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Passive films on magnesium anodes in primary batteries
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The characteristics of the passive films over Mg anodes, which essentially govern the voltage delay of
the latter, have been determined non-destructively from an analysis of the transient and steady-state
response of the electrode potential to low-amplitude galvanostatic polarization under various experi-
mental conditions viz., with different corrosion inhibitor coatings on Mg, after various periods of
ageing of anode in solutions containing corrosion inhibitors, at various low temperatures etc. Using
these parameters, the kinetics of film build-up or dissolution under these conditions have been
monitored. The morphology of the anode film has been predicted from a combination of potential-
time transients at low c.d.s and delay-time curves during ageing and verified with scanning electron
microscopy. Similar transients at low temperatures point out a steep rise in the film resistivity which
is essentially responsible for the severe voltage delay. Finally, possible application of this technique
in secondary Li batteries to improve cycling characteristics of the Li anode has been pointed out.

1. Introduction

Magnesium batteries offer several advantages over the
conventional zinc-based systems namely, high cell volt-
age high energy densities per unit weight and volume
especially at high power densities and low discharge
temperatures and a long shelf life at ambient as well as
high storage temperatures. The long storage life is
possible owing to a protective film over Mg, which is
also responsible for the voltage delay of magnesium
batteries.

The voltage delay characteristics of the Mg anode
are essentially governed by the breakdown kinetics of
the passive film, i.e. by its resistance, capacitance,
dielectric strength etc. [1, 2]. A measurement of these
parameters could thus help to predict the voltage
delay characteristics of the Mg anode. Also, it would
throw light on the morphology of the passive film. A
coherent barrier-type film, for instance, exhibits a high
resistance of 10°-10°Q cm” whereas a porous film has
resistance orders of magnitude lower. It is, therefore, of
both theoretical as well as practical interest to deter-

“mine the characteristics of the passive film over Mg.

In the present work, a relatively simple and non-
destructive method involving measurement and inter-
pretation of potential response to low-amplitude gal-
vanostatic pulse is adopted for the determination of
resistance and capacitance of the passive films over
Mg in contact with the battery electrolyte Mg(ClO,),
under various experimental conditions viz., with dif-
ferent corrosion-inhibitor coatings on Mg, after dif-
ferent periods of ageing of the anode in solutions
containing corrosion inhibitors, at various low tem-
peratures etc.

1.1. Earlier work

Attempts made in the literature include (a) a.c. imped-
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ance method [3, 4] which requires sophisticated equip-
ment and profound knowledge of the theory; (b) d.c.
current-interruption method [5] wherein the anode
film breaks down at the c.d.s applied; (c) potentiostatic
pulse method [6, 7] which is inapplicable due to surge
currents during switching-on and switching-off oper-
ations damaging the film, etc. Recently, Moshtev et al.
developed a galvanostatic pulse method (GPM) for
the passive films over Li [8-12], wherein the film
capacitance is evaluated from high-amplitude short-
duration pulse and the film resistance from low-
amplitude long-duration pulse.

A more reliable method, essentially an improvement
over GPM, has been employed by Sathyanarayana
et al. [13] for the determination of anode-film resist-
ance and double-layer capacitance in Mg—MnO, dry
cells. Here, both the film resistance and film capaci-
tance could be calculated from the potential response
to a single low-amplitude long-duration pulse. This
method termed as ‘galvanostatic micropolarization’
has been adopted in the present work. Owing to the
insulating and dielectric properties of the film, the
Mg-solution interface exhibits a noticeable potential
transient even at low c.d.s, as shown by a typical
transient in Fig. 1, similar to the charging/discharging
processes of a resistor-capacitor combination. On ter-
minating the polarization, the potential attains the
original value in the same exponential manner, with
no overshoot that follows film breakdown [14]. From
the potential transient, the film resistance and film
capacitance could be evaluated as shown below.

2. Mg-film solution interface
2.1. Porous film

In the case of a thick anode film containing flaws viz.,
pores/fissures/cracks [2], the charge transfer involving
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Fig. 1. A typical potential-time transient of a Mg anode in contact
with 1 N Mg(ClQ, ), solution saturated with Mg(OH), (pH: 8.5) and
containing 0.3g1™" of Li,CrO, during initiation (/ > 0) and ter-
mination (/ = 0) of galvanostatic micropolarization (40 nA cm~2).

the ionization of Mg is localized at the metal-film
interface, essentially at the sites where the base metal
is exposed directly to the electrolyte seeped through
the flaws. The equivalent circuit would thus be a paral-
lel arrangement of capacitances due to film-covered
and film-free portions in series with a parallel com-
bination of resistances due to film-covered and film-
free areas with the electrolyte resistance (see Fig. 4
in [2]). Accordingly, the interfacial resistance and
capacitance are essentially governed by those of film-
free areas. The interfacial resistance thus being low,
the metal-porous film-solution interface would not
exhibit any potential transient at low anodic c.d., i.e.
during micropolarization.

2.2. Barrier film

The Mg-barrier film-solution interface could be rep-
resented by an equivalent circuit consisting of inter-
facial capacitance parallel with the film resistance and
the charge-transfer resistance, the electrolyte resist-
ance being in series with the above combination [13].
Any instantaneous change in potential would thus
correspond to electrolyte resistance which is negligibly
small as compared to the film resistance.

At low anodic c.d.s (10-100nA/cm?) the interface
exhibits a distinct potential transient due to the high
resistance/low capacitance of anode film. Also, during
micropolarization, the dilation stresses generated due
to accumulation of reaction product at the interface
and/or the thickening of the film would be insignifi-
cant (the amount of charge passed, 20 nA cm 2 for a
maximum of 30sec, i.e. 0.6 uCcm™ corresponds to
0.3% of a monolayer of Mg(OH),, the reaction
product (200 xCcm* = 1 monolayer of Mg(OH),
assuming an interatomic distance of 3A)) and the
anode film is unaffected. At high anodic c.d.s, the
interface exhibits voltage delay with a potential under-
shoot attributed to the film resistance and the poten-

tial recovery ascribed to film breakdown by ionic
flux-induced dilatation effects [2]. The expression for
the potential transient during galvanostatic
micropolarization [13] is:

— (R, + Rl + Klexp — {t/(R, + R)Ci}]

(1
with R, = [, (« + ]

Here (; is the capacitance and R, the resistance of
the film covering the anode of overpotential # at any
instant ‘7’; L, is the specific corrosion current, « and
p the apparent energy transfer coefficients for cathodic
and anodic partial reactions, K is the integration con-
stant and f = F/RT.

]1:

2.2.1. Evaluation of integration constant. On differen-
tiating the above equation:
dn —K

& T RT RGP T R+ R

which at 1 — 0 reduces to:

dy —-K
— e 3
(dz )ﬁ ® + R)C, )

Att—- 0,1.e. immediately after initiating the polar-
ization, the net current / may be approximated to the
charging current I, i.e.

dy
~a($) = Wlesr @

From equations 3 and 4
K = (R + R)I (5)

substitution of which into equation 1 gives the time
dependence of electrode potential during galvanostatic
micropolarization of Mg anode as

n = (R + Rollexp {~ /(R + R)CG} — 1] (6)

2.2.2. Calculation of film characteristics. Film resist-
ance. The film resistance could be obtained from the
steady-state overpotential 7, which according to
equation (6) is

Mo = —(Re+ R)I N

The value of R;, the film resistance is orders of mag-
nitude higher than R,, the reaction resistance, as is
evident from a total extinction of the potential tran-
sient immediately after the breakdown of the passive
film at high c.d.s. The interfacial resistance at high
(higher than film breakdown potential) anodic poten-
tials which largely constitutes reaction resistance is
1-2Qcm” [6, 7] whereas at passive potentials the
interfacial (film) resistance is 10°~10* Qcm?.

The reaction resistance R, may therefore be neg-
lected in equation 7 and the film resistance may be
calculated therefrom.

Film capacitarce: from equation 6:

dgy -1\ t
n (a;) = ‘“(?) & 7 Ry, ©
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A plot of In (d#n/df) vs ¢ should therefore be linear, the
slope of which gives (R, + R;)C;. With the value of
(R, + R;) calculated above, the film capacitance
could be evaluated. Alternatively, the film capacitance
could be calculated from the intercept In (— I/C;) (the
film capacitances over uncoated, chromate-passivated,
olive oil-coated, coconut oil-coated and chromate-
passivated coconut oil-coated Mg anodes in the elec-
trolyte solution (without chromate) estimated from
the slopes of In (dn/d¢) vs ¢ plots are 128.4, 76.6, 2.82,
2.0 and 5.4 uF cm™? respectively and are of the same
order as those obtained from intercepts viz., 76.5, 40,
4.54, 2.3 and 4.77 uF cm ? respectively) which, how-
ever, was not adopted in the present work.

2.2.3. Open-circuit transient. Since no additional infor-
mation is derived from an analysis of the open-circuit
recovery transient [13], the present study is confined to
the potential transients during current injection only.

3. Experimental details

The experimental details on the pretreatment of the
working electrode (AZ21 from DOW chemicals,
USA), the electrolytic cell, the preparation of the
electrolyte solution, the inhibitor coating over the
working electrode were given in [1]. The electrolyte
solution which is 1IN Mg(ClO,), saturated with
Mg(OH), (pH: 8.5) also contained 0.3 g1~ ' of Li,CrO,
whenever inhibition of Mg corrosion was required.

Experiments were begun within one hour after the
pretreatment of the WE and electrochemical measure-
ments were carried out within 15 minutes after elec-
trolyte filling during which an equilibrium in the
electrode potential had set in.

Corrosion rates were measured from current-
potential curves during steady-state galvanostatic
cathodic polarization as in equation 1. The delay time
curves, 1.e. potential-time transients at high c.d. were
also obtained in a similar fashion as in equation 1.

The electrical circuit (Fig. 2) employed for monitor-
ing the potential transients during galvanostatic micro-
polarization is essentially the same as in [13] and
consists of a polarization circuit, voltage back-off cir-
cuit and the recording equipment interfaced with an
electrometer to avoid loading errors in the measured
electrode potentials.

4. Results and discussion
4.1. Uncoated Mg

The potential-time transient during galvanostatic
micropolarization (at 20nAcm™*) of uncoated Mg
anode immediately after its immersion in the electro-
Iyte solution is shown in Fig. 3. The-salient features of
the above transient are:

(a) The absence of any noticeable, instantaneous
drop in potential, suggesting a negligible ohmic polar-
ization across the solution.

(b) A slow exponential approach of the electrode
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Fig. 2. Experimental set-up for non-destructive galvanostatic micro-
polarization of Mg anode (WE) against stainless steel counter elec-
trodes (CE) with a calomel electrode in 2N NaCl as the reference
electrode (RE). (B1) Nickel cadmium battery of 12V, 20 Ah (SAFT)
at 50% state of charge; (B2) Nickel cadmium battery of 6V, 12 Ah
(SAFT) at 50% state of charge; (R, & R,) Ten-turn, 10 K helical
potentiometers; (R) Shielded mega ohm (22 MQ) resistance; (PA)
Kiethley picoammeter; (EMA) Kiethley electrometric amplifier
with input impedance > 10'*Q and at unit gain; (REC) Rikadenki
strip chart recorder with a maximum sensitivity of 0.4 mV cm ™' and
chart speed of 2.13 cmsec™"; (DVM) Digital voltmeter with a high
input impedance; (S) Switch to initiate polarization.

potential to the steady-state value, implying a dielec-
tric film.

(c) A significant steady-state overpotential even at
low c.d.s, pointing out a high film resistance.

4.1.1. Film resistance. The resistance of the passive
film over uncoated Mg anode calculated from Fig. 3 is
15kQcm’. This is of the same order as-in alkaline
fluoride solutions [5]. Perrault [6, 7] referred to this as

1570 15301543 15411460
my m V my mV 1
5 14 \3 22—

>
=3

Sl
i 1sec
¢ (sec)

£ mV vs calomel electrode in 2N NaCl

Fig. 3. Potential-time transients of (1) uncoated; (2) chromate-
passivated; (3) olive oil-coated; (4) coconut oil-coated and (5)
chromate-passivated and coconut oil-coated Mg anode (area:
S5cm?) in contact with 1N Mg(ClO,), solution saturated with
Mg(OH), (pH: 8.5) during initiation of galvanostatic micro-
polarization of 20nA cm™2.
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Fig. 4. Plots of In {d#/dr) against 7 (equation § in the text) of (1)
uncoated, (2) chromate-passivated, (3} olive oil-coated, (4) coconut
oil-coated and (5) chromate-passivated and coconut oil-coated Mg
anode recast from Fig. 3.

an ‘infinitely high resistance’ around the open-circuit
potential, as compared to the low interfacial resistance
of 0.1-1.0Qcm” at high anodic potentials where film
ccases to exist.

4.1.2. Film capacitance. The plot between ¢ and
In (dn/dr) (equation 8) recast from Fig. 3 is linear
(Fig. 4). The capacitance of uncoated Mg anode cal-
culated from its slope and the film resistance is
128 uF cm ™. Despite seeming to be high for a film
covered electrode, the above value is (a) of the same
order (i.e. 50 uF cm™?) as in neutral MgSO, solutions
obtained by a.c. impedance [3]; (b) consistent with
Perrault’s observation [6, 7] that the capacitance of
Mg eclectrode in near-neutral solutions ranges from
2000 uF cm~*-2 uFcm %, depending on the extent of
passive film formation (in solutions without chro-
mate inhibitor the corrision rate of Mg is very high,
especially of uncoated Mg (Table 1) pointing to
a rapid dissolution of the initial air-formed film)
and (c¢) expected for an etched and thus rough
electrode.

4.1.3. With chromate inhibitor. The potential-time
transient of uncoated Mg anode is more pronounced
in solution with chromate inhibitor than without
{compare curves (1) of Fig. 3 and Fig. 5), with an
increase in the steady-state overpotential as well as the
time required to attain the same. The film resistance
increases to 38kQcm® and the film capacitance
decreases to 48 uFcm 2, as also observed earlier [3],
which is due to a build-up, over the initial film, of
corrosion products of Mg (essentially Mg(OH), and
MgCrO,) during the stabilization time of 15 minutes
after immersing the anode in solution. The flaws in
the initial film would thus heal up and also the film
would thicken. In solutions without chromate the
corrosion products form a porous film as described
below (Section 4.3).
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Fig. 5. Potential-time transients of uncoated Mg anode, during
galvanostatic micropolarization of 40nA cm 2, after ageing for (1)
15min; (2) 18h; (3) 24h; (4) 41h; and (5) 74h in 1 N Mg(ClO,),
solution saturated with Mg(OH), and containing 0.3g17' of
Li,CrO,.

4.2. Passive films impregnated with corrosion
inhibitors

The potential-time transients during micropolariz-
ation of Mg anodes coated with various corrosion
inhibitors such as MgCrO; (passivated by chromate-
dip), esters of long-chain fatty acids {(coconut oil and
olive oil) and a combination of chromate and coconut
oil, are larger than that of uncoated Mg (Fig. 3),
owing_to the resistive and dielectric properties of the
inhibitor layer. ‘ '

4.2.1. Film resistance. The film resistances evaluated
from the transients in Fig. 3 are 30kQcm?® and 100
400kQcm’ for the chromate-passivated and oil-
coated Mg respectively (Table 1). Among the coated
Mg anodes, the film resistance increases as:

uncoated < chromate passivated < oil-coated

which may be due to the thickness of the passive
layer increasing in the above order (see Section 4.3.3.,
Table 1). Since the mechanism of corrosion inhibition
by the above inhibitors is by ‘ochmic control’ [1], it is
expected that the corrosion of Mg would decrease
with an increase in the film resistance, i.e. in the above
order. The corrosion rates estimated from steady-state
galvanostatic cathodic polarization curves are in
agreement with the above deduction (Table 1).

4.2.2. Film capacitance. The capacitances of chromate-
passivated and oil-coated Mg anodes, evaluated from
the slopes of In (dy/df) vs ¢ plots (Fig. 4) are
76 uFcm™” and 2-5uF cm™? respectively (Table 1).
Again, the capacitance is reduced to half by chromate
passivation and by about an order of magnitude with
oil coating. Among the coated Mg anodes, the capaci-
tance decreases as:

uncoated > chromate-passivated < oil-coated

which may be attributed to the thickness of the anode
film increasing in the above order (Section 4.3.3) and
also the dielectric constants of the inhibitor decreasing
as
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magnesium hydroxide &~ magnesium chromate

> coconut oil or olive oil

It was deduced in [2] that lower the capacitance of
the anode film, faster would be the initiation of its
breakdown and hence, shorter would be the volt-
age delay. Accordingly, the lower capacity of oil-
coated anodes explains their more rapid recovery
of potential than in uncoated anode as observed
earlier [1].

4.2.3. Soluticns containing chromate. In the case of
coated Mg anodes, the potential-time transients as
well as the film characteristics evaluated therefrom are
virtually the same in solutions with or without chro-
mate. There is no such increase in the film resistance/
decrease in the film capacitance on adding Li, CrO, to
the solution as observed with uncoated Mg anode
(Table 1). This may be attributed to the corrosion rate
of Mg which is responsible for a build-up of anode
film, being reduced considerably by the inhibitor coat-
ing over Mg.

4.3. Ageing of the anode in solution

The voltage delay of Mg increases during its ageing in
solution due to a growth of anode film by a deposition
of corrosion products of Mg during ageing [1]. Accord-
ingly, an increase in film resistance and reciprocal film
capacitance are expected during ageing of Mg in sol-
ution, which would be verified below at different cor-
rosion rates of Mg, i.e. in solutions with and without
chromate inhibitor.

4.3.1. Solutions containing chromate. The potential-
time transients during micropolarization of uncoated
Mg after different periods of its ageing in solutions
containing chromate (Fig. 5) demonstrate the expected
increase in the transient behaviour on ageing. The
transient parameters calculated therefrom, namely, film
resistance and reciprocal film capacitance increase
sharply in the initial stages and sluggishly in the later
stages of ageing (Table 1), owing to a build-up of
anode film. Also, it may be inferred from the above
‘order of magnitude’ increase in film resistance that
the corrosion products deposit over the initial film as
a coherent and barrier type layer; a porous layer
would not exhibit any noticeable resistance measure-
able from potential transients during micropolariz-
ation. The delay-time curves of uncoated Mg after
ageing in solution containing chromate (Fig. 6) exhibit
an instantaneous potential drop attributed to ohmic
polarization across the film, followed by a rapid
recovery in potential. The ohmic drop increases
during ageing due to build-up of barrier-type film and
is mainly responsible for the elongation of voltage
delay during ageing.

4.3.2. Coated Mg. It was observed earlier [1] that
coatings of corrosion inhibitors, e.g. esters of long-
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Fig. 6. Delay time curves of uncoated Mg anode, at a c.d. of
1 mA cm ™2, after ageing for (1) 15min; (2) 16h; (3) 23h; (4) 47h;
(5) 54h; (6) 95 h; and (7) 147 h; in I N Mg(ClO,), solution saturated
with Mg(OH), (pH: 8.5) and containing 0.3 gl~! of Li,CrO,.

chain fatty acids, over Mg, reduce the growth rate of
the anode film and thus minimize the elongation of
voltage delay during ageing. Accordingly, potential
transients during micropolarization as well as the film
resistance and reciprocal film capacitance calculated
therefrom increase at a slower rate in the case of
coated as compared to uncoated Mg (Table 1). This
could be predicted from the corrosion rates of Mg
decreasing with inhibitor coating (Table 1) as

uncoated > chromate-passivated
> oil-coated Mg anode.

With coconut oil coating, however, the film resist-
ance as well as reciprocal capacitance increase rather
sharply, which is not expected for the low corrosion
rate of anode (Table 1). This could possibly be due to
the formation of an additional resistive layer over Mg
of a Mg salt of essentially lauric acid, similar to the
saponification reaction of esters in alkaline solutions.

The rates of saponification are widely different
between coconut oil and olive oil, the former under-
going the same at appreciable rates even at ambient
temperatures, whereas the latter requires high tem-
peratures and for a long time. Comnsequently, the
above reaction with electrolyte would not occur as
readily in the case of olive oil. On the other hand, a
slight decrease in the film resistance over olive oil-
coated Mg is observed during ageing, which may be
due to a slow dissolution of olive oil in slightly alkaline
solutions as in the present case.

4.3.3. Film thickness. The thickness of anode film may
be estimated from the film capacitance with the
assumption of a parallel-plate capacitor model which
is reasonable in concentrated solutions. Assuming a
roughness factor of unity, the film thickness, L, may
be estimated as
8.85 x 107% x ¢
L =

. cm C))
where C;is expressed in uF cm ™2 and ¢ is the dielectric
constant of the film material.
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Fig. 7. Variation of film thickness over (1) uncoated and (2)
chromate-passivated Mg anode during its ageing in 1 N Mg(ClO,),
solution saturated with Mg(OH), (pH: 8.5) and containing 0.3 g1™"
of Li,CrO,.

The thicknesses of various films over Mg in sol-
utions with and without chromate inhibitor are listed
in Table 1.* While estimating the above, it was assumed
that the inhibitor layer is superimposed on the initial
passive film present over uncoated Mg and the effec-
tive resistance/capacitance is a resultant of both in
series. The resistivities of various corrosion inhibitors
evaluated from the resistance and thickness are listed
in Table 1.

The thicknesses of passive films after different
periods of ageing were estimated from the above resis-
tivities as:

L = %cm (10)

where R; is the film resistance in Q cm? and g is the film
resistivity in Qcm (Table 1). (The film thicknesses
calculated from either equation 9 or 10 are in close
agreement.)

The growth of anode film during ageing is well
demonstrated in Fig. 7. The growth rate is parabolic
with an initial exponential increase followed by an
asymptotic approach to the steady-state value; the
latter being due to the fact that the thickening of

* The film thicknesses calculated above should only be regarded as
relative in view of the several assumptions involved in their calcu-
lation. For example the roughness factor could be much higher than
unity for an etched and hence rough electrode; the dielectric con-
stant could be much higher for the wet and hydrated film than for
the bulk sample of film material. As such, the above film thicknesses
may be lower than true values. Moreover, these measurements are
not accurate in solutions without chromate wherein the anode film
is unstable and dissolves rapidly. The dielectric constants of
Mg(OH),, MgCrO, are assumed to be 8.2, since the dielectric
constants of Mg compounds, for e.g., MgO, MgSO, and MgCO,
are 8.2, 8.2 and 8.1 respectively. The dielectric constants of coconut
oil and olive oil are around 3.0 [15].

anode film would inhibit the corrosion of Mg and thus
reduce further film growth. Also, the growth rate is
less in coated Mg for, e.g. chromate-passivated Mg,
as compared to uncoated Mg, thus conforming to the
‘corrosion-deposition-growth” model described in {1].
Coconut oil-coated anodes, however, exhibit a high
rate of film growth, unexpected from their low cor-
rosion rates, possibly due to the reaction of the outer
layer of coconut oil with alkaline electrolyte, resulting
in the formation of insulating layer of lauric acid-Mg
salt as explained in Section 4.3.2.

4.3.4. Rate constant for film growth. The corrosion of
Mg involves hydrogen evolution as the cathodic con-
jugate reaction, the open-circuit potential of Mg
being a mixed value [1]. The anode surface contains
either chemical or metallurgical heterogenities which
result in the formation of local galvanic cells. The
rate determining step for the corrosion would be
diffusion/migration of cathode reactants since Mg
compounds (such as oxides) are known to be anion
conductors with a transport number, 7_ close to unity
[16].

The processes contributing to film growth viz., ionic
diffusion/migration would depend on the film thick-
ness, both decreasing with the latter. At the same time,
the film is subjected to a chemical dissolution in sol-
ution, the rate of which is independent of film thickness.

The rate of film growth may, therefore, be approxi-
mated as

dL

handRNTS S
dt CcOoIT vC

% — 7, (1
where A is a constant dependent on the film properties
such as its conductivity, concentration of diffusing
species etc. and v, is the rate of chemical dissolution of
the film.

Equation (11) on integration gives:

1 A — v, L,
gl i Gl e =
(12)

where L, is the film thickness at ¢ = 0. This represents
an exponential growth for the film as observed experi-
mentally.

A plot of the rate of film growth, obtained from a
differentiation of film thickness vs ageing time curves
(Fig. 7), against the film thickness (Fig. 8) would give
the rate constant for the film growth process. Also, the
absicissa in the above linear plot yields the steady-
state film thickness from which could be calculated the
rate of chemical dissolution of the film. The rate con-
stants thus calculated for uncoated and chromate-
passivated Mg are 3.33 x 10~ cm?sec™' and 0.434 x
10~ “cm’sec™! respectively, the steady-state film
thicknesses are 40.0 and 9.5 A and the film dissolution
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Fig. 8. Dependence of net rate of film growth, dL/df on the recipro-
cal film thickness 1/L over (1) uncoated and (2) chromate-pass-
ivated Mg anode during its ageing in 1 N Mg(ClO,), solution satu-
rated with Mg(OH), (pH: 8.5) and containing 0.3 g1~ of Li,CrO,.

rates are 8.325 x 107" and 4.55 x 10 2cms™!
respectively.

It is thus clear that the kinetic constant for film
growth decreases on chromate passivation owing to a
reduced corrosion of Mg. As a result, the steady-state
film thickness is lower on chromate passivated Mg as
compared to uncoated Mg, despite a lower film dis-
solution rate in the former. It therefore follows that
MgCrO, film is more protective and tenacious than
Mg(OH), film.

Similar calculations were not made for oil-coated
Mg since the mechanisms of ionic conduction are not
applicable in this case.

4.4. Solutions without chromate

4.4.1. Uncoated Mg. The transient behaviour on gal-
vanostatic micropolarization of uncoated Mg dis-
appears within 18h of ageing of the anode in sol-
utions without chromate. The interfacial resistance
thus becomes unnoticeably low pointing to a dissol-
ution of the initial anode film during ageing. Accord-
ingly, the uncoated Mg is expected to exhibit shorter
voltage delay during its ageing. The delay transient, on
the other hand, was found to be increasing with an
increase in the potential dip as well as time of potential
recovery [Fig. 9; also see Fig. 4 in [1]] which may be
explained as below.

One of the important factors affecting the growth of
the passive film is the mechanism of precipitation of
corrosion products. In cases where a larger part of
them precipitates directly on the anode surface to form
a compact barrier-type layer, there would be an
icrease in the interfacial resistance as measured from
potential transients during micropolarization. In a
situation where the corrosion products diffuse into the
solution and precipitate away from the anode surface
1o form a secondary porous layer, there would be no
increase in the film resistance and no growth in the
anode film as estimated from potential transients
under study. Instead, the initial passive film becomes
thinner during ageing due to its chemical dissolution
in the solution.

#(sec)

Fig. 9. Delay-time curves of uncoated Mg anode at a c.d. of
ImA cm™? after ageing for (1) 15min; (2) 6h; (3) 23h; (4) 47h;
(5) 54h and (6) 147h, in I N Mg(ClO,), solution saturated with
Mg(OH), (pH: 8.5).

In solutions containing chromate, the corrosion
products especially MgCrQ,, deposit readily on the
anode surface forming a compact barrier-type layer
over the initial passive film. This is aided by the fact
that MgCrO, sediments at a pH lower than that of the
solution under study. Also, MgCrO, precipitate is
highly crystalline which would help form a coherent
deposit. In solutions devoid of chromate, on the other
hand, the corrosion products, mainly Mg(OH),,
would not deposit as readily. Nor do they diffuse far
away from the electrode into the bulk of the solution
and dissolve in the latter, since the solution is pre-
saturated with Mg(OH),. Consequently, the corrosion
products settle down near the electrode forming a
secondary porous layer which grows at a faster rate on
ageing due to a higher corrosion rate of Mg (Table 1).
The above model is consistent also with the well-
known slow dissolution/precipitation kinetics as well
as highly non-crystalline amorphous or colloidal nature
of Mg(OH),.

4.4.1.1. Surface film observations by scanning electron
microscopy (SEM'). The surfaces of Mg anodes aged
for 3 days in solutions with and without chromate
inhibitor have been examined by SEM at different
magnifications. The microstructures (Fig. 10) con-
form to the above deductions on the film morphology
made from the potential transients at low c.d.s and
delay time curves during ageing.

The deposit of corrosion products over Mg anode
aged in solutions containing chromate appears crys-
talline, coherent and nonporous (Fig. 10a), whereas in
solutions without chromate inhibitor the anode film
shows several discontinuities such as fissures/deep
cracks etc. (Fig. 10b).

4.4.1.2. Voltage delay of porous film. The bulky
porous layer of Mg(OH), would neither possess any
protective properties nor would it exhibit potential
transient during micropolarization. Nevertheless, the
porous film contributes to a substantial voltage delay
due to diffusion polarization at the interface as also
observed with Li anodes [16]. The porous layer can be
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looked upon as a membrane which slows down the
transport of ions across it. In particular, the diffusion
of Mg(OH), is greatly hindered due to presaturation
of the bulk solution with the same. A concentration
gradient of Mg(OH), thus sets in within the pores: its
accurnulation would build up a high resistance across
film resulting in an increasing anodic polarization.
Further dissolution of Mg generates sufficient dilata-
tion stress in the film, due to bulky Mg(OH),, as to
cause a mechanical rupture of the film and thus a
recovery in the electrode potential as proposed in [1].

The delay time transients in solutions without chro-
mate exhibit several features associated with diffusion
limited processes such as absence of instantaneous
potential (IR) drop and a slow approach to and, also
slow recovery from the potential dip, resulting in a
long voltage delay. The delay time profiles are typi-
cally broad and u-shaped as compared to the sharp
v-shaped transients in solutions containing chromate.
Further, the plot of electrode potential against ¢~
(Fig. 11) is linear (the intercept on the # axis being the
IR drop across the porous film at ¢, after current
injection) thus confirming that the anodic polarization
is essentially due to slow diffusion processes.

It may therefore be concluded that a compact,
barrier-type film builds up over initially passive Mg
during ageing in solutions containing chromate. In

Fig. 10. SEM pictures of uncoated Mg
anode aged for 3 days in 1 N Mg(ClO,),
solution saturated with Mg(OH), (pH:
8.5) (a) with, and (b) without 0.3 gl~" of
Li,CrO,.

solutions without chromate, on the other hand, a
bulky porous film grows, after a dissolution of initial
passive film, which contributes to a long voltage delay
by ‘diffusion polarization’. It is thus advisable to add
chromate to the electrolyte not only to inhibit the
corrosion of Mg, but also to control the ‘morphology’
of the film suitably for a short voltage delay.

4.4.2. Coated Mg. The potential-time transients
during micropolarization of coated Mg also diminish
in size during ageing in solutions without chromate.
The transient behaviour is totally absent after 18 h of
ageing of chromate-passivated Mg, whereas with oil-
coated Mg the decrease in the transient behaviour is
not as rapid. In all cases, there is a continuous decrease
in the film resistance and increase in film capacitance
as a result of rapid dissolution of anode film (Fig. 12).
As mentioned above, there is no growth of barrier-
type anode film to compensate for its chemical dis-
solution in solutions without chromate resulting in a
net film dissolution.
The tenacity in anodic coatings increases as

magnesium hydroxide < magnesium chromate

< coconut oil or olive oil

The tenacity of oil coating as compared to chromate
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Fig. 11. Linear dependence of overpotential on 1~ during voltage
delay at 1mAcm? of uncoated Mg anode in contact with [N
Mg(ClO,), solution saturated with Mg(OH), (pH: 8.5), recast from
curve 6 in Fig. 9.

passivation could be due to the hydrophobicity of oils
resisting the breakdown/dissolution of the film by H*,
ClO; ions. Olive oil coating is more tenacious than
coconut oil coating, as may be expected from a lower
dissolution rate of olive oil in alkaline solutions.

The longevity of the passive film, its dissolution
kinetics during ageing of the anode in solution, and
hence, the corrosion resistance of Mg anode in Mg
batteries, could thus be evaluated from the film
resistance/capacitance measurements using the above
d.c. micropolarization technique.

4.5. Transients at low temperatures

The voltage delay of Mg anode and hence of Mg
batteries increases sharply with a decrease in the
ambient temperature as is illustrated by the family of
delay time curves (Fig. 13) of the chromate-passivated

—
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Fig. 12. Decrease of film thickness over (1) uncoated, (2) chromate-
passivated, (3) olive oil-coated, (4) coconut oil-coated and (5)
chromate-passivated and coconut oil-coated Mg anode during its
ageing in IN Mg(ClO,), solution saturated with Mg(OH),
{(pH: 8.5).
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Fig. 13. Delay time curves of chromate-passivated Mg anode in
contact with 1N Mg(ClO,), solution saturated with Mg(OH),

2

(pH: 8.5) and containing 0.3 g1~ ! of Li,CrO, at a c.d. of I mA cm™?
and at a temperature of (1) 27°C; (2) 10°C; (3) 0°C; (4) — 10°C; (5)
—20°C and (6) —27°C.

Mg in chromate-containing solution. There is an
increase in the potential dip with a decrease in tem-
perature pointing out a rise in the interfacial resistance
at low temperatures.

The potential-time transients during micropolariz-
ation of Mg for example of chromate-passivated Mg in
chromate-containing solutions (Fig. 14) also increase
with a decrease in temperature. (Chromate-passivated
Mg in solutions containing chromate aged for about
16 h has been chosen for this study in order to have
minimum changes in the film thickness during the
above measurements at different temperatures, which
is confirmed by an absence of decrease in the film
capacitance (with dielectric constant not varying
much with temperature in this case). The oil-coated
anodes are not suitable since the mechanisms of
ionic migration/diffusion are inapplicable.) The film
resistance measured therefrom increases exponentially
(Fig. 15) with a decrease in temperature. The film
capacitance, on the other hand, remains the same with
no noticeable decrease (Fig. 15) implying that no film
growth occurred during the above measurements. It
may, therefore, be inferred that the resistivity of the
film material goes up at low temperatures.

1180 1210 1310 1375 1439 1537
my nmV mV mvY mv v
4 \3 N\ M~

5

£ mV vs calomel electrode in 2N NgC\

¢ (sec)

Fig. [4. Potential-time transients of chromate-passivated Mg anode
(area: 5cm?) in contact with I N Mg(ClO, ), solution saturated with
Mg(OH), (pH: 8.5) and containing 0.3g1™"' of Li,CrO, during
micropolarization of 20 nA cm ™2 and at a temperature of (1) 27°C;
(2) 10°C; (3) 0°C; (4) —10°C; (5) —20°C and (6) —27°C.
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Fig. 15. Temperature dependence of (1) resistance and (2) capaci-
tance of passive film over chromate-passivated Mg in contact with
IN Mg(ClO,), solution saturated with Mg(OH), (pH: 8.5) and
containing 0.3 gl™" of Li,CrO,.

From the temperature dependence of the resistivity
of the passive film, the apparent activation energy of
the ionic conductivity could be assessed. The Arrhenius
plot of In (1/g) vs 1/T (Fig. 16) yields a value of
0.2065 e.v. as the activation energy for the film material,
i.e. essentially Mg(OH), and MgCrO,.

5. Conclusions and other applications

The resistance and capacitance of passive films on Mg
anodes in contact with electrolyte could be determined
from transient and steady-state response of the elec-
trode potential to low amplitude galvanostatic polar-
ization, non-destructively and also in a simple manner
as compared to the methods adopted hitherto.

The resistances and capacitances of the anode films
are typically of the order of 10*~10°Qcm? and 10°-
10~° F cm? respectively. Oil-coated Mg anodes exhibit
higher interfacial resistance, lower capacitance and
hence a lower corrosion rate.

From the potential transients at various intervals
during ageing of the anode in solution, it is possible to
follow the growth/dissolution kinetics of the anode
film. In solutions containing chromate inhibitor, the
anode film builds up at a rate proportional to the
corrosion rate of the anode. In solutions without chro-
mate, there is a progressive dissolution of the film due
to attack by ClO;, H* ions, oil coating being more
tenacious than either Mg(OH), or MgCrO, film. At
low temperatures, the film resistivity rises exponen-
tially causing high ohmic polarization at the interface
and therefore a long voltage delay.

A combination of potential transients at low and
high c.d.s during ageing of the anode in solution helps
to predict the murphology of the anode film. In sol-
utions containing chromate, a barrier type film which
causes voltage delay by ‘ohmic polarization’ builds
up. In the absence of chromate in solution, on the
other hand, a porous layer which contributes to vol-
tage delay by ‘diffusion polarization’ deposits on the
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Fig. 16. Temperature dependence of the ionic conductivity through
the film over chromate-passivated Mg in contact with 1N
Mg(ClO,), solution saturated with Mg(OH), (pH: 8.5) and contain-
ing 0.3g17" of Li,CrO,.

anode. These observations have been verified by scan-
ning electron microscopy.

Finally, it may be possible to adopt this technique,
1.e. a combination of potential transients at low as well
as high c.d. during ageing of the anode in solution, in
secondary lithium batteries to identify the suitable
electrolyte/solvent system for a high cycling efficiency.

To alleviate passivation-related problems of second-
ary Li anodes, it is essential to have anode films, if any,
of suitable type, e.g. in 2Me-THF/LiAsF,, which is
favourable to ‘recontacting of Li’ — a manifestation
of a porous film and/or an electronically conductive
[17-19] film, both of which could be characterized in
situ and also in a simple and rapid manner by the
above technique.
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