactants, sodium and sulfur, are in their molten state, 

separated by the s"Al 2o3 solid electrolyte. The s"Al 2o3 which 

prevents direct reaction of the two components, insures the transport 

of sodium ions which have been oxidized before they react with the 

sulfur to give a NaxSy sulfide. The main hindrance to the 

development of these batteries is the early failure of the s"Al 2o3 
tubes. The present work is concerned with the electrochemical aspects 

of the processes occurring at the interface between s"Al 2o3 and Na. 

Severe polarization is deleterius for the efficiency and for the life 

time of the battery. Specifically, the work focusses on the influence 

of some impurities, namely oxygen, calcium, potassium, and examines 

the effects of water. 
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I. Structures of a and a"Al 2o3 (Alumina) 

a and a"Al 2o3 are structurally closely related. In both cases 
+ Na ions are "quasi" free to move in conduction planes separated by 

spinel-like blocks. Both materials exhibit high ionic ·conductivity. 

It is worth pointing out the structural differences between a and 

a"Al 2o3 since these may account for their different electrochemical 

behavior. 

I.l. sA 12g3 
!.1.1 Structure (1). (Fig. 1.2) Two "spinel" blocks (llA) which 

are formed of planes of closely packed oxygens in which Al3+ ions 

occupy octahedral and tetrahedral positions, separate the sodium 

conduction planes. Within the conduction planes Na+ ions may occupy 

different posi~ions: Beever-Ross (BR), anti Beever-Ross (aBR) and 

mid-oxygen positions (1). A BR position is constituted by the center 

of a triangular prism of six o2-ions belonging to the oxygen planes 

from the spinel block above and below the conduction plane; an aBR 

position has two o2-ions directly above and below (2.oaA spacing), 

and because of the associated strain is less energetically favorable. 

I.l.2 Nonstoichiometry (2,3). The stoichiometric sA1 2o3 is 

represented by the formula Na2o (11Al 203). In this case each 

Na+ ion corresponds to one BR site (Fig. 1.3). In fact, there is a 
+ range of nonstoichiometries which correspond to an excess of Na 

ions. The more general formula for the aA1 2o3 can be written as: 
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with 

1.0 < c < 1.35 

The excess positive charge (2) has to be compensated: the first idea 

is to create Al 3+ vacancies in the spinel block, especially as it has 

been shown that stoichiometric sA1 2o3 exhibits departure from local 

electroneutrality according to the Pauling rule, i.e., the spinel block 

is too positively charged. Potential energy calculations show that the 

transfer of positive charge from the spinel block to the conduction 

plane is energetically difficult. The formation of Al 3+ vacancies 

is thus unlikely, the replacement of Al 3+ by divalent cations is a 

possibility, but the most satisfying compromise is reached with the 

Roth defect model (Fig. 1.5). The interstitial o2-ion present at the 

mid-oxygen position in the conduction planes attracts the two neighbor

ing Al 3+ ions, displacing them to lead to the sequence VA1-Al 1-0-Ali-VAl 

where VAl represents an Al 3
+ vacancy and Ali an aluminum 

interstitial. This defect, which can also be viewed as two Frenkel 

pairs and an additional Na2o is not present in stoichiometric 

sA1 2o3• 

1.1.3 Conduction Mechanism (4-6}. As already mentioned, the BR 

position represents a potential well for the Na+ ion in stoichiometric 

sA1 2o3 where almost all the BR positions are occupied. An excess of 

Na+ ions tend to associate in pairs and occupy the mO position (Fig. 1.3) 

(5). In a simplified model at 0 Kelvin for x excess cations, there 

should be 1-x ions on BR and 2 x on mO. Thus, the conduction involves 
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mainly pair motion; from an mO position the Na+ cation may jump to a: 

aBR configuration temporarily before occupying another mO position, 

leading to the sequence mO mO--~Br aBR--~0 mO. Due to tne strong 

coulombic attraction between o2- and Na+ ions, the excess of Na+ 

ions is confined to a region around the interstitial o2-ions. This 

situation leads to the formation of big clusters of fixed o2-

(interstitial) surrounded by relatively free or mobile Na+ ions. 

Thus, the nonstoichiometry of aA1 2o3 is accommodated by these large 

clusters (6). Depending on temperature, Na+ ions may escape from 

these regions and move from one region to another, producing ionic 

conduction through the whole conduction plane. 

I. 2 B II A 12.Q3.J..!l 

I.2.1 Structure. s"Al 2o3 has almost the same spinel block/ 

Na-conduction planes structure as BA1 2o3 B"Al 2o3 has a 3 spinel 

block sequence with a three-fold symmetry axis, whereas aA1 2o3 has 

a 2 spinel block structure related by a two fold rotation. As a 

consequence the oxygen planes are always staggered with respect to each 

other and are not a mirror image of eacn other with respect to the 

conduction plane as they are in aA1 2o3• In B"Al 2o3 aNa+ ion 

in the conduction plane occupies the center of a tetrahedron of four 

o2-ions and there are two such positions per 1/3 unit cell. These 
+ two positions are energetically equivalent so that Na does not move 

over aBR sites. In other words, the two distinct BR and aBR sites of 

· sA1 2o3 have been replaced by two equivalent sites. This explains 

immediately the higher ionic conductivity of a"Al 2o3• 
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1.2.2 Nonstoichiometry. Stoichiometric a"Al 2o3 is described 

by the formula Na2o (5.33 Al 2o3), but it also exhibits a range 

of nonstoichiometry in which about 17 percent of the conduction sites 

may be unoccupied (5), whereas aA1 2o3 nonstoichiometry is 

. d + character1ze by an excess of Na ions. Nevertheless, a"Al 0 2 3 
is much richer in Na content than aA1 2o3• 

Very often MgO and LiO (7,8) are used to stabilize the a" phase. 
2+ + 3+ Mg or Li can replace Al in the spinel block to maintain 

char9e balance. Thus, no compensating o2-ions (equivalent to the 

mid 0 of aA1 2o3) are found in the conductiqn plane. 

1.2.3 a"Al 2g3 Conduction Mechanism (5,9). The conduction 

mechanism is expected to be insured by vacancies (Fig. 1.4). The 

activation energy for the motion of a vacancy is very low, 0.02 eV 

(5). The ionic resistivity of polycrystalline a"Al 2o3 at 350°C is 

3-4 Qcm (compared to 15-20 for SA1 2o3). The vacancies interact 

easily due to their high mobility, and as a result may get ordered in 

clusters or microdomains, especially when divalent impurities are 

present (9). The temperature has an influence on the domain coherence 

length, an increase in temperature leading to a rapid decrease in the 

latter. The decrease in the coherence lengtn leads to a decrease in 

the activation energy, Ea. Ea is therefore very much temperature 

dependent and this may explain the observed non-Arrhenius behavior of 
+ 

the Na ion diffusion in a"Al 2o3. A comparison has been drawn 

between a"Al 2o3 and Na rich aA1 2o3 of the same composition 

stabilized by Mg. A 2 dimensional long range order is present in 
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aA1 2o3 whereas a limited coherence length is found in au. There 

are many more sites available for conduction in 8uA1 2o3 since the 

previous BR and aBR sites of 8Al 2o3 have become equivalent in 

auA1 2o3 (the disorder is thus much more extensive). 

As a conclusion, conduction in 8Al03 involves motions of Na+ 

pairs from (mO-mO) sites to (BR-aBR) sites, whereas in auA1 2o3 it 

involves motions of vacancies. Short range order and formation of 

clusters occur in both cases, but since in auA1 2o3 the Na+ sites 

corresponding to BR and aBR sites have become equivalent, the disorder 

is more important. 

1.3 Relative Stability a/au Phase Diagram (10) (Fig. 1.6) 

The binary system Al 2o3tNa2o has been studied extensively 

for years but the range of stability or metastability of au with 

respect to a is still a matter of investigation. Annealing 

experiments at 14oo·c and 15oo·c of the eutectic composition show an 

increase in the proportion of a with respect to 8u with increasing 

annealing time proving that 8u is thermodynamically metastable in the 

binary system Al 2o3tNa2o. But the kinetics of transformation 

are very slow. The mechanism of transformation 8 11 -~8 is still not 

established unambiguously as the proportion of au increases with 

decreasing cooling rate, which doesn•t agree with a classical 

nucleation and growth mecnanism. 
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II. MODES OF DEGRADATION : 

Failure of the s"Al 2o3 tube signifies a short circuit and the 

end of the battery since a crack, which has propagated all the way 

through the electrolyte, allows the sodium and sulfur to react 

directly. The modes of degradation of s"Al 2o3 under electrolytic 

conditions, i.e. when sodium is actually flowing through the 

electrolyte are briefly reviewed here and the possible influence of 

impurities is indicated. Two modes of degradation have been evidenced: 

mode I and mode II {11). 

II.1 Mode I 

In Mode 1 degradation a preexisting flaw at the surface of the 

electrolyte propagates under the Poiseuil1e pressure which develops 

inside the crack where sodium ions are reduced. According to fluid 

mechanics, the liquid sodium, like any fluid being forced out of a 

capillary channel, develops a pressure inside the crack leading to 

further opening of the flaw. Thus, the mode I degradation occurs 

during the charging cycle of the battery, so that cracks are only 

initiated on the sodium exit side of the s"Al 2o3 tube. This model 

was first proposed by Armstrong {13}. Tennenhouse {14} suggested a 

dissolution mechanism of the electrolyte at the crack tip. Accoustic 

emission studies evidenced a critical current density for the onset of 

crack propagation {15}. 

Mode I crack propagation is mainly a mechanical effect-a 

Poiseuille pressure-therefore refined fracture mechanics with different 

crack geometry was used in the attempt to relate the critical current 
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density for failure to the stress intensity factor, KIC' of s"Al 2o3• 

The critical current density for failure was always found to be several 

orders of magnitude lower than the density predicted from fracture 

mechanics and measured Krc· 
However, current enhancement may occur around non-wetted or poorly 

conducting areas. In this respect impurities may play a role: 

segregation of impurities would lead to poorly conducting area around 

which current density enhancement might occur, these impurity enriched 

regions would constitute preferred sites for the initiation of cracks. 

Mode I degradation even with current or enhancement effects cannot 

account solely for the breakdown of the tube, the current density 

threshold for failure being much lower than the one predicted by this 

model. 

II.2 Mode II 

Mode II degradation is associated with a different process which 

consists of the internal deposition of Na metal under pressure inside 

the electrolyte and subsequent microcracking originating from these 

regions. The proposed explanation for this internal electrolysis (Na 

ions being reduced to metal} is the following: s"Al 2o3 may undergo 

some reduction when in prolonged contact with sodium. The solid 

electrolyte accepts oxygen vacancies, the additional charge being 

compensated by electrons. This incorporation of electrons leads to a 

gradient in electronic conductivity through the material. The 

expression for the electrochemical potential of sodium under 

electrolytic conditions which has been derived by De Jonghe, and 



14 

appears to be composed of two terms (17). A first term represents the 

open circuit conditions; a second term is the product of the applied 

voltage and a function of the gradient of the electronic conductivity. 

For sufficiently high applied voltages, the electrochemical 

potential of sodium can take positive values with respect to the metal 

electrode, which means that sodium metal can be formed under pressure 

inside the electrolyte. 

The British Rail work (unpublished) has established some 

correlations between the presence of Ca and some cracks associated with 

a mode II type of degradation. In the present study, we are more 

concerned with the electrochemical process at the interface and the 

modifications brought by impurities, in the normal range of operation 

of the battery where these modes of degradation should not occur, at 

least not at the beginning of the cell operation. However, for both 

modes the presence of impurities lowers the critical current density, 

leading therefore to premature failure of the tube. 
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111. IMPURITIES 

The range of impurities that may have an effect on the electro

chemistry of the system B"Al 2o3tNa is wide. A choice has to be 

made. The oxygen seems to be among the first ones to focus on as it 

may be involved in different forms, e.g. in Na2o and H2o, and in 

different processes such as formation of an oxide Na2o layer, 

water~uptake by the electrolyte, and electrolytic reduction. 

Calcium and potassium will also be considered since they are known 

to be deleterious to the life time of a battery (36,37). This list is 

far from being exhaustive. This study is also limited to the influence 

of impurities present in the liquid sodium, neither the importance of 

impurities on the Sulfur side {because apparently the sulphur side is 

less troublesome than the sodium side) (23), nor the effects due to the 

doping of the S11 Al 2o3, prior to sintering or during postsintering, 

have been taken into account. Along this line, a recent paper has 

shown that a postsintering treatment of s"Al 2o3 with selenium 

could decrease significantly and favorably the resistivity and increase 

the life of the battery {18). 

111.1 Oxygen 

111.1.1 Sodium Oxide Na2o. According to the binary phase 

diagram Na/0, the solubility of oxygen in sodium is about 250 ppm by 

weight at 35o•c (Fig. 111.1). The presence of Na2o (19) is thus very 

likely in the sodium electrode of a sodium/sulfur battery and may 

result in the local formation of a resistive layer at the sodium/solid 

electrolyte interface. Na2o formation will cause inhomogeneities in 
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the current density distribution which may locally exceed the critical 

current density for failure. An oxide layer could also contribute to 

a poor wetting of s"Al 2o3 by the molten sodium. A good wetting is 

necessary to insure a low charge transfer resistance and therefore a 

long lifetime. Contact angle studies (19-21) have shown that good 

wetting is achieved only at temperature higher than 300°C (optimum at 

370°C). Along the same line, current density enhancement will occur 

around nonwetted or poorly wetted area. An additive that could 

improve the wetting behavior would be highly useful. 

111.1.2 Chemical Coloration of s"Al 2Q3 (22-23). s"Al 2o3 
undergoes a darkening when immersed in molten sodium. This 

discoloration effect has been attributed to the reduction of 

s"Al 2o3 by sodium which can be written as 

2- 1 -0 --~ 1202 + 2e • 

The reaction produces an oxygen vacancy in the s or s"Al 2o3• 

Oxygen vacancies compensated oy electrons are created at the surface 

of the electrolyte and can diffuse through the spinel block. The 

simultaneous injection of electrons leads to an electron/ion transport 

number gradient which is at the origin of the mode II of degradation, 

formation of clusters of metallic sodium inside the material. This 

discoloration phenomenon is reversible; when the electrolyte is 

exposed to oxidizing conditions, bleaching occurs mainly through the 

conduction planes. Water seems to have very little effect (23). In 
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the present case of polycrystalline materials, grain boundaries are a 

preferential path for diffusion of these defects. 

111.1.3 Water Uptake by s"Al 2Q3 {24,25). s"Al 2o3 is 

well known to be more sensitive to moisture than sA1 2o3 {25). 

Water seriously affects its electrical and mechanical properties, 

which represents an hindrance from a technological point of view in 

the handling of an Na/S battery if the required precautions are not 

taken. Therefore, it is certainly worth investigating the extent of 

the damage caused by water. 
+ H20 molecules or hydronium ions H3o may enter the 

conduction planes and an ionic exchange takes place with the mobile 
+ 

conducting·Na ions of the conduction plane {24). Thermogravimetric 

(26) analysis and differential thermal analysis m~kes i~ possible to 

differentiate two sites for water incorporation, surface adsorption, 

and a bulk intercalation. Microbalance experiments ~how a rapid water 

uptake, certainly associated with a surface phenomenon, followed by a 

slower rate for the bulk hydration. The existence of a hydrated 

surface layer has been evidenced by x-ray diffraction (27). s" (and 

a) undergo a lattice expansion caused by the intercalation of water 

and c
0 

{lattice parameter) reaches asymptotically the value obtained 

for H30+a"Al 2o3 (H3o+ exchanged, a" alumina) H2o can 

also move rapidly along the grain boundaries. 

Carbonate species Na2co3, NaHco3 {28) have been found at 

the surface of the electrolyte. Most probably wnen H2o enters the 
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+ structure, Na comes out to give hydrated Na2o, which is an 

efficient getter of co2• 

The increasing sensitivity (26) to moisture of various 

s"Al 2o3 isomorphs, Ag, Na, Li s"Al 2o3, may be explained in 

terms of interactions cations--H2o dipoles: Lis"Al 2o3 is more 

sensitive than the other isormorphs, but Li+ ion is also the most 

1 . . . f th + + .+ po ar1z1ng 1on o e three Ag , Na , L1 • The sensitivity of 

the electrolyte depends also on the stabilizing agents such as Mg and 

Li which are incorporated in the spinel blocks (25). 

With respect to the electrical properties of s"Al 2o3, the 

water is expected to cause an increase in the resistance. A study 

(29) with the system CPNaAsF6/s"Al 203/CPNaAsF6 (CP: propylene 

carbonate) at room temperature showed an increase in the resistivity 

and a non-Ohmic behavior within a few days for s" exposed to moisture. 

The radial resistance of the tube increased more than the longitudinal 

resistance which supports the idea that the hydration is first of all 

a surface phenomenon. 

Fortunately the water intercalation is reversible and s"Al 2o3 
properties may be restored by heating at T > 6oo·c. In the case of 

Na/S battery, which operates at 35o·c, there would be still a residual 

resistance. 

III.2 Influence of Calcium and Potassium 

The sA1 2o3 family exhibits interesting ionic exchange 

properties. A wide range of ions can enter the structure and replace 
+ the Na ions. In some cases a complete ionic exchange (30-35) is 
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achieved by immersion of s"Al 2o3 in a molten salt. Numerous 

papers have been published recently about divalent cation sA1 2o3 
(Ba2+, ca2+ ••• ). 

Due to its open structure s"Al 2o3 may intercalate very easily 

many kinds of impurities, {34), but only some species exhibit high 

diffusion coefficients, although always lower than the one of sodium. 

Therefore, impurities will impede the transport of sodium, leading to 

an increase in the resistance. 

In our study, the material is polycrystalline, grain boundaries 

may act as preferential paths for diffusion. Experiments have been 

conducted in a Na/a"/Na2s cell, impurities being added on the sulfur/ 

polysulfide side. It has been shown that ca2+ ion is the most 

deleterious impurity and concentrates at grain boundaries leading to a 

tremendous increase in the resistivity {36-37) (increase of 10-20 

times in 50 hours of cycling for a current density of 25-30 rnA). Some 

cracks were eventually observed. Potassium contamination leads to a 2 

to 3 fold increase in resistivity, and its distribution becomes more 

homogeneous as current is passed. On the other hand, when ca2+ 

exchange was conducted on a single crystal of s"Al 2o3, the conductivity 

first increased for small amounts of ca2+-ion exchanged, and then 

decreased sharply (33). The initial increase has been attributed to 

the creation of vacancies (2Na+ions are replaced by one ca2+ion), 

but as the concentration of ca2+ ions increases, the interaction 

ca2+-vacancy is stronger and leads to formation of ordered defect 

groups, therefore the mobility of vacancies is strongly decreased. 
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IV. EXPERIMENTAL SET UP AND PRINCIPLE OF THE MEASUREMENT 

IV.l Na/Na Cell (Fig. IV.l) 

A Na/Na cell was designed along the same lines as the one used by 

Breiter and Dunn (38,39). The choice was made at the beginning to 

operate the cell outside the glove box. Therefore the main constraints 

were to maintain the cell argon tight and sodium corrosion resistant 

at 350°C. 

The body of the cell is made of stainless steel, which exhibits a 

reasonable resistance to sodium corrosion. Aluminum has a better 

sodium corrosion resistance but the welding of any feedthroughs would 

have been troublesome. 

This cell is a classical three-electrode electrochemical setup 

with a working, a reference, and a counter electrode (38). The 

working electrode (WE) is a rod of nickel. A nickel wire is attached 

at the end and wound in a spring like fashion to insure an electrical 

contact with the S11 Al 2o3 tube at the beginning of the electrolysis. 

This spring may produce some notches on tne inside surface of the tube 

when assembling the cell. A graphite cloth would have been better in 

this respect but also would have introduced some unknown impurities. 

The reference electrode (RE) is a thin nickel wire passing 

through a boron nitride lid and sticking out of the groove of the 

lower part of the lid in such a way that the contact with the top of 

the tube is insured. The wire is chosen to be flexible enough to let 

the boron nitride lid dangle outside the upper part of the cell and, 
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when the cell is assembled, is adjusted on the top of the tube and 

slides back in position along the nickel rod when closing the cell. 

The counter electrode (CE) is the stainless steel body of the 

cell. The a"Al 2o3 tube is attached to an aA1 2o3 disk by a 

glass seal. 

The electrical connections for the (RE) and (WE) are provided by 

a feedthrough of glass/kovar type (to insulate them from the main body 

of the (CE)). These feedthroughs are also vacuum tight. Ordinary 

feedthroughs could not be used as they were not sodium corrosion 

resistant. 

The cell is assembled in the glove box. The sodium used is 

saturated with oxygen and contains some sodium oxide. Some sodium is 

melted in the lower part of the cell and will constitute the (CE). 

The a"Al 2o3 tube is then dipped slowly in the molten sodium and 

the aA1 2o3-disk is adjusted at the top of this half cell. The 

(WE) slides inside the a"Al 2o3 tube and the boron nitride lid is 

adjusted at the top of the tube to insure a contact for the (RE). 

After the nuts have been tighten, the cell is taken outside the glove 

box and all experiments can be carried out in a furnace with an air 

atmosphere. The temperatures of the experiments range between 160 and 

350°C. 

The a"Al 2o3 is filled electrolytically--usually 1.5 cm3 of 

sodium are electrolysed inside. Some current is also drawn at the tip 

of the (RE) in order to build a minute droplet of Na which constituted 

the (RE). The cells were also dismantled in the glove box. 
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IV.2 Principle of the Measurements--Use of a Reference Electrode 

Current versus voltage curves can characterize the electrode/ 

Electrolyte interface --in our case molten Na/s"Al 2o3• Deviations 

from Ohmic behavior indicates that one or several steps of the 

interface process(es) are kinetically limited, for example diffusion 

limitation of the electroactive species transported from the bulk to 

the interface. This gives rise to overvoltages or so-called 

polarization (42). 

In all electrochemical measurements a difference of potential is 

imposed (respectively measured) in beween the (RE) and the (WE) and 

the corresponding current flowing between the {WE) and ~e (CE) is 

measured (respectively, imposed). This need for three electrodes comes 

from the fact that only a difference of potential can be measured and 

therefore a constant stable potential is necessary as a "reference 

potential". The potential of the (CE) is not suitable for a reference 

since current is flowing through it and an overvoltage may be generated 

if the (CE) interface is non-Ohmic. The (RE) is in our case tne 

droplet of Na at the top of the tube. That (RE) is connected to an 

electrometer of high impedance so that very little current is actually 

flowing in between the {WE) and the (RE). 

An electrical circuit equivalent to the electrochemical cell can 

be drawn (Fig. V.2). Only resistors have been considered. This is of 

course an oversimplification. Interfaces are better modeled by 

impedences, but this simple description helps nevertheless in the 

understanding of the role of the (RE). 
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The main purpose of this (RE) is to differentiate the two 

Na/s"Al 2o3 interfaces inside and outside the tube. As the 

potential of the {WE) is monitored with respect to a (RE) and the 

potential of this (WE) is directly dependent on the sodium activity, 

we have here a direct insight on the interface processes. 

The resistance which appears on the graph I/E is composed of the 

{WE) interface resistance Na/s"Al 2o3 and part of the bulk 

resistance of the electrolyte. This resi~tance is schematically 

represented in Fig. IV.3. 

If the inside of the tube is then contaminated with one specific 

impurity, its effect on the interface process is investigated without 

any interference with what is occurring on the other side, and any 

non-Ohmic behavior may then be related to this specific impurity. 

IV.3 Four Point Measurement AI = f{E) Curves 

A substantial improvement in the sensitivity of the method was 

obtained with a four probe measurement: two probes to measure the 

potential and two probes (two current leads) to carry and measure the 

current. The additional potential probe is a nickel wire welded onto 

the (WE). As a matter of fact, it appears that the electrical 

connections inside the furnace were subjected to oxidation, therefore 

residual resistances were introduced. The introduction of a separate 

probe to measure the potential eliminates the difficul~y. 

As it will be seen in the following, the deviations from a purely 

Ohmic behavior are slight, therefore a way of accentuating the 

non-Ohmic effects is to plot AI = f(E) where AI = I-Iohmic and 
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Iohmi~ represents the hypothetical, purely Ohmic behavior. This is 

equivalent the main Ohmic contribution. 

IV.4. Curves I/E Previous Studies {38-41) 

An ideal interface electrode electrolyte exhibits an Ohmic 

behavior. Deviations from the ohmic behavior and polarization which 

may occur are deleterious to the capacity storage and the life time of 

a battery~· Resistance rise and asymmetry with respect to the direction 

of the current flow were observed in a and a .. electrolytes. Usually 

the ratio Rdischarge/Rcharge is bigger than 1 {during discharge, 
+ . Na --~ Na + e-, metall1c Na enters the electrolyte, during charge, 

+ 
Na + e- --~ Na, Na flows out of the electrolyte (Fig. IV.4). 

The relative percentage of a and a" has a drastic influence on 

the electrochemical behavior of these electrolytes (38). Pure 

a11 Al 2o3 displayed an ohmic behavior whereas the mixed composition 

with 70 percent au exhibited an asymmetry Rd/Rc > 1 with no time 

dependance and the 80 percent au composition exhibited an asymmetric 

behavior with time dependence. In the last case the I/E-curves 

exhibited electrochemical waves as if the electroactive species present 

in a film at the surface were oxidized or reduced and were therefore 

contributing to the anode or cathode current. The waveshape of these 

curves may be explained in terms of kinetic and diffusion limitations 

as in any voltammetry performed on thin films. When the potential 

reaches the value E•, at which the electroactive species may be 

reduced or oxidized, the reaction occurs giving rise to a current 

density, I, which increases up to the point where diffusion limitation 
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or depletion of the reacting species occurs, causing it to decrease. 

This explains the wave shape of these curves. The film at the surface 

was believed to be a mixture of Na/Na2o and apparently the presence 

of this film was evidenced only for certain compositions of the· 

mixture s/s"Al 2o3• One question is whether the structural 

differences in between s and s"A1 2o3 can really account for such 

drastic differences in the electrochemical behavior. 

The electrolyte studied in the present research is nearly pure 

s"Al 2o3 for which an Ohmic behavior has been reported (38). It is 

nevertheless important to investigate now to which extent impurities 

could be responsible for deviations from Ohmicity. 
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V. EXPERIMENTAL RESULTS 

V.1 Oxygen 

The following results have been obtained with a four probe 

electrochemical cell. Regarding the experimental conditions, two 

points have to be determined, the range of current density and the 

temperature under which the tubes have to be tested. 

Acoustic emission studies have evidenced a lower critical current 

density for the initiation of failure of about 150 mA/cm2• The 

30-50 mA/cm2 current density region seems to be a reasonable range 

to explore first as the phenomena that may occur then could be 

attributed uniquely to the effect of impurities, oxygen in this case, 

without interaction with a possible crack propagation. Nevertheless 

tubes were tested up to 100-150 mA/cm2 in order to observe 

interesting deviations from the ohmic behavior. 

The normal operating temperature of the battery is 350°C. 

However, experiments were conducted at a lower temperature (160°C) 

since lower temperature experiments provide more information regarding 

the kinetic process. 

One way of determining the role of the oxygen is to vary and 

control its activity in the sodium. The amount of oxygen present in 

the tube is controlled either by adding sodium oxide Na20--the 

activity of the oxygen is then fixed by the solubility product 

Na/Na20--or by adding some vanadium foil. Vanadium reduces Na2o 

(cf. Ellingham diagram), and fixes the oxygen activity in the sodium 
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electrode at a lower value. Cells containing only the electrolyzed Na 

were also tested for comparison. As a summary, three different types 

of cells were tested "pure" Na, and Na + Na2o, Na +Vanadium foil, 

at 350°C and at l60°C. 

V.l.1 Normal Operating Temperature T = 350°C. 

A. Pure Sodium. sodium is electrolysed inside the s"Al 0 2 3 
tube. More realistically the main potential contaminant is certainly 

the oxygen. The possible sources of oxygen contamination are the 

following: H20 molecules adsorbed on the surface of the s"Al 2o3 
tube, o2 from the argon atmosphere of the glove box and Na2o 

contained in the sodium of the counter electrode. This contribution 

is certainly negligible compared to the two others because the oxygen 

partial pressure is very low and therefore the transport of oxygen 

from the outside to the inside of the tube through the gas phase is 

negligible. 

Curves I/E current/Potential (Fig. V.1, V.2). In the low current 

density range (30/40 rnA) the behavior is strictly Ohmic, for higher 

current density only two tubes have been tested and will be called a 

and s in the following. At high scan rates (100 mV-20 mV/s) the 

behavior is Ohmic. Some deviations from this Ohmic behavior and 

hysteresis occur at slower scan rate (1 mV/s), especially in the case 

of cell s. These deviations correspond to a decrease in the 

resistance for fresh sodium flowing in the tube and to an increase in 

the resistance for sodium flowing out. The range of resistance 

changes is between 0.06r. and 0.09Q. It is interesting to point out 
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that the hysteresis, where it appears, also corresponds to an increase 

in resistance during discharge (sodium entering the a"Al 2o3) as 

well as to a decrease in the resistance during charging (fresh sodium 

flowing in the tube). However, these effects are slight and do not 

involve any severe polarization or severe asymmetry. 

B. Sodium with Sodium Oxide Na2o (Fig. V3). (Cell y} Some 

anhydrous Na2o2 is added at the bottom of the tube prior to any 

electrolysis. Na2o2 converts to Na2o during the experiment, 

since Na2o2+Na --+ 2Na2o. This results in an increase of the 

overall resistance, but the shape of the voltammetry curves I/E is 

fairly similar to the ones obtained in the case of pure sodium and 

exhibits even less asymmetry than cell a. 

C. Vanadium. 

(Fig. V4, V.5). 

A vanadium foil was added to cells a and B 
I 

It is worth pointing out that the total surface area 

of foil was about 1/5 of the total surface of the tube wetted by Na. 

In the case of cell a, a subsequent decrease in resistance was 

observed (from O.ln without vanadium to 0.065n with vanadium). 

However, after a few days, the resistance increased again. The shape 

of tne I/E curves is very similar to the ones obtained previously 

without vanadium foil. 

In the case of cells a (which displayed a little more asymmetry 

than cells a for "pure" Na) the addition of vanadium didn•t 

significantly decrease the overall resistance but did reduce the 

asymmetry. 
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In conclusion of this study at 350°C, the shape of the I/E curves 

does not exhibit big differences between Na, Na2o, Na/vanadium. The 

deviations from a Ohmic behavior, either hysteresis or asymmetry are 

really slight. However, the overall resistance does vary and exhibits 

an increasing value from Na/vanadium (the lowest) to Na and to Na + 

Na2o (the highest). 

V • 1. 2 T = 160 o C 

The I/E curves obtained in the three cases of pure Na, Na2o and 

vanadium foil exhibited much higher deviations from Ohmic behavior 
. 0 

than at 350 C. 

V.1.2.A "Pure" Sodium 

Cell a and a behaved differently from each other. Cell a 

exhibited the expected behavior: large asymmetry, with the resistance 

lower when fresh Na flowed in the tube than when sodium flowed out of 

the tube (for a scan rat'e of 2mV/s Rd = O.Sn and Rc = 0.38rt) 

(Fig. V.7). A time dependence was also observed, the asymmetry is 

larger for slower scan rates and the resistance for sodium flowing out 

of the tube is higher than the resistance for fresh sodium entering 

the tube. 

Cell a exhibited an unexpected behavior (Fig. V6): an increase in 

the resistance for fresh sodium flowing in the tube and a decrease 

(slighter) of the resistance for sodium flowing out. Con~tant 

potential pulse measurements with the current recorded as a function 

of time (Fig. V.8), have shown that two effects are in fact 

superimposed. While at first, when fresh sodium is flowing in, the 
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resistance increases, it decreases for a higher number of coulombs 

passed, which is the normal behaviour. When sodium flows out, the 

resistance first decreases and then increases again which is also the 

normal behavior. (The curve 500mV(a) corresponds to sodium flowing in 

the tube, curve 500 mV(b) corresponds to sodium flowing out of the 

tube). However, the phenomenon which occurs first is certainly not 

easy to clarify. 

B. Na2o (Fig. V.9, V.lO, V.ll). The presence of Na2o first 

accentuates the asymmetry already encountered with "pure sodium". The 

resistance is higher for Na flowing towards the interface Na/s" than 

for sodium flowing into the tube. Here, a time dependence, ie, an 

influence of the scan rate, is observed with larger asymmetry for 

slower scan rates. The ratio Rd/Rc is equal to 1.9 at 240°C and 

2.6 at 160°C. Na2o causes a significant asymmetry at least with 

respect to what was observed so far. 

The curve AI = f(E) obtained oy suppressing the main Ohmic 

contribution evidences even more clearly the asymmetry and the time 

dependence effect. 

C. Vanadium. In the case of cell s, the vanadium did not cause 

any noticeable change with respect to the cell without vanadium. The 

deviations from the Ohmic behavior are represented in Fig. V.l2 in the 

form of a AI = f(E) curve where the main Ohmic contribution is 

suppressed. For cell a (Fig. V.l3), which exhibited an unusual 

behavior, the introduction of vanadium foil brought a modification: 

the deviation from Ohmic behavior seems to be restricted to the part 

of the I/E curve corresponding to the fresh sodium flowing in the tube. 
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V.l.3 DISCUSSION 

Nas"Al 2o3 is an Na+ ionic conductor and behaves very much 

like a sodium selective membrane being rather impervious to other ions. -

More particularly, the o2- ionic conductivity of Nas"Al 2o3 is 
+ 

negligible with respect to the Na ionic conductivity (22). 

Therefore, the s"Al 2o3 constitutes a blocking interface for any 

o2- io~s contained in the sodium flowing through the electrolyte. 

For sodium flowing out of the tube, the oxygen concentration at the 

inside interface of the tube will increase as the sodium goes through 

the electrolyte but the oxygen is stopped at the interface. When 

fresh sodium is drawn into the tube, the oxygen concentration will 

drop at the interface. A pile up/depletion model is proposed here to 

describe the role played by the oxygen; the model accounts for the 

deviations from the ohmic behavior observed in I/E curves. As the 

oxygen accumulates at the interface, a resistive layer builds up and a 

subsequent increase in the resistance is observed in the voltammetry 

curves, whereas the depletion of oxygen when fresh Na is flowing in is 

associated with a decrease in the resistance. As a first approxima-

tion, except in one case, the asymmetry and the hysteresis observed in 

the three cases "pure" Na, Na2o and vanadium foil fit this model 

(cf. s at 160°C). 

Schematically the oxygen concentration profiles should have a 

shape close to the one represented in Fig. (V.l4). 
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depletion 

Fig.V.l4 Oxygen concentration profiles 

at the interface Na/ Al 20 3 
c:oxygen concentration 

c : oxygen concentration in the sodium. 
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In terms of this fairly simple model, the idea consists then in 

varying the activity of the oxygen either by adding some sodium oxide 

or some vanadium foil. The tube filled electrolytically with Na and 

without any additives is taken as a reference, although a partial 

coverage of the tube by Na2o may be present (e.g. as a result of 

H2o adsorption). Nevertheless, when Na2o is added at the bottom 

of the tube prior to any electrolysis, the oxygen supply is undoubtly 

greater than in the case of "pure" Na and, as expected, the formation 

of an Na2o oxide layer contributes to an increase in the resistance, 

so that 

Rcel1Na20 > Rcell pure Na 

On the other hand, the introduction of vanadium in the tube 

already filled electrolytically causes a decrease in the resistance. 

The most probable explanation is that vanadium scavanges the oxygen 

and removes the Na2o layer present at the surface. It is worth 

pointing out that after a few days the resistance increases again. 

Thus, more consideration needs to be given to the quantity and the 

form under which vanadium is introduced: Foil, powder or preferably a 

sponge form. In both cases (cell a and a) the surface area of the 

vanadium foil was lower than the one of a"Al 2o3 wetted by Na. 

This difference may explain why the decrease in resistance of cell a 

was only temporary. The initial resistance of cell a is also much 

lower than that of cell a and the difference in the interface a"/Na 

surface area cannot account entirely for this difference. One 
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possibility is that the surface of s"Al 2o3 in cell s was much 

cleaner than in cell a, therefore, the vanadium didn•t cause a 

significant decrease in the resistance because the initial oxide layer 

was less important. 

The use of vanadium would certainly be of very high interest for 

the Na/S battery, since decreasing the interfacial resistance improves 

the efficiency of the battery as well as its lifetime. Vanadium would 

not be the only possibility, other transition metals such as titanium, 

manganese would have the same effect. 

The 41 = f{E) {Fig. V.lO, V.l2) curves for which the main Ohmic 

behaviour is suppressed show clearly the asymmetry but also the 

temperature and time dependence effect. These two effects may be 

explained on th~ basis of this pile up/depletion model. 

Time Dependence Effect. At 350°C as well as at 160°C, higher 

asymmetry and hysteresis are observed with slower scan rate. Usually 

when the electrochemical process involves a rate limiting step, 

diffusion limitation for example, deviations from the equilibrium state 

increase with the scan rate. In our case Na is the electroactive 

species whereas the oxygen is not electrochemically active. At slower 

scan rate, more sodium is passed through the electrolyte and the 

quantity of oxygen to be piled up is more important. Therefore tne 

variations in the resistance should be more noticeable. 

Temperature dependence effect. The temperature effect may be 

explained in terms of kinetics. The diffusion coefficient of the 

oxygen in molten sodium is temperature dependent and is obviously 
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smaller at 160°C than at 350°C. The oxygen is acted on by two driving 

forces: one is the flow of sodium for which velocity and direction are 

determined by the current density and which is T independent; the 

other is a gradient in the chemical potential. When the oxygen piles 

up, its chemical potential increases and therefore the oxygen diffuses 

back to the bulk of liquid sodium. This second effect depends on the 

self diffusion coefficient of the oxygen and is temperature 

dependent. At lower T, the pile up is less counter balanced by the 

self diffusion. 

In addition, the oxide layer happens to form more easily at lower 

T as the solubility product of Na2o is decreasing (or respectively 

to dissolve). 

This demonstrates, if necessary, the importance of this study at 

lower temperatures even if they don•t belong to the range of operation 

of a Na/S battery. It provides a better understanding of the 

processes occurring at the interface and of the oxygen role. 

There is still an unclarified point in the case of cell (a) 

(Fig. V.6, V.l3) at low T where another phenomena is superimposed as 

shown by the curves I=f(t) (Fig. V.8). The pile up depletion model 

accounts for most of the deviations observed, but is certainly an 

approximation to the complexity of these processes. 

In conclusion, it has to be pointed out once again that at 350°C, 

the normal operating temperature of the battery, the deviations from 

the Ohmic behavior are slight. The potential of the working electrode 

is directly related to the activity of the electroactive species, 
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i.e., the sodium. The oxygen is not tne electrochemically active 

species and even if significant oxygen concentration changes occur at 

the interface, they don•t affect the sodium activity very much. 

Therefore, large overvoltages won•t be observed. But on the other 

hand, tne formation or the dissolution of an oxide layer will result 

in a decrease (respectively an increase) of the overall resistance. 

This result was clearly demonstrated by the addition of Na2o which 

increases in the resistance, whereas the addition of vanadium leads to 

a decrease in the resistance. The asymmetry was much more accentuated 

at lower temperature in all cases, but more drastically witn Na2o. 
Oxygen has always been accounted in the literature for these deviations 

from the Ohmic behavior, these experiments confirm the fact that 

specifically the oxygen has a deleterious effect and is responsible 

for it. However, only asymmetry and hysteresis were observed, no 

electrochemical waves were observed in the voltammetry experiments. 

IV.2 Water 

To study water contamination, as well as in the case of other 

impurities, the usual three electrode electrochemical set up was 

used. Therefore, an ohmic drop of the order of 0.03~ was introduced 

at the working electrode and may have concealed slight deviations from 

the ohmic behaviour. Nevertheless the study at low Tis valid as the 

resistances involved are much higher (l-2Q). 

IV.2.2 Experimental Results 

The sA1 2o3 tube was exposed to air for three weeks. Some 

problems were encountered with the reference electrode which seemed to 



54 

suggest that a partial failure or dendritic penetration by Na on the 

inside interface in a mode I fashion had occurred. 

dismantling the cell, no cracks could be found. 

However, after 

At 350°C, an Ohmic behavior was observed for both interfaces 

Fig. V.l6, V.17). At 160°C deviations very similar to the ones 

obtained in the case of the oxygen alone were evi~enced on the outside 

interface. 

IV.2.2 Discussion. 

With the restriction that only the outside interface could be 

studied, the low T experiments show a type of polarization very 

similar to the one due to Na2o only. The sodium of tne outside 

compartment contains some Na2o, therefore the only tonclusion that 

can be drawn is that the presence of water doesn't introduce very 

significant changes with respect to Na2o alone as far as the 

polarization curves are concerned. 

However, the severe darkening undergone by the tube shows that a 

significant degradation process has taken place. Fig. V.15 shows the 

s"Al 2o tubes of cells contaminated by KCl, H2o, CaO, Cac1 2 and 

Ca. The tube that has been water contaminated appears almost black. 

The cross section of the tube shows that a more darkened layer has 

also developed near the surface. 

IV.3 Other Impurities Ca,K 

The influence of Ca in different forms was investigated. CaD, 

CaC1 2 and Ca metal. Potassium was introduced in the form of KCl. 

Only partial results are presented here. 
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Fig. V.l6 . B" alumina tubes after cycling. 
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XBB 843-1520 

Fig . V. l7 . Cross section of HzO and CaO CaClz 
contaminated tubes . 
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Table I 

Number Surface RT = 36o·c RT = l6o·c 
of area cm2 RT = 36o·c Vanadium Foil RT = l6o·c Vanadium Foil 

Coulombs 

Cell a 4700 5.6 O.W non-asymmetry 0.07 n more W unexpected o.m unexpected 
very little hysteresis and deviation derivations from 
hysteresis assymetry. The from the ohmic the ohmic behavior 

R increases back behavior 
up after a few 
days 0.0~ 

Ce 11 a 5600 6.6 0.045n assymetry 0.04?n less 0.4-0.sn Pile 0.4-0.5n unexpected 
hysteresis asymmetry up/depletion deviations from U1 

\.0 

clearly the ohmic behavior 
evidenced 

Cell y 5700 6.7 0.13 n little very large 
Na20 hysteresis, no asymmetry, 

asymmetry 
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IV.3.1 Experimental Results 

CaD = CaD was added at the bottom of the tube prior to any 

electrolysis. I/E curves at 350°C showed an ohmic behavior, the 

expected tremendous increase in the resistance was not observed even 

when the cell was left several days without passing any current or 

cycled at low current density. The tube didn't fail. 

CaC1 2 = As CaD didn't prove to have any noticeable effect, some 

CaC1 2 was added in the same cell. No increase in resistance was 

evidenced. The same kind of problems with the reference electrode as 

for the water contaminated cell was encountered. No cracks were found 

on the tube (Fig. V.l6}. 

Ca Metal =Some pellets of Ca metal were added with chuncks of 

sodium of the same purity as the Na used in the outside compartment. 

The tube was not filled electrolytically. No significant increase in 

the resistance was observed while the cell was cycled and the tube did 

not fail. At 350°C the cell exhibited an Ohmic behavior. 

KCl = Some KCl was added inside the tube but also in the outside 

(Fig. V.17) compartment so that its influence can still be studied on 

the outside interface in case of a problem with the reference 

electrode, which appeared to be the case. At 350°C, an ohmic behavior 

was observed on both interfaces, at 160°C 1/E curves presented on an 

asymmetric behavior very similar to the one observed in case of water 

contamination. 
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IV.3.3 Discussion 

At the first sight these experimental results are puzzling in the 

sense that Ca, and to a smaller extent K, are known to be among the 

most damaging impurities. (Resistance increases of the order of 10-20 

times in the case of Ca (36)J A sharp increase in the resistance was 

expected here also, especially when contaminated Na is flowing into 

the electrolyte. However, it must_be pointed out that Ca or K are 

added on the sodium side whereas in the experiments just mentioned, 

they were added at the sulfur side, or Ca was already present in the 

solid electrolyte itself. The solubility of CaO, Ca, CaCl, or KCl in 

Na is very low, therefore we are very far from the ionic exchange 

conditions for which the solid electrolyte is immersed in the 

corresponding molten salt, usually at temperature higher than 350°C. 

In other words, we have no indication that ca2+ or K+ are actually 

entering the structure. In addition, recent ionic exchange experiments 

performed by Whitmore showed that for very small fraction of Na+ 

exchanged by ca2+, the conductivity first increases (increase in the 
++ 2+ 

number of vacancies by replacing two Na by one Ca ), before 

decreasing sharply for further rates of exchange (33). 
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V. CONCLUSIONS 

The present study has been mainly focussed on the effect of the 

oxygen in the electrochemical behavior of the Na/B 11 alumina interface. 

At 360°C under a low current density, B11 Al 2o3 exhibits an ohmic 

behavior. The oxygen does not have much effect. 

For higher current densities, slight deviations from the ohmic 

behavior, asymmetry and hysteresis could be observed. These deviations 

are accentuated at lower T (160°C) for kinetic reasons. 

By studying the effect of Na2o and of vanadium, a model for the 

role of the oxygen has been presented. B11 Al 2o3 behaves like a 

blocking interface for the oxygen, which either piles up or is swept 

away from the interface according to the flow direction of Na. An 

increase in interface resistance is associated with the pile u~ as 

well as a decrease in resistance with the depletion. 

The use of vanadium to clean the B11 Al 2o3 surface from the 

oxygen would certainly improve the performances of an Na/S battery at 

least by reducing its resistance. Further investigations among other 

transition metals such as manganese or titanium would be highly 

interesting. 

Ca or K didn't cause drastic increases in the resistance. A more 

detailed study would nevertheless be necessary, using a four probe 

measurement. 
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