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The discharge curves of a magnesium-silver chloride seawater activated cell at different pressures were
measured to examine the performance at great ocean depths. The e.m.f. measurements at increasing
pressures were also carried out in order to understand the small differences in the discharge behaviour
under different pressures and to get some information on the dissolution kinetics of magnesium in
chloride solutions. The performance is shown at atmospheric pressure and at increased pressure and
there is virtually no change in output power. It is found that Mg AZ61 is a better choice than Mg AZ31
at high pressures because of the nature of the sludge it forms. Partial molal volume changes for the
magnesium oxidation reaction obtained with pure magnesium and its alloys (AZ31 and AZ61)in 0.5M

NaCl are presented and discussed.

1. Introduction

It is necessary for a seawater activated primary
battery to function over a wide range of ocean en-
vironments; i.e., from 1.5% saline at 0° C to 3.6%
saline at 30° C. In addition, the operation of the
‘batteries at great ocean depths is becoming more
important for such purposes as sophisticated elec-
tronic systems for military or scientific investi-
gation, or life support systems for underwater
habitats. There, however, seem to be few publi-
cations on the discharge characteristics at high
pressures [1, 2]. The present study is intended to
examine pressure effects on the discharge be-
haviour of Mg-AgCl cells. The following pressure
effects have been considered; pressure effects on
the e.m.f., the electrical conductivity of the elec-
trolyte, and the solubility and gassing of hydrogen
gas liberated from the chemical corrosion of the
magnesium anode.

The results obtained from measurements of
pressure coefficients of the e.m.f. serve as an
experimental base for the interpretation of the
electrochemical behaviour of magnesium [3, 4] .
On the basis of AV/n values for the magnesium
oxidation reaction and the effect of chloride ion
concentration on the corrosion potential and the
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corrosion rate, a mechanism involving the for-
mation of magnesium monohydroxide (MgOH) as
a reaction intermediate followed by the partici-
pation of chloride ions in the dissolution of
magnesium is proposed.

2. Experimental
2.1. Measurements of discharge curves

Magnesium anodes, 10 mm x 15 mm, were made
from Mg AZ31 (3% Al, 1% Zn) or Mg AZ61 (6%
Al, 1% Zn) alloy plates (0.9 mm in thickness).
Silver chloride cathodes were made from AgCl
plates rolled to approximately 0.65 mm thickness.
The surface was reduced by zinc powder prior to
use. The size of the cathodes was the same as that
of the magnesium anodes and the weight was
about 0.47 g. Discharges were limited by the
capacity of the silver chloride cathode.

Cells containing two anodes and one cathode
were assembled with a 1 mm separation in a poly-
ethylene cell; the vessels allowed the electrolyte of
3% sodium chloride to be separated from the oil
which acted as a transmitter of pressure (cf.

Fig. 1a).
Fig. 2 shows the pressure vessel used (cavity
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Fig. 1. Test cells. (a) cell for discharge tests, (b) cell for
e.m.f, measurements. A, O-ring seal; B, fastening band;
C, polyethylene cell vessel; D, silver lead; E, epoxy
coating; F, Imm separator; G, anode; H, cathode; I, 3%

"NaCl electrolyte; J, Teflon or epoxy coating; K, glass
sleeve; L, 0.5 M NaCl electrolyte; M, Ag/AgCl electrode;
N, anode.

dimensions 70 mm diameter by 50 mm). The lid
of the vessel was equipped with two isolated elec-
trical leads, a plug for a copper—constantan
thermocouple and an air drain. Pressure was
applied by a manual oit pump. The pressure was
measured with a Bourdon gauge. The pressure
chamber was set in an air bath maintained at

25 +0.05° C for all experiments and the tempera-
ture on the surface of cell vessel was monitored by
the thermocouple.

Cells were discharged using constant current.
Discharges were begun 4 h after pressure had been
applied so that the temperature in the vessel had
returned to ambient.

2.2. Measurements of internal resistances

The internal resistances during discharge were
measured by a potential recovery method; namely,
they were determined from the abrupt rise within
20 us in cell voltage at the time when the discharge
current was switched off. The change was recorded
with a digital memory (Iwatsu, model DM305).

2.3. E.m.f. measurements

The cell used for e.m.f. measurements is shown in
Fig. 1b. Runs were made using pure Mg(99.98%),
Mg AZ31 and Mg AZ61 in 0.5 M NaCl solutions
saturated with Mg(OH), . The solution was pre-
pared by allowing a piece of Mg to corrode in the
solution for a sufficient period of time to assure
saturation. This electrolyte is buffered by the
hydroxide equilibrium at a pH value near 10.
Before each run the magnesium electrodes were
immersed several times for about 10 s alternately
in 7% HNQO; and 1% HCI solutions and rinsed in a
stream of distilled water and then dried.
Potentials were measured relative to a Ag/AgCl
electrode. The electrodes were prepared by the
method described by Hornibrook, Janz and
Gordon [5]. Measurements of the e.m.f. were
made by using a DVM (Hewlett Packard, model
34703A, 34750A) to 0.1 mV. After each change
of pressure, 5-10 h were allowed for thermal and
mechanical equilibrium to be re-established.
Considerable fluctuations in the e.m.f.
(1-6 mV) were observed in some runs, especially
in the case of cells with the Mg AZ61 anode. This

Fig. 2. Pressure vessel. A, electrical lead; B, air
_J drain; C, O-ring seal; D, pressure inlet.
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is considered to be caused by the gassing of
hydrogen gas and peeling off of corrosion
products.

The e.m.f. measurements were made 15 times
at 30 s intervals and this set of measurements was
repeated at least 5 times at 15 min intervals. Of
the data recorded, the most frequently observed
voltage was used as an e.m.f. at a given pressure.
The fluctuations hindered the precise determin-
ation of the e.m.f. and the pressure coefficients,
but the pressure effect could be seen qualitatively.

In order to check the method adopted and the
instruments used, the e.m.f. of a cell

Ag, AgCll0.5 M NaCl|Hg,Cl,, Hg

the reaction of which is well known and the
volume change is precisely calculable, was
measured. The average pressure coefficient of the
three cells was 3.1 mV kbar™, corresponding to
—3.0cm? equivalent™, showing a good agreement

with the calculated value of —2.7 cm® equiv™?.

3. Results

Constant current discharge curves of Mg AZ31-
AgCl and Mg AZ61-AgCl cells at SO mA cm™2
(150 mA) at pressures ranging from atmospheric
pressures to 980 bar (1000 kg cm™2) are shown in
Figs. 3 and 4, respectively. Values of the current
efficiency of the AgCl cathode (i.e. % of AgCl con-
sumed), instead of time, are plotted against the
observed voltages in the figures. Discharges were
also made at other currents (10, 20 and 100 mA
cm™2). The reason that only the discharges at 50
mA cm ™2 are shown is that cells containing the Mg
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AZ31 anodes showed the most characteristic dis-
charge behaviour at this drain rate.

In both cells the discharge voltages at high
pressures are shown to be 20-30 mV higher than
those at surface pressure and the electrical noise is
shown to decrease at increasing pressure. The
efficiency of the cathode used was generally 90%
at this discharge rate. Cells using the Mg AZ61
anodes yielded discharge curves that were some-
what higher and flatter than cells containing the
Mg AZ31 anodes. In the case of cells with the Mg
AZ31 anodes, minima in the discharge curves were
observed at a later stage of discharge. They were
observed at a rate of 50 mA cm? and at pressures
higher than 490 bar, but not at the other currents
used.

Figs. 5 and 6 show the changes in the internal
resistance during discharge at surface pressure and
at 980 bar. The fluctuation of the internal resist-
ance at the surface was violent, while at high
applied pressures the internal resistance changed
smoothly. In the case of cells with the Mg AZ31
anodes the resistance increased somewhat at a later
stage of discharge. Obviously the fluctuation was
caused by hydrogen gas bubbles formed on the Mg
anodes.

Fig. 7 shows typical e.m.f.—pressure relation-
ships. Volume changes for cells at pressures higher
than 100 bar are shown in Table 1. The relation
between the pressure coefficient of the e.m.f.
(0E/3p) and the volume change (A7) at constant
temperature and constant chemical potential of
all other species is given as

AV[n = —FQE/op)r (1a)

or

Fig. 3. Discharge curves of Mg AZ31-AgCl cells at
different pressures. ® atmospheric pressure, X 49,
0 245, A 490, o 980 bar.
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Fig. 4. Discharge curves of Mg AZ61—AgCl cells at
different pressures. ® atmospheric pressure, X 49,
0 245, A 490, o 980 bar.

Fig. 5. Discharge curves and the changes in the
internal resistance of Mg AZ31—AgCl cell.
e atmospheric pressure, © 980 bar.

Fig. 6. Discharge curves and the changes in the
internal resistance of Mg AZ61-AgCl cell.
® atmospheric pressure, o 980 bar.
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Fig. 7. Effect of pressure on the e.m.f. 1, pure Mg—AgCl/
Ag; 2, Mg AZ61-AgCl/Ag; 3, Mg AZ31-AgCl/Ag.

AV/n (incm® mol™!) = — 0.965(3E/0p)

(in mV kbar™) (1v)
where n is the number of electrons transferred and
F is Faraday’s constant. Thus AV/n can be ob-
tained from the slope of the e.m.f. versus pressure
relationship. The slope was determined by the
method of least squares.

The e.m.f. increased with increasing pressure up
to about 100 bar and then decreased with pressure.
The pressure coefficient of the e.m.f. should re-
flect changes of mechanism, but it seems unlikely
that a change of mechanism occurs at such a low
pressure. The cause of the changes of the pressure
coefficient may be the hydrogen gas evolution.

Table 1. Experimental AV [n values for Mg-AgCl, Ag cells
with 0.5 M NaCl electrolyte saturated with Mg(OH),
(100~1000 bar)

Number of cells

Anod AV, s iv.”?
node AV /n(cm?® equiv.™!) averaged
Pure Mg +14.3 4
Mg AZ31 + 13.5 4
Mg AZ61 + 44 3

Additional experiments on the corrosion poten-
tial (Feory) and the corrosion current density
(icorr) fOr pure magnesium were also carried out to
learn more about the mechanism of the dissolution
process in Cl~ containing solutions since it was
difficult to infer a reaction step controlling the
rate or the electrode potential from values of AV
alone. The results in the solutions saturated with
Mg(OH), at atmospheric pressure are shown in
Fig. 8, where values of the mean activity of NaCl
(@+nacy), rather than concentration, are plotted
against the observed potentials and the dissolution
rates.

Cylindrical electrodes (2.0 cm in diameter and
1.5 cm in length) were made from a pure mag-
nesium (99.98%) block and covered with a plastic
coating, leaving 1.5 cm? of the surface exposed to
the testing solution. A three-electrode cell
(Hokutodenko, model HX-101) was used in this
experiment. The auxiliary electrode ( a platinum
plate) compartment was separated from the test
cell by a sintered glass disc. Potentials were
measured against a saturated calomel electrode
(SCE). The measurements were made in NaCl
solutions saturated with Mg(OH), in the concen-
tration range 0.02—1 M. Before immersion of the
test electrode, the test electrolyte was de-aerated
for several hours with purified nitrogen.

The corrosion current density was determined
by extrapolation of the cathodic Tafel line to the
corrosion potential. The potential changed rapidly
in the anodic direction in the initial 10 min and
almost reached a steady state value in 30 min,
consequently the potential after 30 min was used
as the corrosion potential. More details of the ex-
periment procedures can be found elsewhere [25].

Both the corrosion potential and the dissolution
rate are a function of chloride ion concentration.
This means that there is a need to consider the role
that the chloride ion plays in magnesium
corrosion. The experimental results shown in
Fig. 8 can be summarized by the following
expressions.

alog acr-

(alogicm)
dlogacy- pH

A
( b ) = —81mV decade™  (2)
pH

= 0.54 3)
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4. Discussion
4.1. Pressure effects on the performance

There may be many pressure effects on the dis-
charge characteristics as mentioned earlier in this
paper. One of the effects is that on the internal
resistance caused by an increase of conductivity of
the electrolyte. It is probably clear from the work
of Korber that the electrical resistance of 0.5 M
NaCl solution decreased with rising pressure up to
about 2000 bar [4], but its contribution to the
discharge voltage is not so large; it can be
calculated to be about SmV.

The electrical noise is high at surface pressure,
but it appears to decrease with increasing pressure.
The noise is due to gas bubble formation. At high
applied pressure large bubbles are not found since
the hydrogen dissolves in solution. As approxi-
mately 23 cm?® of the gas was evolved by 3 cm? of
magnesium surface over a discharge period of
36 min and about 8 cm® of the electrolyte was
used, hydrogen would be completely absorbed at
pressures above 120 bar [6]. The Mg AZ61 anode
liberated a little more hydrogen than the Mg AZ31
anode. This explains the higher fluctuation of
the discharge voltages and the internal resistance
of the cells with Mg AZ61 at surface pressure.

The absence of bubbles at high pressure seems
to be most influential on the performance since

the pressure effect on the e.m.f. is small and it
seems that there are no significant effects of
dissolved hydrogen on the discharge curves
obtained.

The overall pressure effects on the discharges
were small and, therefore, seawater activated
batteries can be operated with virtually no change
in discharge characteristics at great ocean depths.

There was a difference in discharge curves be-
tween cells with the Mg AZ31 anode and with the
Mg AZ61 anode. This difference is a result of the
nature of discharge products formed on the anode
during discharge. The observations of the cells
after discharge showed clogging between the plates
in the case of Mg AZ31 anode. The sludge was
rather dense and adhesive. A greyish-white product
also formed on the Mg AZ61 anode, but it was a
granular, rapidly settling sludge and not so ad-
herent to the plate. The layer, therefore, remained
thin on the Mg AZ61 anode even at high pressures.
In the case of Mg AZ31 anode, the internal resist-
ance increases at high applied pressures as the layer
of the sludge grows. The layer reaches the opposite
plate at a later stage of discharge. After that, the
internal resistance remains constant or decreases
somewhat on acount of the build-up of heat by
the discharge current.

From these results, of the two magnesium
anodes tested, Mg AZ61 is the better choice at
high pressures as well as at surface pressure [7].
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Table 2. Corrected experimental AV [n values for the
oxidation reaction of magnesium

Anode AV /n(cm® equiv.™!) Error
Pure Mg — 2 +4
Mg AZ31 — 3 +4
Mg AZ61 —12 +7

4.2. Mechanism of magnesium dissolution

In order to use the volume change to discuss re-
action mechanisms, a value of AV for the oxidation
reaction of magnesium must be derived from the
experimental values shown in Table I. AV/n values
for the silver—silver chloride reference electrode
can be calculated to be + 7.7 cm® equiv™!. The
change in the Ag/AgCl electrode potential caused
by the change in activity coefficient due to the com-

pressive effect must also be taken into account. It
was calculated to be — 0.8 mV at 1000 bar,
corresponding to a partial molal volume of

+ 0.77 cm? for 0.5 M NaCl solution at 25°C [8]. In
addition, the hydrogen evolution reaction

H"+e = jH,(aq) )

proceeds simultaneously on the magnesium anode
at equal rate to the corrosion process. AV value for
Reaction 4 is + 7.5 cm®equiv. ™ according to [1].
Table 2 gives the corrected values for the anodes
studied. The value for Mg AZ61 obtained in this
study is comparable to the value reported by
Valeriote and Gallop [1]. Apparently alloy
compositions affect the value of AV /n. The be-
haviour of Mg AZ61 in 0.5 M NaCl solution satu-
rated with Mg(OH), was different from that of
pure Mg and Mg AZ31. Pure Mg and Mg AZ31 cor-
roded more rapidly than Mg AZ61 which was
subject to pitting and irregularities of attack.

Table 3
, AV/n:
Reaction (cm?® equiv.”?)
I
5 Mg = Mg>* + 2e —23.0
6) Mg + 2H,0 = Mg(OH), + 2H* + 2e —18.2
N Mg  +20H™ = Mg(OH), + 2¢ + 3.9
) Mg +H,0 =MgO + 2H* + 2e —15.9
(9 Mg  +20H” =MgO + H,0 + 2¢ + 6.2
10) Mg +OH™ =MgO + H* + 2e — 49
(11) Mg +OH™ =MgOH* + 2e ~+ 2
(12) Mg +H,0 =MgOH*+ H* + 2¢ ~— 9
I
(13) Mg = Mg* + e ~ =20
(14) Mg* =Mg* +e ~—26
(15) Mg* -+ 2H,0 < Mg(OH), + 2H* + e ~—16
(16) Mg* + 20H™ = Mg(OH), + ¢ ~ 428
(17) Mg +OH™ =MgOH + ¢ ~+ 3
(18) Mg +H,0 =MgOH + H* + e ~—19
19 MgOH + OH™ =Mg(OH), + e ~4+ 5
(20) MgOH = MgOH* + ¢ ~+ 1
m
21 MgH, + 20H™ =Mg(OH), + H, + 2¢ + 4.4
(22) MgH, + 20H™ = Mg(OH), + 2H* + 4e — 19
(23) MgH, = Mg®* + 2H* + 4e —15.3
(24) MgH, =Mg®* +H, + 2¢ —232
(25) MgH, = Mg* + 2H* + 3e ~—12
(26) MgH, =Mg*+H, +e ~—20
27 MgH, + OH™ = MgOH + 2H* + 3e ~— 4
(28) MgH, +OH™ <=MgOH +H, +e ~t 2
v
(29) Mg+ 2H,0=MgO, + 4H* + 4de ~—14
(30) Mg + 20H™ =MgO, + 2H* + 4e ~— 2
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These results suggest that different reactions take
place and the state of the surface differs with each
anode material. The results for pure Mg will be
discussed here.

In order to interpret the results obtained, ail of
the electrochemical reactions controlling the elec-
trode potential must be considered. The possible
magnesium electrode reactions considered 9, 10]
and their calculated values of AV/n based on
VUg+=—>5.4cm® mol™ at 25° C were as shown
in Table 3.

The calculations were made from published
values of partial molal volumes for the electrolyte
[11-14] and density data [15-17]. Since partial
molal volumes for MgOH"* and Mg*, and density
data for MgOH and MgO, were unavailable, esti-
mates of these values had to be made [12, 13].
Some reactions in which MgH is a reactant species
were eliminated since MgH is a gas and it is not
considered to be able to exist in aqueous solutions
[91.

The experimental data for pure Mg and Mg
AZ31 are consistent with AV /n values for Re-
actions 10, 11, 17, 20, 22, 27, 28 and 30. These
reactions should also be able to explain such
properties of the magnesium electrode as the
nobility of the observed potential in comparison
with the standard potential, the delay phenom-
enon {181, the presence of finely divided particles
of the metal in corrosion films [19, 20], the
secondary hydrogen evolution and the reducing
power of the anolyte [21], and the low anodic
efficiencies [18, 21-24] . Moreover, those re-
actions do not predict the effect of halide ions in
magnesium dissolution and hence additional re-
action must be considered.

The following mechanism is proposed for mag-
nesium dissolution in chloride media.

Mg + H,O0=MgOH, 4, + H" + ¢
MgOH 4 + 2C1™ > MgCI(OH)C1™ + ¢
(rate determining)

G
(32)

MgCI(OH)CL™ + OH™ - Mg(OH), + 2C1” (33)

The intermediate, MgOH,, 4, may react in other
ways, such as in Reaction 20 similar to the Bockris
mechanism for iron dissolution [30] and in the
following reaction.

2MgOH — Mg(OH), + Mg 34)
If the adsorbed intermediate, MgOH, 45, follows

Temkin adsorption behaviour, the rate equation
for the mechanism can be written as [31, 32]

i, = kyal-ad¥-exp (FE/RT) (35)

and the rate expression for the hydrogen evolution
reaction can be written as [33, 34]

i = keag+exp —(2FE/SRT)  (36)

based on the cathodic Tafel slope on pure Mg.
From Equations 35 and 36 the following ex-
pressions are obtained by setting £ = E,, and

ta = le = loorr-

oFE
(__ggri_ = —84mV decade™ (37)
ologacy- oH
0F oory -1
—_— = —63mV pH (38)
( 3pH Jor
Aoglcorr)  _ 57 (39)
alogﬂcr pH
alogicon)
SBom) o g7 40
( opH  Jor (40)

These relationships agree reasonably well with the
results obtained in this study (cf. Fig. 8) and the
change in potential with pH reported by Perrault.
Perrault [29] observed a — 60 mV change in poten-
tial with each unit change in pH within the pH
range of 7-12. However, Equation 35 has not yet
been experimentally verified since the anodic Tafel
slope for magnesium has not been determined
precisely owing to the characteristics of the elec-
trode [23, 25, 35], and it is not clear whether the
corrosion rate is pH dependent in chloride media.
According to the data obtained by Vermilyea and
Kirk [36], the following relation could be derived
within the pH range of 9-11 in MgSO, solutions.

(alogim) _
opH

The value of AV /n for Reaction 32 must explain
the experimental values. The partial molal volume
for MgCl(OH)CI™ was not known, so it had to be
inferred from an estimated size. The value was
taken to be approximately + 60 cm®. The AV /n

value for Reaction 32 would be calculated to be
~—4cm®.

—~0.3 @1)
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5. Summary

Seawater activated batteries with magnesium
anodes are dependent on stirring induced by
hydrogen evolution to remove the sludge from the
battery and the gassing is dependent on pressure.
At the pressure where gassing stops, the discharge
behaviour begins to be affected by the nature of
the sludge formed. The performance at great ocean
depths can be expected to be similar to that at a
temperature near 4° C, since pressure effects on
the performance were found to be small. The rate
expression for magnesium dissolution can be
developed theoretically by a mechanism including
the formation of magnesium monohydroxide
followed by the participation of chloride ions in
chloride media.
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