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A simple model is used to compute the resistance of the sulphur electrode as a function of charge. It is
shown that the general network used for the simulation of the behaviour of the sulphur electrode can be
simplified because of the relatively small value of the polarization resistance. Reasonable assumptions
concerning the distribution of reactants and products are discussed. The model is able to assess the con-
tribution of the sulphur electrode to the total cell resistance for a 16 Ah capacity cell.

1. Introduction

The results reported by the various groups engaged
in sedium-sulphur battery research clearly indicate
that the successful performance of these cells is
critically dependent upon the design of the sulphur
electrode [1-4]. A number of models have been
proposed to explain how this electrode operates
and how it influences cycling behaviour [5-8].
The approach in these studies generally involves
the determination of the electrochemical reaction
rate distribution under various conditions. In the
present communication a different description of
the sulphur electrode is considered. A simple
model is developed for directly calculating the
resistance of the sulphur electrode as a function of
charge. This derivation differs from previous work
which treated a single polysulphide composition
within the one phase region. From the model one
may assess the contribution of the sulphur elec-
trode to the total cell resistance during cell dis-
charge and charge. This, in turn, leads to certain
implications concerning cell behaviour.

2. Formulation of the model
2.1. Electrical network

The electrical network for simulating the cycling
behaviour of the sulphur electrode is shown in Fig.
1. Networks of this or a similar type were pre-
viously used in characterizing porous battery elec-
trodes [9, 10]. The sulphur electrode is divided
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into a total of n small segments. The electronic
current flowing through the resistor R,,, of the
carbon fibre matrix of segment m is designated by
I, and the respective ionic current passing through
the resistor P, of the melt is represented by J,,,.
The electrochemical reaction occurring in segment
m is described by the polarization resistor, Z,,,. In
general, Z,, may be more complex than simply a
linear function of the polarization current
(I — Im_,) flowing through Z,,,. The current I,
leaving the cell at the container wall is electronic.
R, represents the contact resistance between
carbon fibres and the wall but it may also include
an electronic resistance arising from a thin cor-
rosion layer on the wall. The current entering the
cell through the resistance Rg of the solid electro-
lyte (beta or beta” alumina) is ionic.

The network formulation requires that one
solves a system of 2 linear equations in order to
obtain the currents 7,,, and J,,, as a function of

Jo —=J1 = V2 o It -

Rg P P Po-i  Pa
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Fig. 1. Electrical network for the simulation of the
sulphur electrode.
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the electronic, ionic and polarization resistances
for each of the n segments. In the present work,
however, this approach was simplified because the
polarization resistance, Z,,,, was estimated to be at
least one order of magnitude less than R,, and P,,.
This result was supported by a.c. measurements on
laboratory cells. The methods used to arrive at the
approximation are detailed below.

2.2. Parallel resistance approximation

The applicability of the approximation is indicated
by both calculated and experimental results. The
former involves computing Z,, and comparing it
with corresponding R, and P,,, values. From this
approach rather small polarization resistances are
obtained. This result is supported by impedance
measurements on Na/$ cells during cycling. The
ohmic behaviour is independent of frequency and
state of the cell charge and, therefore, quite con-
sistent with the contention that Z,, is substan-
tially less than R,,, or P,,. Thus, the simplification
that R,, and P,, are essentially in paraflel with
each other is a reasonably good approximation.
Z,, is calculated by first obtaining the total
polarization resistance of the sulphur electrode
and then multiplying it by an appropriate factor
for a given segment m. A system of segments is
readily developed by letting the sulphur electrode
in our laboratory be represented by a number of
thin annular shells, 7 cm in length (Fig. 2). If
P = Fm_y = 0-04 cm then there are two segments
of high resistance type VM0031 carbon mat and
14 of the low resistance VMO0032 carbon mat [6].
To express a distance within the sulphur electrode
one uses the following expressions.

Tm = FgtXx

m1(0-04) + m,(0-04)

)

X

where r,, is the outer radius of segment m, rq is
the radius of the solid electrolyte, m, is the num-
ber of segments in the mat 31 region and m; is
the corresponding number with mat 32. The
volume of any segment, V,,,, becomes

Vin = T0(ra —rmy)
2

= T0(ty — Fm_ )(Im t+ rm-l)

The total polarization resistance is obtained by
considering the weight of carbon fibre used in the
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Fig. 2. Schematic diagram of the sulphur electrode
compartment.

laboratory cell (16 Ah}, its BET surface area and
the polarization resistance in the linear region of
the current—potential curve [11].

_ 02 Q cm?
(3-7g) (0-4m?g™") (10%)

= 1:35x107° Q.

&)

It is significant to note that the surface area
derived from BET measurements agrees extremely
well with the area calculations based on the
volume of carbon fibres present. This implies that
the fibres do not possess many surface features
which are smaller than the dimension of the dif-
fusion layer and are not electrochemically active.
In segment m

v
Zp = 135 %1075 —

Vin
B 1-35x107° _ 370x10™*
777(rm_rm—l)(rm+rm—1) (rm+rm—l) .

O

In order for R,,, and P,, to even approach Z,, only
the most conductive conditions should be con-
sidered. Thus, the comparison is made for mat 32
(i.e., m > 3) and for a polysulphide melt in the
one phase region. This situation is fairly well
approximated by assuming resistivities of 4 Q cm
for each [6].
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4 7, 4 0-04
= Py = || = ——In 1+ ).
R = Fm = Taz n(rm_l) 147 ( m 1)

Since In (1 + y) ~ y for small y

364 %1073
R, = —Q
Fmy
the ratio Z,,/R,,, becomes
Zy  370X107% 1y

Ry 364X1073 (ry + F_y)

1
= 010 [Gm/’?’nd) + J .

By inspection it is clear that the term in square
brackets is virtually equal to 1/2 regardless of m.
In fact, the value ranges from 0-48 (m = 1) to
0-49 (m = 16). Thus, Z,,, is only 5% the value of
R, or Pp,.

These small calculated polarization resistances
are supported by the results of a.c. impedance
measurements on Na/S cells during cycling. In the
first experiment a small a.c. signal was super-
imposed upon the d.c. current, and the a.c.
impedance was determined by a phase sensitive
detector between 10 and 10 000 Hz [12]. The
impedance was ohmic within the error limits of
the technique. A small capacitive component
appeared to exist close to the end of both dis-
charge and charge and this intriguing result led us
to repeat the experiment using more sensitive -
apparatus. A network analyzer (Hewlett-Packard
3042 A) was subsequently employed and fre-
quencies from 100 Hz to 10° Hz were scanned at
various states of charge for nearly 100 cycles. In
this two-probe measurement the d.c. and a.c.
circuits were separated by a large ohmic resistor.
Lead contributions were small and easily sub-
tracted from experimental values. Once again the
corrected impedance was ohmic and independent
of frequency with cell impedance dependent upon
the state of charge (see Section 4). The results,
however, gave no evidence of any capacitive con-
tribution. In addition to these measurements a
four-probe technique involving a lock-in amplifier
(PAR 5204) was developed to eliminate the lead
contribution. The frequency range was 30-
30000 Hz. A complex plane impedance plot at the
end of the charge cycle is shown in Fig. 3. The
ohmic nature is clear.
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Fig. 3. Complex plane impedance plot for Na/S cell at the
end of charge.

The a.c. impedance work supports the conclu-
sions reached by the calculations: the absence of a
measurable capacitive component during discharge
or charge strongly indicates that polarization
impedances are negligible. This is entirely consist-
ent with the calculated maximum of 5% for the
Zm/Rm ratio. Thus, to a first approximation Z,,
may be neglected and cell impedance is deter-
mined by the ohmic resistance of each of its
components.

2.3. Distribution of reactants and products

The following assumptions are incorporated in the
model in order to account for the influence of
compositional changes and permit calculation of
the sulphur electrode resistance.

(a) In the two-phase region Na,Ss initially
forms at the beta-alumina/sulphur electrode inter-
face and moves as a front through the sulphur
electrode. The reverse process occurs during
charge.

(b) In the one phase region the polysulphide
composition is relatively constant over a large
portion of the sulphur electrode.

(c) The high resistive carbon fibre layer remains
nearly filled with Na,S; when charging in the two-
phase region.

(d) Polysulphide density is nearly constant in
the one phase region, but the height of this molten
phase is a function of composition.

Most of these conditions were either observed
experimentally or were obtained analytically; (b)
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reflects both characteristics. The chemical analysis
reported by Piercy and Sudworth [13] is
supported by the results of the mathematical
model presented by Jacquelin and Pompon [7]
for the entire one-phase region. The presence of
Na,Ss in the high resistance carbon fibre layer (c)
was shown in a prior analysis [6]. Assumption (a)
is likely because all sulphur must be converted to
Na,Ss before other polysulphides are formed
{16]. Experimental data concerning polysulphide
density indicates relatively little change (< 3%) in
the one phase region [14]. However, the volume
increase which occurs as Na is added to the melt is
sizeable and is considered in the calculations.

3. Calculation of sulphur electrode resistance
3.1. The one-phase region

Composition uniformity in the one-phase region
has been experimentally observed [13], analyti-
cally observed [7] and utilized in previous models
[5, 6]. The sulphur electrode resistance is approxi-
mated by considering the carbon mat and poly-
sulphide resistances to be in parallel with each
other for both the conductive mat and resistive
mat segments (Fig. 2). The height of the poly-
sulphide is a function of composition and must be
considered in the equation.

WD

L

Vo = why(ri—r) =
where Vy, hy,, Wy, and Dy, are the polysulphide
volume, height, weight and density, respectively.
The height may subsequently be expressed as a

function of the state of charge, Q

Wg + OKna

h., =
P (rE—13)

(8)

where Wg is the weight of sulphur and Ky, is the
weight of Na (in grams) discharged per ampere-
hour. The sulphur electrode resistance becomes

R _ P1Pp I‘_2
sul 27T(p1 hp + pph) ro
P2Pp E
2n(phy + pph) 1,

where p;, designates the specific resistivity of the
melt in the one-phase region, p; and p, are resis-

©)

tivities of mats 31 and 32 respectively and 4 is the
mat height. In general the first term may be sim-
plified because p, > p,, [6]. This is shown in
Equation 14.

3.2. The two-phase region

The lack of data in the two-phase region requires
that certain approximations be used to describe
melt resistivity over this range. Compositional
changes in the electrode are accounted for by the
motion of an Na,S; front, and the residual melt
at the end of charge is taken to be considerably
more resistive than the carbon mat (the Na/S cell
is not charged to 100% and there is always some
Na,S;s remaining in the sulphur electrode at the
conclusion of the charge cycle). Although these
approximations present certain restrictions, they
do enable the analysis to be extended to the two-
phase region. Since the extent of two-phase
operation essentially determines the degree of
reactant utilization in a Na/$ cell, it is important
that one identifies the factors contributing to
sulphur electrode resistance over this composition
range.

The position of the Na,S; front is obtained by
assuming it is related to the state of charge of the

cell. -
X = gx_ (10)
V Ql/ 2
where V, is the volume fraction of the sulphur
electrode filled with Na,Ss which occurs at state
of charge Q,, V is the total melt volume and Q,,,
is the state of charge at the one phase-two phase
boundary. Using x; as the distance from the solid
electrolyte to the front (Fig. 4) Equation 10

becomes . s

(xg+ro)—75 - O

rg—‘rg Q12

2_ .2
or (x¢ +1o)* = Qx(re—10) r°)+r§ an

O1/2

2_ .2 1/2

x5 :[Q—A—’c—ﬁlwg} —r. (12)
QI/Z

These equations imply that the melt height is con-
stant throughout the electrode.

The distance, x;¢, is evaluated for various states
of charge as shown later. It is also used below in
the quantity r;, as the radius in the sulphur elec-
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Fig. 4. Schematic of sulphur electrode with composition
in the two-phase region.
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trode where the Na,Ss front ends, 7y = 7o + x.
The sulphur electrode resistance in the two-phase
region thus contains parallel mat/melt resistances
for three segments which are in series; (a) high
resistance mat/Na,Ss, (b) low resistance mat/
Na,Ss front and (c) low resistance mat /residual
melt.

R Pips T

sul 2m(pihs+psh) 1o
P2Ps [£3 P3P e
2m(prhs+psh)  r, 2m(prhst+ psh) 7
(13)

where ps is the resistivity of Na,Ss and p; is the
resistivity of the residual melt. The first and last
terms may be simplified because p,> p5 and
p3> p,. The latter condition is apparent because
only 1-2 Ah remains in the electrode at the con-
clusion of charge for the cycle of interest (see
Section 4). This implies that the sulphur electrode
consists of roughly 88% sulphur and only 12%
Na,Ss. Under these conditions the Na,S; is dis-
continuously distributed in the sulphur and a large
resistivity, approaching that of pure sulphur is
expected [17].

R o Ps T2 Paps | Te
sul 2nhs 1o 2m(prhstpsh) 1
P2 re
+—In— 14
2nh rg ( )

The total cell resistance is composed of several
parts as evident in Fig. 1.

Rcell = Rﬁ +Rsu1 +R0 (15)

Equations 14 or 9 are employed for R depend-
ing upon whether two-phase or one-phase com-
positions are involved.

4. Calculations and discussion

All calculations were based on dimensions and
resistivities actually used in our 16 A h laboratory
cell: 7o =05cm,#,= 1-16cm, A= Tcm,r, =
0-58cm, p, = 2500 Qcm, p, =4 cm, W= 31g.

The measurements of p; and p, were reported
previously [6]. Values for p,, ps and Dy, were
obtained from Cleaver [14]. For the latter,
192 gcm™3 was chosen as an average density in
the one-phase region. Ry was computed for
various states of charge and cell resistance was
experimentally determined by a current inter-
ruption method [1] for the 64th cycle of cell
330 (Table 1).

The results shown in Table 1 yield interesting

Table 1. Sulphur electrode calculations; cell 330, cycle 64

o Rsul Reen Rce]l_Rsul
(Ah) «) ©) )
Discharge, two-phase region

1-8 0-077 0-180 0-103

36 0-069 0-167 0-098

54 0-064 0-157 0-093

7-2 0-060 0-150 0-090
Discharge, one-phase region

88 0-057 0-151 0-094

11.0 0-046 0-150 0-104
Charge, one-phase region

2-8 0-046 0-150 0-104

50 0-057 0-151 0-094
Charge, two-phase region

6-0 0-059 0-154 0-095

7-8 0-063 0-165 0-102

9-6 0-068 0177 0-109
11-4 0-074 0-187 0-113
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information concerning the sulphur electrode and
its role in Na/S cells. Sulphur electrode resistance
is a function of the state of cell charge and
accounts for the observed variation of cell resis-
tance. In general the sulphur electrode contributes
1-2Q cm? (£ 0-3 2 cm?) which represents approxi-
mately 40% of the total cell resistance. The dif-
ference, R gy — Rgyy, is the sum of the beta-
alumina and contact resistances and provides the
remaining 2-0  cm?. This quantity is relatively
independent of charge and apparently unaffected
by physical changes (e.g., volume) occurring with-
in the melt. Partitioning this sum into the respec-
tive components is difficult because of ambiguities
in assessing the precise value of Rg. Four-probe
a.c. measurements in air at elevated temperatures
consistently display a lower resistance than the
one obfained by d.c. methods during the elec-
trolytic filling of sodium from the molten nitrate.
Nonetheless, there is little doubt that a finite con-
tact resistance similar to the one proposed by
Gibson [15] exists.

The ability of the model to calculate the
sulphur electrode resistance at various states of
charge is extremely useful. The extent of two-
phase operation essentially determines cell capa-
city. Resistance in the two-phase region is charac-
terized by the increasing involvement of the
carbon mat and the electrode now contributes
1+5 §2cm? to the total cell resistance. If the cell
resistance rises above this increment, other factors
must be responsible. The observed time-dependent
rise of cell resistance is frequently associated with
loss in cell capacity because of high resistances in
the two-phase region. The model intimates that
such behaviour may be caused by either Ro, Ry, or
both. Current studies in our laboratory are aimed
at identifying these effects.
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