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1.4 x 10" to0 5.38 x 10" O em at 200°C with increase in Na*
concentration.

Figure 4 shows the variation in conductivity as a func-
tion of reciprocal temperature. Two distinct regions were
observed. The activation energy was calculated from these
plots. The activation energy decreases with increase in Na*
concentration from 0.37 to 0.2 eV at low temperature and
1.32 to 0.91 eV at higher temperature regions.

Dielectric parameters (e and tan 8) were measured from
102-108 Hz at 25°, 100°, and 200°C. A decrease in dielectric
constant was observed with increase in frequency (Fig. 5
and 6). Dependence of dielectric loss on temperature and
frequency is shown in Fig. 7 and 8. By the addition of Na*,
loss value increased from 0.16 to 0.8.

Conclusions

1. Cyclodehydration of poly(amide-acid) is influenced by
the presence of Na* ions. An increase in Na* ion concen-
tration resulted in a decrease in cyclodehydration reaction.

2. The conductivity measurement showed sodium ion
participation in conduction.

3. A decrease in resistivity and activation energy is ob-
served with increase of sodium ion concentration.

Manuscript submitted April 10, 1989; revised manu-
seript received Feb. 1, 1990.

Indian Institute of Technology assisted in meeting the
publication costs of this article.
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Electrochemical Behavior of Graphite and Ni-Cr Electrodes in
Sodium Polysulfide in the Absence and Presence of
Hydrogen Sulfide

Z. Mao* and R. E. White**
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843
B. Dandapani,** A. Anani,** S. Srinivasan,** and A. J. Appleby**
Center for Electrochemical Systems and Hydrogen Research, Texas A&M University, College Station, Texas 77843

ABSTRACT

The electrochemical behavior of graphite and Ni-Cr electrodes in sodium tetrasulfide melt has been investigated using
voltammetric, chronoamperometric, and chronopotentiometric techniques in the presence and absence of hydrogen sul-
fide. Two continuous phases, namely, Na,S, and Na,S, are apparently formed at different potentials during the cathodic
polarization. The blocking effect by these layers was much less significant on the Ni-Cr electrode than on graphite. The
presence of HyS did not appear to influence the electrode reactions, but it significantly reduced the rate of formation of the
continuous phases (Na,S, or Na,S) during cathodic polarization. A small amount of hydrogen gas was formed, possibly by

chemical reactions between polysulfides and hydrogen sulfide.

There are severe environmental restraints on hydrogen
sulfide emissions. The Claus process is presently used to
produce sulfur from hydrogen sulfide recovered from nat-
ural gas and oil. However, this process has several short-
comings, in particular, hydrogen is lost in the process as
steam. Alternative methods that produce sulfur and hy-
drogen simultaneously have been proposed, including
thermodecomposition and electrolysis. Electrochemical
methods may be more flexible and more economically fea-
sible than thermodecomposition because elemental sulfur
and pure hydrogen gas can then be obtained in a simple
process. However, electrolysis both at low temperatures

* Electrochemical Society Student Member.
#* Electrochemical Society Active Member.

(<100°C) in aqueous solutions (1-3) and at high tempera-
tures (>600°C) (4) in molten salts has been shown to have
practical difficulties. For example, in aqueous solution, the
electrode is likely to become blocked by the sulfur pro-
duced, which may require the addition of organic solvents
to the electrolyte (1, 2). Consequently, additional steps
(drying, extraction, and purification) could be required to
collect sulfur. At high temperatures (>600°C), electrode
materials become a serious problem, the solubility of hy-
drogen sulfide in high-temperature melt may be very low
and the H,S removal efficiency may be inefficient because
of its low solubility in the melt. However, the use of a me- .
dium temperature molten salt (200°-600°C) may overcome
the shortcomings of electrolysis both at low (<100°C) and
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at high (>600°C) temperature. Bartlett et al. (5) have pro-
posed the use of molten NaHS in this application. The sul-
fur literature (6, 7) shows that in systems where sulfur and
sulfide co-exist, species exist in form S, or S,*", where x
varies from 2 to 10 or even higher, depending on tempera-
ture and the medium: thus, formation of polysulfide is in-
evitable in any process for sulfur production from hydro-
gen sulfide. Since sodium polysulfides have relatively low
melting points (below 400°C), and the following reaction
may be possible

Na,S; + H,S = NaHS, + NaHS (1]

which may result in high effective solubility of H,S in the
melt. Hence, sodium polysulfide melt may serve as a more
effective electrolyte than NaHS. If this melt has the correct
properties, its use in an electrolyzer with a structure simi-
lar to that of the molten carbonate fuel cell should result in
a simple process for the recovery of both elemental sulfur
and gaseous hydrogen from hydrogen sulfide. Until the
present time, there is no data on the effective solubility of
hydrogen sulfide in this melt and on the corresponding ki-
netics of the hydrogen evolution. This investigation was
conducted to determine the suitability of sodium polysul-
fide melt as electrolyte for the decomposition of H,S. For
this purpose, the electrochemical behavior of graphite and
Ni-Cr electrodes in this melt in the presence and absence
of H,S was investigated using voltammetric, chronoam-
perometric, and chronopotentiometric techniques.

Experimental

Sodium tetrasulfide (Alfa Ventron) was used in the ex-
periments without further purification. The counterelec-
trode was a graphite rod; the working electrode was either
a graphite rod or a Ni-Cr alloy (90% Ni, 10% Cr) plate. When
the graphite rod was used as the working electrode, only
the flat bottom surface of the electrode was exposed to the
electrolyte, the rest of the electrode being sealed with a
high-temperature cement. The Ni-Cr electrode was spot
welded with pure nickel wire for electrical contact, all ex-
cept the reaction zone being sealed with the same cement.

Figure 1 shows a schematic view of the experimental
Pyrex glass cell. The reference graphite electrode was in a
compartment separated by a glass frit, as shown in Fig. 1b.
This reference electrode compartment was partially filled
with pure sulfur before being introduced into the cell,
which resulted in the entry of some melt from the main
cell through the fritted glass. A stable potential of the ref-
erence electrode was achieved, since the electrode poten-
tial of the Na,S./S couple (x > 5) is independent of compo-
sition (8, 9), and the composition at the interface between
the sodium polysulfide (lower part) and the sulfur (top
part) is constant. All potentials given are relative to this
reference electrode.

A home-made furnace was used to melt the electrolyte
and to maintain cell temperature. PAR Model 273 poten-

gas

gos (‘ ; thermocouple
7 % % grophite rod

1
-
NE

sulfur

Nap Sa

reference electrode B

A
Fig. 1A. Schematic of the experimental cell, B reference electrode
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Fig. 2. A typical cyclic voltammogram ot the graphite electrode with
Nz bubbling; the electrode area 0.28 cm?, temperature 320°C, scan
rate 2 mV/s.

tiostat/galvanostat coupled with an IBM PS2A system was
used for the electrochemical studies.

Results and Discussion

Voltammetry.—Figures 2 and 3 show the typical voltam-
mograms of the sodium tetrasulfide at the graphite and at
the Ni-Cr electrodes, respectively, at 320°C in a nitrogen at-
mosphere. When the ohmic resistance between the work-
ing electrode and reference electrode was corrected, the
potential at the peak current was almost independent of
the scan rate, and was about —0.31V at the graphite elec-
trode and about —0.35V at the Ni-Cr electrode.

The voltammetric experiments were repeated with mix-
tures of 10% H,S and 90% H, and 10% H,S and 90% N, bub-
bling through the melt. Experiments were carried out after
the gas mixture had been bubbled through the melt for
about 2h. The voltammograms obtained in this experi-
ment were identical to those with pure N, bubbling
through the melt. The voltammograms obtained here were
similar to those at relatively high scan rates (10-12), where
the peak current may be reasonably attributed to mass
transport limitations. However, in the present work, a dis-
tinct peak current which varied linearly with the square
root of the scan rate was still observed even at the scan rate
of 0.5 mV/s on the graphite electrode. This peak current oc-
curring at a low scan rate is more likely due to the forma-
tion of a blocking layer than due to diffusion of reactants
since the current interruption after the peak current re-
vealed a potential plateau at about —0.285V, indicating the
presence of two phases at the electrode-electrolyte inter-
face. Supporting evidence for blocking was the smaller
current observed in the second potential sweep and the
shift of the potential in the negative direction. The equilib-
rium potential of S;27/S,2" is —0.295V and that of S,27/S,%" is

150.0 T T — T

s B e e
100.0 - 4
50.0 ~
z i ]
£
-
0.0 F 4
-50.0 - |
~100.0 L— 1 I I ! 1 n
0.2 0.0 -0.2 -0.4 ~-0.8 -0.8 -1.0 -1.2

Epp, VS Na,S, /S (x>5) (V)

Fig. 3. A typical cyclic voltammogram at the Ni-Cr electrode with N,
bubbling; the electrode area 0.32 cm?, the scan rate 5 mV/s, tempera-
ture 320°C.
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Fig. 4. Total current vs. time; (@) graphite electrode, electrode area
0.28 cm?, E,,, = —0.315V vs. Na,5,/S (x > 5), (A) the Ni-Cr elec-
trode, electrode area 0.32 cm?, E,,, = —0.3V vs. NayS,/S (x > 5).

—0.241V at 320°C (12). Therefore, the composition of the
melt at the interface between the melt and the electrode
may consist of Na,S, and Na,S;.

At the Ni-Cr electrode, a plateau instead of a peak like
the one in Fig. 2 appeared on the voltammogram, and the
current continued to increase after the plateau. The height
of the plateau increased and became a peak as the scan
rate of potential increased. These features of the voltam-
mograms indicate that in contrast with graphite the Ni-Cr
electrode surface was not blocked by the layer of the reac-
tion product, the plateau current being apparently limited
by reactant diffusion through a thin layer on or near the
surface. If this thin layer is related to the accumulation of
the reaction product, it should be thinner at a high poten-
tial scan rate, yielding a more rapid reactant diffusion rate.
It therefore appears that the reaction product is not
strongly retained on the Ni-Cr electrode surface, but re-
mains in its vicinity. Current interruption experiments did
not show a potential decay curve plateau, as on the graph-
ite electrode, which indirectly suggests that a blocking
layer does not form in this case. It was observed that a
much longer time for potential recovery at the graphite
electrode was required compared with that of the Ni-Cr
electrode. This transition time should serve as an indicator
of the different processes during potential recovery: a
phase transition occurs at the graphite electrode, whereas
recovery of the concentration of the electroactive species
by diffusion and chemical reactions takes place near the
Ni-Cr electrode surface.

Because the electrode reactions for the polysulfide melt
species themselves are rapid, the voltammetric pattern

L b T T T T T T
120.0 | o .
o t=05s
} o t5s e
s t=10s
70.0 r + t=20s o ) :
x  steady state o &
a A
4 +
< L ) x
E [»] X X
~ 200 o $ g
¥ ]
.
§5e
X
30.0 I
. t 0 i
o
[a]
-80.0 1 n A, 1 L 1
0.05 -0.05 -0.15 -0.25 -0.35 ~0.45

E,pp. vs: rest potential

Fig. 5. Polarization curves at different time at the Ni-Cr electrode
with N, bubbling, the electrode area 0.32 cm?, temperature 320°C.
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Fig. 6. Typical chronoamperometric curves at the Ni-Cr electrode,
the electrode area 0.32 em?, E,,, = —0.35V vs. Na,S,/S (x > 5), tem-
perature 320°C.

may be completely controlled by the ohmic resistance in
the bulk and on the electrode surface. Under such condi-
tions, the effect of H,S on the voltammograms may be in-
significant, even though there will be a great tendency for
formation of NaHS from H,S and Na,S,. It was observed
that the open-circuit potential shifted in the positive direc-
tion when a mixture of HyS and N, gases was bubbled
through the melt. The total potential shift depended on the
composition of the gas mixture, about 15 mV for 10% H,S
mixture and 30 mV for 50% H,S mixture. This phenome-
non may result from chemical reactions which generate
zero-valent sulfur in the form of a higher polysulfide, for
example

NasS, + H,S = Na,S,.; + Hy 2]

The free energy change for the above reaction is less than
20 kJ/mol (11, 13), and it becomes smaller as the polysul-
fide chain length decreases.

Chronoamperometry.—Figure 4 shows typical chro-
noamperometric curves at the graphite and Ni-Cr elec-
trodes in a nitrogen atmosphere. The steady state was
reached at the Ni-Cr electrode within about 25s, whereas
the current continuously decreased even after 300s at the
graphite electrode. A plot of the current vs. potential at a
fixed time at the Ni-Cr electrode was linear, and its slope
decreased gradually with time as shown in Fig. 5.

The influence of H,S on the chronoamperometric results
is shown in Fig. 6. The transient time became shorter when
H,S gas was bubbled through the melt, where the steady-
state current was higher than when N, was passed through
the melt. The polarization curves at zero time and at the
steady state are shown in Fig.7a and b. The current is
slightly higher with H,S bubbling than with N, at the same
potential other than at the same overpotential as shown in
Fig. 7Ta. However, the current at steady state doubled when
H,S was bubbled through the melt as shown in Fig. 7b.

On current interruption at a potential more negative
than —400 mV, the potential fell initially to a plateau at
about —0.285V before a further potential decay at the
graphite electrode occurred. The plateau was longer at
higher applied potentials. In contrast, after current inter-
ruption, the open-circuit potential continuously decreased
with time at Ni-Cr. In addition, the potential recovery time
was much longer at the graphite electrode than at Ni-Cr.
With HyS bubbling, both plateau length and potential re-
covery time were reduced.

The decrease in current with time shown in the chro-
noamperometric curves may result from two factors,
namely, increasing resistance of the electrode surface and
consumption of the reactant. As shown in Fig. 5, thereis a
linear relation between current and potential or overpoten-
tial, i.e., i = k(tyn, where k(1) is only a function of time, and
n is the overpotential; the quantity k(t) can be considered
to be the conductivity at time ¢, and its reciprocal repre-
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Fig. 7. Polarization curves at the Ni-Cr electrode the electrode area 0.32 cm?, temperature 320°C. {a, left) At the initial time (t = 0.5s); (b, right)

at steady state.

sents resistance at time t. Figure 8 representing the de-
pendence of resistance on time indicates a sharp increase,
which was always lower with H;S bubbling compared
with N, bubbling. If increase in this resistance with time is
due to accumulation of product and depletion of reactant,
it is expected that the resistance could be proportional to
the accumulation of the reaction product near the elec-
trode, i.e., to the integral of the current at time ¢ minus that
at steady state. In other words, the following equation
should hold

1 t
= = b i — iy 3
R®) == ) + b [0 lit, W — in(ldt  [3]

where i(t, 1) is the current at time t and overpotential n,
i.(n) is the current at steady state and overpotential m.
Figure 9 shows this relationship. For a certain value of

1
j li(t, m) — i-(n)|dt, the resistance is slightly higher with
0

H,S gas bubbling than that with N, bubbling. The features
of these curves indicate that the presence of H,S does not
affect the resistance, but prevents the resistance from con-
tinuously increasing. However, it could not be excluded
that a portion of the current was used for hydrogen reduc-
tion when H,;S was present. Analysis of the exit gas by gas
chromatography showed that only a small amount of hy-
drogen was produced from the cell. The quantity of the
produced hydrogen was much less than that expected
from the difference in Fig. 7b. Therefore, electroreduction
of hydrogen sulfide may not be the cause for the large HyS
current in the chronoamperometric experiments, which
may result from thinner resistance layer near the elec-
trode.
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Fig. 8. Relationship between resistance and time at the Ni-Cr elec-
trode, electrode area 0.32 cm?, temperature 320°C.

Chronopotentiometry.—The current at steady state rep-
resents the reaction rate of a chemical reaction between
the reaction product and the bulk electrolyte, or of the
mass transport rate from the surface to the bulk or vice
versa. A higher current at a steady state corresponds to a
higher exchange rate between the product of the electrode
reaction and the melt. The chronopotentiometric tech-
nique can identify reactions at the electrodes and trans-
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% _ ]
.377 o E‘PP--_qeﬁ v
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Fig. 9. The relationship befween resistance and the integral of the
current at the present time minus the current at the steady state, the
Ni-Cr electrode, the electrode area 0.32 cm?, temperature 320°C.
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Fig. 10. Cathodic chronopotentiometric curves at graphlte electrode,
temperature 300°C, /,,, = 5 mA, electrode area 0.071 cm?; curve 1,
N, bubbling; curve 2, after 0.5h of H,S bubbling; curve 3, cfter 1h or

longer of H,S bubbling.
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port hindrances, because the reaction rate is here exter-
nally controlled.

Figure 10 shows typical cathodic chronopotentiometric
patterns. Two flat segments and two sharp decreases in po-
tential with time occurred when pure nitrogen gas or a
mixture of HyS and nitrogen gases was bubbled through
the melt. The first transition time increases when a gas
containing H,S was used. The second plateau occurs at the
same potential, and is independent of the gas composition.
When the experiment was carried out after HyS bubbling
for 1h or longer, the potential oscillated after the second
plateau occurred. The following processes may take place
during the cathodic polarization at a constant current.
Within the first pleateau, higher polysulfide species are re-
duced to a lower polysulfide species. Gradual accumu-
lation of the resulting species near the electrode surface
will finally form a continuous film, resulting in a sharp rise
in the potential. However, the species in this phase is not a
solid film and is reducible at more negative potentials. As
the potential reaches the values where reduction occurs,
another plateau appears. The product formed in the sec-
ond plateau may form a continuous film, causing another
sharp rise in potential. The presence of H;S delayed the
formation of these continuous films near the electrode
surface.

Figure 11 shows potential decay curves after the cur-
rents were interrupted. As expected, two potential pla-
teaus appear on this curve, at about —0.28V and at about
—0.4V, respectively. The short plateau at —0.4V shows that
the film is very thin, which may indicate that the electro-
lyte can react with the reaction product and remove it from
the surface, so that the film never becomes very thick, The
equilibrium potential of the redox couple Na,S,/Na,S is
—0.35V (12). Activation and concentration overpotentials
may cause the potential to shift about 50 mV in the ca-
thodic direction. Therefore, the two phases may be Na,S;
at —0.28V and Na,S at —0.4V, respectively. The latter is
probably in a solid state because here the potential in-
creased greatly.
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Fig. 11. Potential decay curves after cathodic polarization, (a, top
left) after the polarization corresponding to curve 1 in Fig. 10;
(b, above) after the polarization corresponding to curve 2 in Fig. 10;
{c, left) after the polarization corresponding to curve 3 to Fig. 10.

The identical shapes of the curves in Fig. 10 indicates
that the reaction mechanism did not change when H,S gas
was bubbled through the melt; however, the change in
transition time suggests that mass transport has been en-
hanced. This may be due to the removal of the product of
reactions of sodium polysulfide near the surface through
chemical reactions, such as reaction [1] and the following

Nazsz + Hgs = NaHSz + NaHS [4]

When Na,S is formed, removal of Na,S may involve the fol-
lowing reactions

NayS + HyS = 2NaHS [5]
Na,S + HyS = NayS; + H; [6]

The potential oscillation after the second potential plateau
may then result from continuous removal of Na,S from the
surface. Figure 11 shows that the plateau at —0.4V be-
comes shorter, and even disappears when the containing
gas H,S was bubbled through the melt.

Conclusions

The electrochemical behavior of sodium tetrasulfide
melt at graphite and the Ni-Cr electrodes in the presence of
hydrogen sulfide is complicated, and has not been fully
elucidated. However, the following conclusions were de-
rived within the limit of the experiments performed in this
work: two continuous phases on the electrodes, appar-
ently Na,S, and Na,S, formed at —0.28 and —0.4V vs. Na,S;/
S during the cathodic polarization. However, the blocking
effect by these layers on the Ni-Cr electrode was much less
significant than on graphite. The presence of H,S did not
influence the reactions occurring at the electrodes, but sig-
nificantly reduced the formation rate of continuous phases
(either Na,S, or Na,S) during cathodic polarization. The ef-
fect of H,S on the formation of these films may be due to
chemical processes such as reaction [1] and [2] occurring
near the electrodes. A small amount of hydrogen gas was
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formed at these potentials, possibly by a chemical reaction
between polysulfides and hydrogen sulfide.
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The Use of Sodium lon Conducting Glasses in Na/S(IV) Molten
Chloroaluminate Electrochemical Cells

S. W. Orchard,’ Y. Sato, J.-P. Schoebrechts, and G. Mamantov*

Department of Chemistry, The University of Tennessee, Knoxuville, Tennessee 37996

Rechargeable molten salt cells of the type Na/p'-
alumina/SCl;* in AlC1;-NaCl, have previously been studied
in our laboratory (1-4). The cells operate typically at 180°-
250°C, and, when fully charged so that the sulfur is in the
+4 oxidation state, have an open-circuit voltage of about
4.3V. Many cells, with capacities in the range 1-20 A -h
have been built and tested, and development of the system
is in progress.

A number of sodium ion conducting glasses have re-
cently been made and tested by Bloom and co-workers
(5, 6). These glasses have been used, for example, in con-
junction with narrow a-alumina tubes as separators in con-
tact with molten sodium, polysulfides, and AlCl;-NaCl
mixtures (7, 8).

The present note reports on studies directed toward the
possibility of using these sodium ion conducting glasses as
separators in small Na/S(IV) molten chloroaluminate cells.

Experimental

AlCl; (Fluka, puriss.) was further purified and NaCl
(Mallinckrodt, reagent grade) was dried using standard
procedures (9). Sodium metal (Fisher, certified) was fil-
tered through Pyrex wool before use. All transfers and
weighing of reagents were carried out in a nitrogen-filled
dry box. Cells were sealed, but, as an added precaution,
were operated in an atmosphere of argon.

“T-glass” (6) was used as the sodium ion conducting
glass in this study. It has a high linear expansion coeffi-
cient (15 x 10K! as compared to 3.2 x 10°°K~! for
Pyrex glass), an important consideration in using it for cell
fabrication. Two types of cells were used. In cell (a), a cir-
cular disk of T-glass (ca. 3 mm diam, 1 mm thick) was con-
nected to a short tube of soda glass (3 mm id) via a graded
seal made from glass mixtures of intermediate coefficients

* Electrochemical Society Active Member.
! Permanent address: Department of Chemistry, University of
the Witwatersrand, 2001 Johannesburg, South Africa.
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of expansion. The soda glass was in turn attached to a
Pyrex tube via a second graded seal. This assembly was
used as the inner compartment in a small Pyrex cell of
concentric design similar to previous designs which used
tubes of B"-alumina as the inner compartment (1).

In cells of type (b), a T-glass membrane was used to seal
one end of a short length of a-alumina tubing (1.6 mm id,
3.2 mm od), which then served as the inner compartment
of a concentric cell with an outer compartment of Pyrex.
Swagelok fittings were used both to seal the open end of
the a-alumina tube and to couple this tube to the Pyrex
outer compartment.

Tungsten wires served as current collectors in both
types of cell. The inner compartment generally held the
premelted mixture of sulfur, AICl;, and NaCl, with sulfur
being the limiting reagent.

Results

Prior to the construction of the cells, weight loss tests
were performed on the four sodium ion conducting glasses
listed in Table I to determine their stability in a melt of
AlCl1;-NacCl (63:37 mole percent [m/o]). Small single pieces
(ca. 100 mg) of the glasses were sealed in Pyrex tubes con-
taining the AlCl;-NaCl mixture, and the tubes were then
heated to 205°-210°C. After 14 days, the glasses all showed
weight losses of at most 0.7%, which was considered to be

Table |. Composition {(mass percent) and resistivities of sodium ion
conducting glasses

Resistivity,
Code NazO Al,O4 ZrO, Si0, Q-cm at 300°C
X 37.2 11.4 — 51.4 484
R 41.1 6.4 4.0 48.5 130
T 40.7 10.8 8.3 40.2 215
ANL 42.0 8.0 5.0 45.0 221
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