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The corrosion and polarization characteristics of zinc have been investigated in concentrated NH,Cl and
NaCl solutions which represent suitable electrolyte analogues for Leclanché and zinc chloride cells,
respectively. The effects of zinc amalgamation in the range 0-1 mg Hg cm™ have also been examined
and the results compared and contrasted with those obtained in concentrated KOH solution which is

a useful electrolyte analogue for alkaline cells. It is shown that the structure of the zinc—solution
interphase and the electrochemical reactions which occur are critically dependent upon the particular
electrolyte considered. Despite this, the absolute corrosion rates of unamalgamated zinc are of the

same order. This is an unexpected result. The effectiveness with which both dissolved zinc salts and
mercury reduce the corrosion rate decreases in the electrolyte order

KOH 2 NH4C1> NaCl

This is explained by the increasing participation of diffusion as the factor which controls the rate of the
cathodic hydrogen evolution process. Maximum effectiveness for corrosion inhibition is approached
when the mercury level exceeds 100 ug cm™2. At this concentration, coverage of the surface by a zinc
rich amalgam of almost constant composition is complete.

1. Introduction

Zinc is used extensively as an anode material in
primary battery systems. Corrosion, however,
occurs in all electrolytes and the partial remedy
which is universally adopted is amalgamation of
the zinc. Whilst the corrosion behaviour of unamal-
gamated zinc is relatively well understood both in
neutral [1-3] and alkaline [4, 5] media, that of
amalgamated zinc has been little investigated.

In a previous study [6] the corrosion and
polarization characteristics of zinc were examined
in concentrated KOH solution which represents a
convenient electrolyte analogue for alkaline cell
systems. It was shown that the detailed polar-
ization characteristics can only be explained if due
consideration is given to morphological changes on
the zinc surface. It was concluded that a surface
amalgam phase of almost constant composition is
formed as the level of mercury increases and this
determines the maximum corrosion efficiency
which approaches 90% at the 1 mg Hgem™ level.
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In the present paper we report an investigation
in concentrated NH4Cl and NaCl solutions which
are suitable electrolyte analogues for the weakly
acid Leclanché and zinc chloride cell systems,
respectively. In order to eliminate interference
from zinc deposition, which would otherwise domi-
nate during cathodic polarization and obliterate
hydrogen evolution characteristics, the analogue
electrolytes have not contained dissolved zinc
species. (Dissolved zinc salts are, of course, present
in the complete battery electrolyte formulations).
Where pertinent, the results are compared and con-
trasted with those obtained for the alkaline
analogue.

2. Experimental procedure

2.1. Electrode preparation and technique
of amalgamation

Electrode preparation prior to amalgamation was
as described previously [1] except that the elec-
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trodes were not chemically etched. Amalgamation
was performed by electrodepositing mercury
galvanostatically onto pure zinc electrodes
(99.9999%) from KOH (1 mol dm™3) saturated
with yellow HgO at a current density of 10mA
cm ™2, During amalgamation the electrodes were
either held stationary or rotated at 1000 rpm. The
relationship between mercury deposited and time
was determined analytically by flameless atomic
absorption spectrophotometry after dissolving the
amalgamated electrodes in conc. HNO;. Linear
relationships were established having slopes of

1.2 ug Hgem™? min~" and 9.7 ug Hg cm ™% min~!

for stationary and rotating electrodes, respectively.

In order to achieve greater accuracy during
deposition of small quantities of mercury (< 10 ug
cm~2) stationary electrodes were employed.

2.2. Cell and electrode assemblies

The electrochemical cell, electrode assemblies and
instrumentation have been described previously
[1]. For impedance measurements, the counter
electrode was a bright platinum disc situated
directly below and parallel to the working elec-
trode. The cell and electrode assemblies were
situated inside a thermostatically controlled
enclosure at 30 £ 0.1° C.

The reference electrode was Hg | Hg,Cl,| KCl

(sat).

2.3. Solutions

NH,Cl and NaCl solutions were prepared from
twice recrystallized Analar grade salts using three
times distilled water, Variations in pH were
effected by the addition of small quantities of
HC1, NH4OH or NaOH to the working solutions,.
The ionic strength and pH of the solutions were
adjusted so as to make them equivalent to those
operating in the respective battery electrolytes.
The composition of the solutions were as follows:

1. NH,C1 (6.0 moldm™3, pH 5 3) the analogue
for Leclanché cells.

2. NaCl (2.7 mol dm™3, pH 4.8) the analogue
for zinc chloride cells.

2.4. Procedure

Immediately after amalgamation the electrode was
washed in distilled water and transferred to the

electrochemical cell which contained the particular
electrolyte analogue to be investigated. Short (high
frequency) impedance spectra (values of Z' =
Rgand Z" = 1/w C) were first recorded in the
frequency range 20 KHz down to 1 KHz. From Z"
values at the highest frequencies almost constant
(frequency independent) values of Cs were com-
puted. These were then averaged to yield a mean
value for the double layer capacity, Cq;. For each
mercury level Cyq values were determined firstly

as a function of time at constant potential and
secondly, as a function of potential after an
equilibration period.

Current-potential data were recorded by
monitoring the cutrent at fixed potential incre-
ments during slow potential sweeps (5 mV min™").
The general procedure has been discussed pre-
viously [1]. Corrosion currents were obtained by
Tafel line extrapolation, ieX and from the
relationships derived by Stern and Geary [7]

lﬁ)@r = (1/2-3Rp) {babc/(ba + bc)} @

where R, is the polarization resistance, i.e., the
slope of the current—potential line in the vicinity
of the corrosion potential

Ry = (dE/di)imo 2)

and b, and b are the Tafel slopes for the anodic
(zinc dissolution) and cathodic (hydrogen evol-
ution) lines. A third corrosion current, B was
obtained by extrapolating the cathodic Tafel line
back to the open-circuit potential of zinc in the
complete battery electrolyte formulation, i.e.,
containing the relevant zine salt (saturated). Figure

1 shows schematically the relationships between
:Batt

foony , focktz a0d icoys

All experiments were duplicated and good
reproducability was obtained. Quoted corrosion
currents represent the mean of at least two indep-
endent determinations. Experiments were con-

ducted under deaerated conditions.
3. Results and discussion

3.1. Electron optical study

Figure 2a illustrates the polycrystalline nature of a
typical electrode surface which is revealed by
chemical etching. It can be seen that the grain size
is very large as would be expected for cast pure
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zinc. Fig. 2b is an electron micrograph showing the
polished metal surface prior to amalgamation and
Figs. 2c~f are electron micrographs taken 3 h after
amalgamation at different levels in the range 10 ug
em™? to 1 mgem™2. At low mercury levels, the
mercury deposits are localized with preferential
deposition onto certain grains (Fig. 2¢). Electron
probe microanalysis confirmed the localized
nature of the deposits and proved that the mer-
cury concentration on the rest of the surface was
below the detection limit. As the mercury level
increases from 50-100 ug cm™? there is an increase
in the coverage of the deposit culminating in com-
plete coverage at the 1 mgcm™2 level. These
results suggest that deposition occurs by a mech-
anism involving the progressive nucleation and
growth of three dimensional centres which over-
lap at long times.

Swift ef al. [8] demonstrated that initial
mercury penetration into Leclanché battery zinc
alloy occurs by a grain boundary mechanism. A
model was derived relating the surface concen-
tration of mercury with time, This predicted a
sharp fall in the concentration at short times
followed by a slower fall at longer times. It must
be emphasized, however, that in the present case,
any reduction in the surface concentration will be
much slower owing to the greatly diminished
length/area of exposed grain boundaries, (Fig. 2a).
Mercury penetration into the grains (or sub-
grains) is thus considered to be the dominant
factor controlling the change in surface concen-

battery electrolyte.

tration with time and the rate of this process is
about seven orders of magnitude slower than grain
boundary diffusion [8]. The surface concentration
should, as a result, remain reasonably constant for
long periods thereby facilitating electrochemical
study.

3.2. Double layer capacity and polarization
characteristics

3.2.1. NH,(l electrolyte analogue. Figure 3a
shows the double layer capacity as a function of
time for different amalgamation levels. Two trends
are discernible from these results. Firstly, the
capacity falls with time, the equilibration period
being short and constant (c. 40 min). Secondly,
the capacity decreases with increase in mercury
concentration. Figure 3b shows the capacity as a
function of cathodic potential. The shallow mini-
mum present at all mercury levels confirms the
absence of specific anion adsorption. However, the
fallin capacity with mercury concentration is indi-
cative of the presence of a second phase on the
zinc surface which dominates the absolute magni-
tude of the capacity. Barlier work carried out on
unamalgamated zinc in weakly acid solutions indi-
cated that the metal is covered with an oxide/
hydroxide layer at potentials close to the corrosion
potential [9]. This results in the attainment of very
low capacity values. Evidence was provided that in
the presence of NHJ ions the formation of such a
film is inhibited. It was postulated that this results
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Fig. 2. Optical and scanning electron micrographs of zinc surface, (a) optical micrograph showing entire electrode area.
and grain structure after etching, (b) SEM showing polished surface prior to amalgamation, (c)—(f) SEMS showing
surface after amalgamation to (c) 10 ugem™2, (d) 50 ugcecm™2, (e) 100 ug cm™2, (f) 1000 ug cm™2.

from the dissociation of NHj ions in the double the capacity is close to 40 uF cm~? for unamal-
layer which effectively decreases'the pHat the gamated zinc, a value typical of that for a film-free
metal surface below the critical value for film surface [6]. The decrease in capacity infers that
formation. Figure 3c is in complete agreement either the thickness of the film or coverage of the

with these conclusions where it can be seen that metal by the film increases with mercury
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concentration and that a limiting situation is
approached at concentrations > 1 mg cm ™2 (Fig.
3a). Since it is known that coverage of the zinc
surface by a zinc amalgam phase also increases
with mercury concentration (Fig. 2) then coverage
is the important factor. It can, therefore, be con-
cluded that the capacity characteristics of Fig. 2
result from the replacement of an oxide-free zinc
surface with an oxidized amalgamated surface.

If Czn/mg is the double layer capacity per unit
area associated with the surface amalgam phase
and Cz, that associated with the uncovered zinc
surface, then the measured capacity can be
approximated by the expression used previously

[6]

Ca = Czn (1 —0)+ Cypnypge 0 €))

where 8 is the fractional surface coverage. Here,

Cznjug < Czn and hence Cy; decreases with 6.
The dependence of Cy upon amalgamation

level in NH,4Cl solutions is opposite to what is

l l {
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Fig. 3. Double layer capacity characteristics for zinc in
6.0 moldm™* (29.5% w/w) NH,Cl at pH 5.3 as a function
of amalgamation level, (a) time dependence at — 1.30 V,
(b) potential dependence, (c) concentration dependence.

100 (o) pure zinc, (z) 10 ugcm™2, (0) 40 ug cm™2, (X) 100 ug

cm™?, (&) 1000 ugem=2.

observed in KOH solutions since the capacity
rises to a plateau at the 1 mgcem™2 level in the
latter [6]. In the case of alkaline solutions,
oxides are not formed even at the highest amal-
gamation levels and therefore the rise in capacity
has been attributed to an increase in area of the
amalgamated parts of the zinc surface, ie.,
Cznjug > Czn [6]. It may be concluded from
these comparisons that when the amalgam phase
is oxide coated, the absolute magnitude of
Cznue is determined primarily by the thickness
of the oxide layer and changes in amalgam/oxide
interfacial area are of secondary importance.
Figure 4 shows the anodic and cathodic polar-
ization characteristics for zinc dissolution and
hydrogen evolution, respectively, as a function
of mercury level. It is clear that the anodic
behaviour is complex since both the position and
slope of the curves are affected. This is in con-
trast with the behaviour in KOH solution [6]
where the anodic characteristics show little depen-
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Fig. 4. Polarization character-
istics for zinc in 6.0 mol dm™3
(29.5% w/w) NH,Cl at pH 5.3
as a function of amalgamation
- level, (o) pure zinc, (o) 10 ug
cm™?, (w) 20 ugem™2, (0) 40 ug
cm™2, (#) 75 ugem™?, (X)
100 ug cm™2, (a) 1000 ugcm™2,
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dence upon amalgamation level above 10 ug cm™2.
Also, the extent to which the cathodic hydrogen
evolution current is diminished by mercury in the
NH, (! solution is somewhat smaller than in the
alkaline electrolyte and the slopes of the cathodic
lines are increased more severely. Figure 5 demon-
strates that diffusion plays a role in determining
the polarization characteristics but in a complex
manner since the diffusion effects are dependent
upon whether the metal is amalgamated or
unamalgamated. Hence, the curves of Fig. 4 are
influenced by amalgamation level in a complex
manner which depends upon both the film form-
ing ability of the metal surface and diffusion
effects in solution. The overall reactions which
control the corrosion rate of zinc in the electrolyte
analogue of the Leclanché cell can be represented

Zn +4ClI" = ZnCl3™ + 2e 4)
INH; +2e - 2NH; + H, )

Zn + 2NHj + 4Cl > ZnCl% + 2NH; + H,
(6)

Here the product ZnClI3 is written as the most
likely complex but others could be involved. The
anodic and cathodic branches of the polarization
curves will now be discussed separately in more
detail.

It is clear from Fig. 4 that except for levels
<20 ugem™? the dischargeability of zinc in
NH4Cl solution decreases with mercury concen-
tration. This is an unexpected result and suggests
that the factor responsible is the oxide/hydroxide

" 145 (w/w) Zn in Hg amalgam.

film present on the amalgamated parts of the
electrode surface. This conclusion is reinforced by
Fig. 6 which shows that there is a clear relation-
ship between anodic current and double layer
capacity at a constant potential (— 1.12 V) and
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Fig. 5. Rotation speed (w) dependence of anodic and
cathodic currents on (o) pure zinc and (X) amalgamated
(100 pg cm™?) zinc in 6.0 moldm ™ (29.5% w/w) NH,Cl
at pH 5.3, (a) anodic currents at — 1.11 V, (b) cathodic
current at — 1.30 V, (¢) anodic Tafel lines extrapolated
to infinite rotation speed.
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Fig. 6. Plot of double layer capacity v. anodic current at
— 1.12V for zinc dissolution in 6.0 moldm™3 (29.5%
w/w) NH,Cl at pH 5.3. Symbols as in Fig. 4.

therefore the same factor is responsible for vari-
ations in both parameters. Figure 4 also shows that
the slopes of the anodic lines change from 30mV
per decade (2.3 X RT/2F) at amalgamation levels
0-20 ug cm™? which are indicative of a reversible
exchange process, to 40mV per decade (2.3 x

2 RT/3F)indicative of an irreversible dissolution
process [2]. These conclusions are confirmed
from the rotation speed dependence of the anodic
current shown in Fig. 5a which demonstrates that
the current is independent of rotation speed for
heavily amalgamated zinc. These results indicate
that on the amalgamated surface the oxide/
hydroxide film either inhibits the general rate of
dissolution to the extent that the process becomes
charge transfer controlled or that the dissolution
process becomes inherently irreversible as a result
of a severe diminution in the rate of zinc depo-
sition. Nevertheless, it is clear from Fig. 4 that the
electrode is not passivated. Further, there is no
suggestion that the rate of dissolution ever
becomes limited by film resistance effects. It may,
therefore, be more useful to consider that in the
case of pure zinc in the NH,Cl solution the elec-
trode is covered with a densely packed layer of
adsorbed intermediates of the form ZnOH,44 the
existence of which can be inferred from impe-
dance measurements [10]. Such a layer might

be expected to exhibit a transition in its properties
from those of an adsorbed intermediate at low
coverages to those of a surface compound at high

coverages. It is postulated that a change of this
kind could be induced more easily on amalgamated
zinc where the density of active sites would be
higher thus facilitating the formation of a surface
compound.

Hydrogen evolution on metals of high hydro-
gen-overvoltage in near neutral solutions of
ammonium salts occurs via the reduction of NH}
ions [2, 11]. Although the overall reaction may
be represented by Equation 5 the precise mech-
anism is as yet not fully understood. That protons
can be derived from NHj ions present at the outer
Helmboltz plane has been discussed previously.
Also, in near neutral NH,Cl/NaCl solutions of
constant ionic strength, the hydrogen-overvoltage
does not decrease in any monotonic sense with
NH3 ion concentration [12] suggesting that
dissociation could play a part in the mechanism
of hydrogen evolution

NH; + H,0 = NH; + H;0* )
Nevertheless, the rate determining step (rds) is
likely to be

NHZ + e =~ NH; + H,q4 (tds) (8)
followed by

Ho4s + H;0" + e ~>H, + H,0 )]

That reaction 8 proceeds under charge transfer
controlled conditions for pure zinc is confirmed
by the observation of a Tafel slope close to 2.3 x
2 RT/F in Fig. 4. It may be supposed that inhi-
bition of the overall Reaction 5 occurs via a
reduction in the Zn-H,g4, bond energy for Reac-
tion 8 as discussed by Bockris and Reddy [13] for
the case of acid solutions, Figure 4 shows that as
the mercury concentration increases the Tafel
slope also increases as in the case of the alkaline
analogue [6]. However, the factors which contri-
bute to this observation are more numerous.
Figure 5 demonstrates that when the concentration
of mercury becomes appreciable the cathodic
current becomes rotation speed dependent. This
infers that the rate of Reaction 8 is sufficiently
inhibited that it approaches the rate of the parallel
bulk proton reduction process which is diffusion
limited. Using a 6% (w/w) Zn in Hg liquid amal-
gam in the form of a hanging drop electrode, it is
possible to eliminate charge transfer controlled
NHj ion reduction and reveal the diffusion limited
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H;0" reduction current alone. This is also shown
in Fig. 4. Extrapolation of the cathodic curves to
infinite rotation speed produces Tafel slopes of a
similar order to those for the KOH analogue,
namely 220 mV per decade [6]. Whilst surface
heterogeneity effects [14] may be expected to
play a role in both the NH,4Cl and KOH solutions,
the high slopes observed in the former electrolyte
may also be due in part to the presence of the
oxide film if this is not cathodically reduced {15].
A comparison of the cathodic polarization
characteristics displayed in Fig. 4 for NH4Cl with
those obtained previously for KOH solutions [6]
reveals the unexpected result that they are quali-
tatively very similar. Also, the rate of hydrogen
evolution cannot be lowered by more than an
order of magnitude in either electrolyte. These
observations are surprising in view of the fact
that the electroactive species involved and reaction
mechanisms are reported to be quite different.

1000 pgcm~2.

This problem may be resolved if it is assumed that
the common factor controlling the overvoltage is
the Zn-H,4s bond energy [13]. However, if this
conclusion is correct, then it casts some doubts
upon the validity of the chemical mechanism of
hydrogen evolution proposed by several authors
for alkaline solution [4, 5] since the Zn—H,gq
bond energy would not be expected to affect the
rate determining step in this mechanism. The
hydrogen overvoltage data reported in the present
and previous communications therefore supports
the view that in alkaline media, at potentials

close to the open circuit value, H,O molecules
react electrochemically to produce adsorbed
hydrogen in the rate determining step, (see
Equation 13).

3.2.2. NaCl electrolyte analogue. Figure 7a
shows the double layer capacity of zinc ata
constant cathodic potential as a function of time
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for different amalgamation levels. The results
are quite different to those in both KOH and
NH,Cl analogues but show greater similarities
with the latter (cf. Fig. 3a). Thus, the capacity
falls with time. However, unlike the NH,Cl
electrolyte the capacity is independent of mer-
cury concentration being in all cases very low
and close to 10 uF em™2, Figure 7b also demon-
strates that the capacity shows little, if any,
dependence upon potential. These characteristics
are consistent with the view that in the NaCl
analogue an oxide/hydroxide film of uniform
coverage is present on the zinc independent of
amalgamation level. Relation 3 applies with
Cznug = Czn,ie., Cq isindependent of §.
The insensitivity of the Zn/Na(l system to
mercury concentration contrasts strongly with
that of the Zn/NH,Cl system and indicates that
the film inhibiting properties engendered by
NHj ion dissociation contributes to the differ-
ences observed.

Figure 8 shows the anodic and cathodic polar-
ization characteristics for zinc dissolution and
hydrogen evolution, respectively, as a function of
the mercury level. In contrast with the curves for
NH,Cl solutions, it is clear that the anodic
branches of the curves are independent of amal-
gamation level for concentrations > 5 ugem™2 and
the cathodic branches are only slightly affected.
Except for the case of pure zinc the anodic slopes
are close to 2.3 x RT/2F indicative of a reversible
dissolution process whilst the cathodic slopes
approach e demonstrating that hydrogen evolution
occurs via diffusion limited proton reduction from

1 1
130 135 140 Zn in Hg amalgam,

bulk solution. The overall reactions which dictate
the corrosion rate of zinc in the electrolyte
analogue of the zin chloride cell can be represented
Zn +4Cl" = ZnCl5 + 2e (10)
2H;0% + 2¢ - H, + 2H,0 (11)
Zn + 4C1” + 2H;0* > ZnCl3~ + 2H,0 + H,
(12)
Here, the product ZnCl%™ is written by analogy
with Zn(OH)3™ formed in alkaline media although
other anjon complexes could be involved. As in
the case of the NH,Cl solution, the anodic and
cathodic branches of the curves will be discussed
separately.

The characteristics of zinc dissolution displayed
in Fig. 8 present considerable difficulties of inter-
pretation in view of their dissimilarity with those
of either the Zn/KOH or Zn/NH4CI systems. The
slopes of the anodic branches of the curves change
from 12mV per decade to a constant value of
30mV per decade as the mercury concentration
increases from 0~5 ugcm™2. Over the same con-
centration range, the absolute magnitude of the
current increases substantially, particularly at
potentials close to the corrosion potential. Pre-
vious work [1] showed that the anodic slopes
observed for pure zinc in weakly acid solutions
(pH 5-6) reflect an activation of the oxide covered
electrode as the anodic potential increases and this
phenomenon appears to be specific to Cl~ con-
taining electrolytes. This could result from a pro-
gressive displacement of film species by strongly
adsorbed Cl™ ions. In the case of the amalgamated
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Fig. 9. Rotation speed (w) dependence of anodic and
cathodic currents on (o) pure zinc and (X) amalgamated
(100 ug cm™2) zinc in 2.7 moldm™3 (14% w/w) NaCl at
pH 4.8, (a) anodic current at — 1.09 V, (b) cathodic
current at — 1.225 V, (¢) anodic Tafel lines extrapolated
to infinite rotation speed.

zinc, however, there is no evidence of such an
activation. In fact, the general characteristics are
typical of a film-free system being similar to those
observed in the case of the KOH analogue. Further
evidence of the validity of this conclusion is pro-
vided by the rotation speed dependence of the
anodic current shown in Fig. 9a which indicates
that although the current for both pure zinc and
amalgamated zinc is strongly rotation dependent,
Tafel lines having identical slopes of magnitude

40 mV per decade are produced by extrapolation
to infinite speed (Fig. 9¢). Since these lines are
only slightly displaced from each other, the results
infer that removal of the oxide/hydroxide film
present on the pure zinc electrode is apparently
facilitated by stirring. It is difficult to reconcile
these conclusions with those reached from capac-
ity measurements. However, it is possible that an
activation of the amalgamated electrodes becomes

feasible at potentials positive of where the capacity
measurements were made, namely — 1.30 V. This
would correspond to the point where the metal
begins to dissolve and includes the open-circuit
potential itself.

The cathodic hydrogen evolution character-
istics displayed in Fig. 8 are considerably more
complex than those for the other analogues. For
pure zinc at potentials between — 1.15 and
— 130V, a Tafel line of high slope (260 mV
per decade) appears. Since the current is not
dependent upon electrode rotation speed (Fig.
9b) then this slope is consistent with the charge-
transfer controlled reduction of water on an
oxide coated electrode with reaction sequence
given by Reactions 13 and 14.

H,0 + e > Hygs + OH™ (rds) (13)

Hygs + H,0 +e>H, + OH™ (14)
At a potential of — 1.30 V, however, there is
evidence for a partial removal of the film since

a reduction peak is evident, As the level of amal-
gamation is increased to 5 ug cm™2, there is a

sharp change in the polarization profiles and at the
highest level (1 mgcm™2) a limiting current is
clearly evident at low potentials. This changes to

a Tafel line with slope 260 mV per decade at
—1.30V. Thus, in the case of the heavily amal-
gamated electrode, hydrogen is evolved via
diffusion limited proton reduction at low poten-
tials (Reaction 11) and charge transfer controlled
water reduction at high potentials. Hence, at low
potentials, amalgamation reduces the rate of water
reduction to such an extent that it becomes small
compared with the rate of the parallel proton
reduction process which, therefore, dominates the
hydrogen evolution characteristics.

The change in thie mechanism of hydrogen
evolution at low potentials from water reduction
for pure zinc to proton reduction for amalgamated
zinc may explain why oxide/hydroxide film for-
mation is facilitated on the former. Thus, it can
be seen from a comparison of Reactions 14 and 11
together with a consideration of Fig. 8, that
whereas OH™ ions are formed at the metal surface
as a major product of hydrogen evolution on pure
zine, they will not be a major product on amal-
gamated zinc.
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4 3. Comparison of corrosion rates and
effectiveness of amalgamation

Table 1 provides a summary of corrosion rates in
deaerated solutions of the three electrolytes
studied to date. Irrespective of which analogue is
considered good, agreement between iﬁ;’n and
iEXt values. This indicates that the correct assump-
tions have been made regarding both the position
and slopes of the relevant cathodic Tafel lines
pertaining at the corrosion potential of zinc.

Table 1 also shows that in the case of the KOH
analogue the corrosion current is not reduced
until the amalgamation level reaches 100 ugcm 2.
This has been attributed to an increase in the
active area of the electrode at intermediate mer-
cury concentrations which increases hydrogen
evolution and opposes the process of corrosion
inhibition [6]. It is by no means clear, however,
why such an effect is not observed in the case of
the other analogues since it can be assumed that
for any given mercury level, the initial surface
morphology of the zinc electrode was highly
reproducible in all investigations. It is possible that
in the case of the NH4Cl analogue, compensation
for increases in geometrical area is provided by
oxide/hydrogen film formation which inhibits

the anodic dissolution component of the corrosion
process (Fig. 4) thereby, decreasing the corrosion
current. In the case of the NaCl analogue, the
corrosion rate is diffusion limited and it may be
supposed that under these circumstances the
corrosion current will not respond to changes in
real electrode area or surface roughness.

Table 1 compares values for the corrosion rates
2%t and iBatt o5 a function of amalgamation level.
For any given electrolyte analogue, the differences
between these two values provided a measure of
the effectiveness of the respective dissolved zinc
salts, e.g., K,Zn0, (alkaline cells) or ZnCl,
(Leclanché and zinc chloride cells), for providing
corrosion protection in a battery environment.
Table 1 also indicates the effectiveness of mercury
for reducing the corrosion rate as a function of
mercury concentration.

4. Conclusion

From Table 1 and the preceeding discussion the
following conclusions can be drawn:

1. The absolute corrosion rates in the various
electrolyte analogues are of a similar order despite
the fact that the cathodic processes which cause
corrosion occur via different mechanisms. This
is an unexpected result.

2. The presence of oxide/hydroxide layers on
the zinc surface does not significantly affect the
corrosion rate. This results from the semi-conduct-
ing nature of these films with respect to the
cathodic process.

3. Dissolved zinc salts provide a measure of
protection against corrosion in the case of the
KOH and NH,4CI electrolytes (60-80% reduction)
by shifting the corrosion potential to more anodic
values.

4, The effectiveness (efficiency) with which
mercury reduces the corrosion rate decreases in
the electrolyte order:

KOH 2 NH,Cl > Na(Cl

This is explained by the increasing participation
of diffusion as the factor which controls the
rate of the cathodic process.

5. In the case of the KOH and NH,4CI elec-
trolytes, the efficiency values depend little upon
choice of i5%, or i22t in the calculation, This is
due to the fact that the cathodic Tafel lines in
these systems are almost parallel.

6. Maximum effectiveness for corrosion inhi-
bition is approached when the mercury level
exceeds 100 ug cm™2, At this concentration,
coverage of the zinc surface by a zinc rich amal-
gam of almost constant composition is complete.
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