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Anodic oxidation of various aluminium alloys was investigated by means of rotating disc electrodes
in 3M H,SO, as a function of C1~, F~, Zn** and In** concentration. Al-In, Al-Zn/In and Al-Zn/Sn
alloys yielded current~potential curves at the lowest overpotentials and faradaic efficiencies for anodic
oxidation of up to 98% at currents > 50 mA cm~2. While these alloys were electrochemically active
in the presence of chloride as the only additive in sulphuric acid, binary aluminium alloys with Ce,
Ga, La, Nd, Sn, Ta, Te, Ti or TI were only active when Cl~, Zn*" and In** species were added to
the electrolyte. With the exception of Al-Ga, binary alloys displayed high faradaic efficiencies of up
to 95%. Fluoride additives resulted in current—potential curves at even more negative potentials than
those with chlorides. In contrast to Cl~, fluoride ions are consumed during the aluminium oxidation

process due to complexation with Al(III).

1. Introduction

Aluminium is a unique metal with attractive proper-
ties for energy storage such as low equivalent weight
(9 g per faraday), large natural resources and a fairly
low price (about $1300 per ton, [1]). In comparison to
other high energy density materials, e.g. hydrogen,
sodium or lithium, aluminium can be handled and
stored easily and safely. From all presently known
devices for electricity production from aluminium,
aluminium/air batteries appear to be the most promis-
ing. Aluminium/air batteries employing alkaline [2-4]
or neutral electrolytes [5-7] have been developed to a
state of commercialization. Although corrosion rates
have been lowered significantly over the last 30 years
by proper choice of aluminium alloy and control of
impurities [4], large scale application of aluminium/air
batteries is still encumbered by some inherent
problems with aluminium in aqueous electrolytes.
Power densities are rather low (< 50 W dm?), espec-
ially when neutral electrolytes are employed. Due to
the negative thermodynamic potential of Al, aluminim
batteries employing aqueous electrolytes cannot be
recharged electrically, however, mechanical replace-
ment of electrodes and electrolyte may offer the
advantage of fast rechargeability. Efficient precipi-
tation and separation of aluminium hydroxides from
the electrolyte represents one of the major problems.
In addition, oxygen diffusion electrodes show poor
long term behaviour, partly due to precipitation of
carbonates from alkaline solutions originating from
CO, from air. Therefore, CO, scrubbing may be re-
quired for the operation of aluminium/air cells with
alkaline elecrolytes.

Based on the aluminium corrosion rate [8], pH
values of 2-10 would be most advantageous for
battery operation. In previous studies [9, 10], we
showed that aluminium can be used in saline electro-
lytes of pH 2—4 in combination with suitable additives
(Zn**, In** or Hg?*). High faradaic efficiencies of up
to 95% and currents of 100 mA cm ~* were achieved at
potentials only 0.5-0.75V more positive than the
thermodynamic AI** /Al potential. The same electro-
lytes were used for the operation of a 200 W Al/Cl,
battery developed in our laboratory [11, 12].

Similarly to neutral solutions, weakly acidic electro-
lytes have the disadvantage of rather large pH excur-
sions and thus potential drifts, especially at the oxygen
electrode. Some of the problems encountered with
alkaline, neutral or weakly acidic electrolytes may be
avoided by employing highly acidic solutions. Such
electrolytes offer CO, compatibility of the air elec-
trode, higher electrolytic conductivities and, therefore,
better power capabilities. Aluminium salts, for example
sulphates, may be separated from the electrolyte by
precipitation or ion exchange.

It is known that HCI solutions, for instance, give
rise to high aluminium corrosion rates [9, 13]. In this
work we therefore attempted, on the one hand, to
exploit the passivating character of sulphuric acid in
order to suppress non-faradaic aluminium oxidation.
On the other hand, we investigated the selective
activating effect of various additives in the alloy and in
the electrolyte. Alloys were selected on the basis of
either their known activating properties in alkaline
and neutral solutions (e.g. Al + Ga, In, Sn, Tl, Zn
[3-7, 14-26]) or the improved corrosion resistance of
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aluminium alloys with refractory metals (e.g. Al + Ta,
Ti, Nb [27-29]). Aluminium alloys were characterised
by current-potential curves and faradaic efficiencies
for aluminium oxidation in 3M H,SO, with various
additives in the electrolyte in order to rate their suita-
bility as anode materials in aluminium/air batteries
with acidic electrolytes [30, 31].

2. Experimental details
2.1. Anodes

High purity aluminium (Al 99.999%) was obtained
from Aldrich. All aluminium alloys are based on Al
99.99% and were kindly provided by Alusuisse-
Lonza Services AG, Switzerland. The following alloys
were employed in this investigation (percentages are
by weight): Al-Ce 0.05 and 0.20%, Al-Ga 0.05 and
0.10%, Al-In 0.10%, Al-La 0.10 and 0.20%, Al-Nd
0.10 and 0.29%, Al-Sn 0.50%, Al-Ta 0.10 and
0.50%, Al-Te 0.014 and 0.015%, AI-Ti 0.50 and
1.2%, Al-T1 0.086 and 0.16%, Al-Zn/In (3.3%)/
0.025%), Al-Zn/Sn (6.5%/0.16%).

Rotating disc electrodes were fabricated by mount-
ing a 16mm diameter aluminium rod (2.0cm?) in a
Kel-F sheath of 20mm outer diameter. Aluminium
working electrodes were polished mechanically, suc-
cessively with Buehler 180, 240, 320, 400 and 600 SiC
papers.

2.2. Electrolytes

Electrochemical experiments were carried out in 3M
H,SO, (diluted from concentrated H,SO,, Baker
Chemicals, p.A.) with various additives. ZnSO, - TH,0,
ZnCl,, KF and Al,(SO,);* 18H,0O were obtained
from Merck (p.a. quality) and In,(SO,), ' 5H,0
(purum) from Fluka. The total chloride concentration
was adjusted by addition of HCl (Baker Chemicals,
p.A.). All chemicals were used as received.

2.3. Apparatus

Current-potential curves were measured in a Metrohm
cell with an electrolyte volume of 50 ml. A Hg/Hg,SO,
reference electrode was positioned a few millimetres
below the working electrode. A platinum sheet was
used as the counter electrode. Electrochemical
measurements involved an AMEL Model 555B poten-
tiostat and an AMEL Model 568 function generator.
Currents were integrated with an AMEL Model 731
integrator. Unless otherwise noted, potentials arc
quoted with respect to Hg/Hg,SO, (0.64 V/NHE).
Faradaic efficiencies were determined from the elec-
tric charge and from the weight loss during anodic
aluminium oxidation for 4 h under potentiostatic con-
trol. The cell consisted of two compartments, separated
by a cellophane membrane. Each compartment con-
tained about 200 ml electrolyte solution. The working
and the reference elecirode (a few millimetres apart)
were placed in one compartment and the platinum

counter electrode in the other one. The measurements
were performed with rotating and stationary disc elec-
trodes. The surface of rotating electrodes was oriented
horizontally while the stationary electrodes were
arranged vertically in order to allow hydrogen bubbles
to escape.

3. Results and discussion
3.1. Current-potential curves

The electrochemical behaviour of aluminium anodes
in 3M H,SO, was characterized by current-potential
curves of rotating disc electrodes (rotation rate =
1500r.p.m.), employing various alloys and additives
in the electrolyte. In previous work with weakly acidic
NadCl electrolytes (pH 1-4), we showed that submilli-
molar amounts of In(III) in combination with Zn(II)
(ca. 80mM) resulted in efficient surface activation
for anodic aluminium oxidation [9]. High faradaic
efficiencies of 90-95% were obtained (ie. 10-5%
hydrogen evolution) for the pH range 2-3. With the
same additives in 3M H,SO, however, pure alu-
minium and all alloys tested could not be activated
due to the strongly passivating character of H,SO,.
Therefore small amounts of a halogenide, usually
40mM HCI, were added to 3M H,SO,. Further
addition of Zn(1T) and In(III) compounds shifted the
current—potential characteristics towards more nega-
tive values in most experiments. Additive concen-
trations were optimized in a variety of experiments in
order to obtain stable oxidation currents at potentials
as negative as possible. As a rule, a threshold concen-
tration of C1-, Zn** or In** was required to observe
any significant effect. Above certain concentration
limits on the other hand, no further improvement was
obtained. The optimised conditions were found to be
40 mM chloride and, depending on the alloy, addition
of 0.5-1mM In(Ill) and/or 10-80 mM Zn(II).

3.1.1. Influence of chloride, Zn(11), In(III) additives on
pure Al.. Pure aluminium (99.999%) is electrochemi-
cally passive in sulphuric acid, with almost zero anodic
currents. Addition of HCI (40mM) to 3M H,SO,
resulted in a large current increase at potentials
> —0.9V during a potentiodynamic scan (Fig. 1a).
The current-potential loop observed upon scan reversal
(—in Fig. 1a), as well as the current increase while
maintaining the electrode potential at — 1.0V during
an anodic scan (- — - in Fig. 1a), can be rationalized by
chloride ion induced piting which activates the elec-
trode surface for anodic oxidation. Aluminium cor-
rosion in chloride medium has been investigated ex-
tensively, employing electrochemical techniques {32],
a.c. impedance [35-37], electron microscopy [36-39],
radio tracer experiments [40], Auger and XPS [41, 42]
or AC quartz electrogravimetry [37]. _
Addition of chloride (40 mM) and Zn(IIl) (80 mM)
resulted in a similar voltammogram (Fig. 1b), how-
ever with an anodic peak at about — 1.36 V due to Zn
oxidation (E°[Zn/Zn**] = —1.40V (Hg/Hg,SO,)).



ALUMINIUM ALLOYS IN SULPHURIC ACID — 1

127

] i le.
5
(b)
400 -
o
£ 200
Q
<
£
0 -
_/ ’I/
/
A
.200.l.rr,T,.‘r;,,..‘lyxrﬁy.ﬁ,‘...,.

-15 -1.0 -1.5

-1.0 -1.5 -1.0

E/V vs. Hg/Hg, SO,

Fig. 1. Current-potential curves for an Al 99.999% anode in 3 M H, SO, with different additives. Scan rate was 10 mV s (——cycle t,---
cycle 2), rotation rate 1500r.p.m. Additives employed: 40mM HCI (a), 20mM ZnCl, + 60mM ZnSO, (b) and 20mM ZnCl, + 60 mM
ZnSO, + 0.25mM In,(S80,); (c). The anodic scan of the second cycle was halted at — 1.4V and — 1.0V until the current density reached

a stable value.

During prolonged polarization at potentials > —1.4V,
the currents decayed to zero (- - — in Fig. 1b), indicat-
ing a depletion of zinc from the surface. Submillimolar
amounts of In(III) (0.5mM) added to 3M
H,S0, + HCl + Zn(l) resulted, for pure alumin-
ium, in no significant improvement of current-poten-
tial characteristics under potentiodynamic conditions
(Fig. 1¢), in contrast to certain alloys (see below) or
pure aluminium in 2M NaCl at pH 2 [9]. However,
anodic currents at a given potential were more stable
when In(III), as well as chloride and Zn(II), were
employed as additives.

3.1.2. Al-In, Al-Zn/In, Al-Zn/Sn alloys. Figure 2
shows the effect of electrolyte additives on the cur-
rent-potential characteristics of an Al-Zn/In alloy
electrode. In the case of 3M H,S0O, + 40mM HCI
(Fig. 2a), the onset of anodic oxidation occurred at a
lower overpotential than with pure aluminium (Fig.
1a). While the first anodic scan still occurred at fairly
positive potentials, the current-potential curve was
shifted to significantly more negative potentials (by
about 0.5 V) after scan reversal. Reproducible current-
potential curves displaying almost no hysteresis

between anodic and cathodic scan were obtained after
several cycles between —1.7 and —1.0V in 3M
H,SO, + 40mM HCI electrolytes. At a given poten-
tial, the currents were significantly higher than in the
case of chloride induced pitting corrosion on pure
aluminium. In accordance with work on aluminium
activation in alkaline and neutral electrolytes [4, 43],
such behaviour is referred to as ‘superactivity’ in this
paper. In the case of HCl + Zn(Il) (Fig. 2b) or
HCI + Zn(II) + In(IIT) (Fig. 2¢) as additives,
superactivation occurred after even fewer cycles and
resulted in current-potential curves at slightly more
negative potentials. When all three additives were
used, practically no induction time was necessary for
electrode activation.

Current-potential curves were also recorded under
galvanostatic control, monitoring steady-state poten-
tials as a function of current. Readings were taken
when the potential varied by less than 5mV within
1 min. In Fig. 3, current-potential curves of the alloys
Al-In 0.10, Al-Zn/In and Al-Zn/Sn are shown for
3M H,SO, + 40mM HCI. Pure aluminium in com-
parison, yielded stable potentials only when choride,
Zn(II) and In(IIT) were used as additives. As shown in

-200

E/V vs. Hg/Hg, SO,

Fig. 2. Current potential curves for an Al-Zn/In electrode in 3M H,SO, with different additives. Scan rate was 10mVs ™' (——cycle I, - - -
cycle 2), rotation rate 1500 r.p.m. Additives employed: 40mM HCI (a), 20mM ZnCl, + 60mM ZnSO, (b) and 20mM ZnCl, + 60 mM
ZnSO, + 0.25mM In,(SO,); (c). The anodic scan of the second cycle was halted at — 1.4V and — 1.0V until the current density reached

a stable value.
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Fig. 3. Galvanostatically recorded current-potential curves of ) :
Al-In 0.10 (x), Al-Zn/In (a) and Al-Zn/Sn (®) in 3M H, SO, with ] _______________ *
40mM HCI as the only additive. Rotation rate was 1500 r.p.m. Al P P 1? PR )

99.999 (+): 3M H,SO, + 20mM HCl + 10mM ZnCl, + 0.5mM
In,(SO,), (without Zn?* and In’* the potential of Al 99.999 in-
creased steadily to values up to > 10V due to passivation). Gal-
vanostatic measurements were performed after two potentiodynam-
ic cycles between — 1.7V and — 0.7V as described in Figs 1 and 2.

Fig. 3, overpotentials were significantly lower for the
three alloys in the presence of 40mM chloride
(superactivation), compared to pure aluminium with
all three electrolyte additives. The potential shift
increased in the order Al-Zn/Sn < Al-Zn/In < Al-In
0.10 and amounted to 0.15-0.35V. Our data suggests
that from all alloying elements employed in this work,
indium exerts the largest superactivating effect in
strongly acidic electrolytes.

The onset potential for anodic oxidation of
—1.53V for Al-In 0.10 corresponds to —0.89 V NHE
which is about 0.77 V more positive than the thermo-
dynamic AP’*/Al potential of —1.66 V/NHE [8].
Anodic currents of 100mA cm ~? were obtained with
suitable aluminium alloys in H,SO, based electrolytes
at overpotentials < 0.85V (note that current-potential
curves were not corrected for uncompensated elec-
trolyte resistance). These overvoltages compare favour-
ably to values reported for superactive alloys in
alkaline electrolytes, for example about 0.95V for
Al-Sn alloys at a current density of 100 mA cm ™2 [4].

Figures 4(a) and (b) show the influence of elec-
trolyte additives on anodic oxidation of Al-Zn/Sn and
on Al~In 0.10 in comparison to Al 99.999 (the latter
with all three additives in the electrolyte). The extent
of superactivation as a function of additives in the
electrolyte depends very much on the alloy. In the case
of Al-Zn/Sn (Fig. 4a), almost no difference was observed
between 3M H,SO, + HCI (x) and 3M H,SO, +
HCI + Zn(II) (a). This finding is not surprising since
the Al-Zn/Sn alloy contains 6.5wt% Zn which is
expected to be anodically oxidised at potentials
> —1.4V. Addition of HCI, Zn(II) and In(III) (m)
however, induced a negative potential shift of 0.1-
0.15V compared to Zn(II) and/or HCI additives.

A fairly different dependence of electrolyte additives
was observed for Al-In 0.10 (Fig. 4b). For this alloy,
the most active behaviour was obtained when HCI
was the only additive in the electrolyte (x), while more

E/V vs. HgrHg-S04

Fig. 4. Galvanostatically recorded current-potential curves of
Al-Zn/Sn (a, —), Al-In 0.10 (b, —) and A199.999 (a, b, ---*)
in 3M H,SO, with different additives: 40mM HCl (x), 20mM
ZnCl, + 60mM ZnSO, (a), 20mM ZnCl, + 60mM ZnSO, +
0.25mM In, (SO,); (M) and 20mM HCl + 10mM ZnCl, + 0.5mM
In,(S0,); (+). Rotation rate was 1500 r.p.m.

positive potentials were observed when all three
additives were employed (M). In comparison to the
Al-Zn/Sn alloy (Fig. 4a), the differences between the
various additives were less pronounced, indicating
that the main activating power stems from indium in
the alloy and not from the additives in the electrolyte.

Similarly to Al-In 0.10 (Fig. 4b), Al-Zn/In dis-
played only small differences in potential shift between
the different electrolyte additives (no Figure shown).
The corresponding three curves were shifted by 0.01-
0.05V towards more positive potentials in comparison
to the curve (M) in Fig. 4b for Al-In 0.10, showing that
the Al-Zn/In alloy is slightly less active than Al-In
0.10. The activating tendency, was, in analogy to the
Al-Zn/Sn alloy, highest when HCl + Zn(II) + In(III)
were employed as additives (cf. Fig. 2).

3.1.3. Other aluminium alloys. In addition to Al-In
0.10, Ph-Zn/In and Al-Zn/Sn alloys, also Al-Ga 0.10
and 0.05 displayed current-potential curves with onset
potentials between — 1.4V and — 1.5V, however only
in the presence of chloride, Zn(II) and In(III). All
other alloys tested, i.e. Al-Ce, -La, -Nd, -Sn, -Ta,
~Te, ~Ti, ~Tl, yielded stable currents of >20mA cm 2
only at potentials more positive than —1.15V to
— 1.1V, and only when chloride, Zn(IT) and In(III)
were used as additives. These potentials are 0.3-0.4V
more positive than those of superactive alloys
employed in this work and about 1.2V more positive
than the thermodynamic A’ /Al potential.

For a technical grade aluminium alloy we obtained
even Jower overpotentials when submillimolar amounts
of Hg(1l) were added to 2M NaCl of pH?2 (onset
potential for anodic aluminium oxidation at about
0.4V against AP* /Al [10]), in comparison to Zn(II)
and In(III) additives in the same saline electrolyte [9].
Because of rather high corrosion rates (faradaic
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Fig. 5. Galvanostatically recorded current-potential curves of
Al-Zn/Sn in 3M H, SO, with fluoride and chloride additives. 40 mM
KF (O), 60mM KF (a), 40mM HCI (x). At currents higher than
100 mM cm ~? the electrode passivated in 3M H,SO, + 40mM KF.
Rotation rate was 1500 r.p.m.

efficiencies of only 62-77%, [10]) and environmental
considerations, Hg(Il) additives were, however, not
investigated in this work.

3.1.4. Influence of fluoride additives. The effect of
fluoride in comparison to chloride on the Al-Zn/Sn
alloy is shown in Fig. 5. Replacement of HC] (40 mM,
x) by KF (40 mM, O) resulted in a shift of the current-
potential characteristics to more negative potentials
(by about 0.18 V). However, the electrode passivated
at currents >100mAcm~2, reaching potentials
>2V. A KF concentration of at least 60mM was
needed in order to obtain stable currents up to
200 mA cm > (a in Fig. 5, rotation rate = 1500 r.p.m.).
Since fluoride ions form much stronger complexes
with AI(ITT) than chloride ions [44] the diffusion layer
is depleted of F~ above a certain current level. Passi-
vation also occurred when aluminium sulphate was
added (e.g. 100mM AKIII), showing that dissolved
AI(IID) strongly binds F~. 160 mM KF was needed to
restore active behaviour up to 200 mA cm 2 in the case
of 100 mA AI(IIT), and 280 mM KF was required when
the total AI(IIT) concentration was 200 mM. Such
behaviour was not seen with chloride additives, where
stable currents were obtained in the presence of 40 mM
chloride with AI(IIT) concentrations of up to 1.5M
AI(TI]) [31]. However, similar activation/passivation
effects at open circuit and under anodic polarization,
respectively, have aiso been observed in neutral NaF
or mixed NaF/NaCl solutions [45].

Based on the dissociation constant of HF (3.53 x
107, [46]) and the complex formation constants for
AIFS™"* (n = 1 — 4, [44]), bulk concentrations of
free F~, HF and the various Al(III) species were
calculated (Table 1). Very low free fluoride concen-
trations of F~ > 8 x 107°M in the bulk are obviously
sufficient for electrode activation when no Al(III) is
present in the bulk electrolyte. F~ concentrations in
AI(III) containing electrolytes (lines 3 and 4 in Table 1)
are even lower due to effective complexation. It
therefore appears that also AIF?*T and AIF; species

are partly responsible for electrode activation, since
they are expected to be the main species in the dif-
fusion layer during anodic aluminium oxidation.
Despite the more efficient surface activation by
fluorides, these additives are not appropriate for bat-
tery applications because of stoichiometric consump-
tion during anodic aluminium oxidation (1-3 F~ per
Al) and also due to their toxicity.

3.2. Faradaic efficiencies

In order to be suitable as an anode material in an
aluminium battery with aqueous electrolytes, the alloy
should display on the one hand a current-potential
characteristics at sufficiently negative potentials (high
superactivity) and on the other hand minimum hydro-
gen evolution due to parasitic corrosion. Based on
current—potential characteristics alone (section 3.1.),
Al-Ga, Al-In, Al-Zn/In or Al-Zn/Sn alloys would be
most promising for battery applications. In this
section, also the corrosion behaviour of the alloys
studied in 3.1. will be taken into account quantitatively.
Faradaic efficiences, #, were determined from weight
loss at rotating (rotation rate = 1500r.p.m.) and
stationary electrodes as a function of alloy compo-
sition, concentration of additives in the electrolyte and
electrode potential. Practically the same values were
obtained from weight loss of the electrodes and from
the volume of evolved hydrogen.

For each alloy, faradaic efficiencies were deter-
mined with at least one electrolyte composition. We
selected the additive amounts (Cl/Zn/In) which yielded
not only the lowest overpotentials, but also relatively
stable currents at a given potential (i.e. <50% devi-
ation from the maximum value within 4 h). Depending
on alloy and electrolyte composition, the oxidation
currents reached, after an induction period of <1 to
several minutes, either a stable or a maximum value.
With some alloys, the currents increased steadily with
time. The electrode potential of rotating and station-
ary electrodes was adjusted to reach current densities
of 50-200mA cm 2. In a few experiments, the elec-
trode potential had to be readjusted after 2h of oper-
ation. The various measurements are summarized in
Table 2.

Although the influence of electrolyte composition
and electrode potential was not investigated systemati-
cally for each alloy, we noticed the following general
trends from several test runs: chloride concentrations
above 40 mM generally decreased faradaic efficiencies.
This finding is in agreement with previously reported
results from anodic oxidation of Al(99.5%) [9] in
clectrolytes containing Zn(Il) and In(III) where cor-
rosion rates increased significantly below pH 2 in the
presence of high chloride concentrations (2 M NaCl),
reaching values of > 75% (yy < 25%) for zero pH.
Similarly to results obtained in slightly acidic (pH 2)
saline electrolytes [9, 10], faradaic efficiencies did not
depend largely on electrode potential in the current
domain of 50-200mA cm~2. This observation indi-
cates that the hydrogen evolution rate increases at
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Table 1. Calculated concentrations of fluoride and AI(III) species in 3 M H,SO,*

o F)ImM ¢, (ADfmM  ¢(F7)mM c(HF)mM c(APT)mM  c(AIF*")/mM  c(4IF)mM  c(AIF)mM  c(4lF])/mM
40 0 5.7 x 1073 40 0 0 0 0 0

60 0 8.5 x 1073 60 0 0 : 0 0 0

160 100 3.8 x 1073 27 4.8 58.3 35.5 0.1 0.05

280 200 33 x 1073 24 12 122 65 0.3 0.1

* Concentrations were calculated from the complex formation constants K, [44] for the reactions AIFY- "+ 4 F~ — AIF¢-7+
r=1—4:K =~ 10°M ' K, ~ 10?M7, K, & 10°M7, K, = 107*M7".

more positive potentials. Such a behaviour, named
‘negative difference effect’, has been reported previously
by Despic et al. for neutral electrolytes [15, 47].

3.2.1. Rotating A199.999 electrodes. A faradaic effic-
iency of 80% was determined from weight loss during
anodic oxidation of pure aluminium at — 1.15V {cur-
rent density of 160 mA cm~?) in 3M H,SO, containing
40 mM chloride, 10 mM Zn(II) and 1 mM In(III).

3.2.2. Rotating Al-In, Al-Zn/In, Al-Zn/Sn electrodes,
influence of chloride-based additives. In the case of

Al-In 0.10 with HCI (40 mM) as the only additive, a
potential as negative as — 1.5V was sufficient to main-
tain currents >140mAcm? over a period of 4h.
Under these conditions, faradaic efficiencies were,
however, rather low (48-72%) and not as reproduc-
ible as with other alloys or additives. When In(I1I)
and/or Zn(II) were added to 3M H,SO, + 40mM
HCI, the overpotential for comparable anodic cur-
rents was higher by 0.1V, while faradaic efficiencies
improved to 80-93% (Table 2).

Table 2. Faradaic efficiencies for anodic aluminium oxidation in 3 M H,SO, with additives

Alloy Electrolyte Stationary disc electrode Rotating (1500 r.p.m.) disc electrode
(Cl{Zn/In)/mM
i (E/V(Hg/Hg,S0,)/mA cm 2 Faradaic i (E/V(Hg/Hg,SO,)/mAcm~?  Faradaic
efficiency 1% efficiency 1%

A199.999 40/10/1 155 (—1.1) 85 160 (—1.15) 80
Al-In 0.10 40/0/0 0-300 (—1.4) ~30 140-165 (—1.5) ~ 60
Al-In 0.10 40/80/0 170 (- 1.45) 98 200-170 (—1.4) 93
Al-In 0.10 40/80/0.5 155-105 (— 1.45) 80 170 (—1.4) 80
Al-Zn/In 40/0/0 145-125 (—1.4) 75 90-120 (~1.4) 84
Al-Zn/In 40/80/0 10 (—1.4), 50-225 (— 1.3)* 92
Al-Zn{In 40/80/0.5 175 (—1.4) 93
Al-Zn/[In 40/10/1 185-140 (— 1.4) 74
Al-Zn/Sn 40/0/0 250 (—1.3), 120 (— 1.4)* 81 70-95 (— 1.4) 90
Al-Zn/Sn 40/80/0 65-90 (—1.4) 34
Al-Zn/Sn 40/80/0.5 175 (—1.4) 93
Al-Zn/Sn 40/40/0.5 135-230 (— 1.4) 94
Al-Ga 0.05 40/80/0.5 130-235 (—1.35), 155 (— 1.4)* 48 195-135 (- 1.4) 54
Al-Ga 0.10 40/80/0.5 240-105 (—1.4) 30 210-135 (— 1.4) 57
Al-Ce 0.05 40/40/0.5 80 (—1.0) 81 110 (- 1.1) 81
Al-Ce 0.20 40/10/1 85 (—1.0) 82 270-200 (— 1.1) 83
Al-La 0.10 40/10/1 90 (—1.0) 82 145-80 (—1.1) 83
Al-La 0.20 40/10/1 70 (—1.0) 82 225-140 (— 1.1) 85
Al-Nd 0.10 40/10/1 0-125 (—1.0) 79 160 (—1.15) 80
Al-Nd 0.29 40/10/1 85(—-1.0) 81 135 (—1.15) 86
Al-Sn 0.50 40/10/1 85 (- 1.0) 80 215-180 (—1.1) 92
Al-Sn 0.50 40/10/1 140 (—1.15) 78
Al-Ta 0.10 40/10/1 80 (—1.0) 86 170-100 (—1.15) 95
Al-Ta 0.50 40/10/1 85 (—1.0) 74 225-165 (— 1.1) 77
Al-Te 0.014  40/80/0.5 245-185 (—1.1) 85
Al-Te 0.015  40/10/1 215-165 (— 1.1) 92
AL-Ti 0.50 40/10/1 80 (—1.0) 79 170-125 (— 1.1) 84
Al-Ti 1.2 40/10/1 170-110 (- 1.1) 88
Al-T10.086  40/10/1 215-170 (— L.1) 85
Al-T10.16 40/10/1 190-145 (~1.1) 83

* Same measuring time at all potentials
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Faradaic efficiencies* of Al-Zn/Sn (84-94%)
showed the lowest dependence on the additive combi-
nation in the electrolyte. The promising corrosion
resistance of Al-Zn/Sn and Al-Zn/In alloys upon
anodic oxidation in H,SO, based electrolytes is paral-
leled by high faradaic efficiencies in alkaline (> 90%
at 100 mA cm~? [25]) and neutral electrolytes (up to
98% at 1mA cm 2 [18, 21]).

3.2.3. Rotating Al-Ga electrodes. Al-Ga 0.10 and
Al-Ga 0.05 alloys also displayed superactive behaviour
in sulphuric acid containing C1~, Zn’* and In** in the
electrolyte. At — 1.4V and currents of > 130mA cm 2,
the corrosion rate due to hydrogen evolution was,
however, very high (y: < 57%). High corrosion rates
have also been reported for Al-Ga alloys in neutral (in
comparison to Al-In alloys, [15]) or alkaline electro-
lytes (faradaic efficiencies < 12% at 60° C [22]).

3.2.4. Other alloys, rotating electrodes. In comparison
to superactive alloys (Al-In, Al-Zn/In, Al-Zn/Sn,
Al-Ga), all other alloys had to be tested at more
positive potentials, i.e. at — 1.1 or — 1.5V for rotating
electrodes. Faradaic efficiencies reached values vary-
ing from 77 to 95%. In the presence of chloride, Zn(IT)
and In(I1T) additives in 3 M H,SO,, these binary alloys
showed similar or slightly higher currents and faradaic
efficiencies as pure aluminium, indicating that the
alloying elements Ce, La, Nd, Sn, Ta, Te, Ti or Tl
exert no major effect on the electrochemical behaviour
in highly acidic electrolytes.

3.2.5. Influence of rotation rate. At rotation rates
o = 1000r.p.m., oxidation currents did not depend
on w, while current fluctuations were noted for
@ < 600r.p.m. during experiments lasting for several
hours. The fluctuations were due to accumulation of
hydrogen gas at the electrode surface produced by
non-faradaic corrosion (in principle, accumulation of
hydrogen bubbles could be avoided by employing
rotating cone electrodes [48]). At higher rotation rates,
however, mass transport was obviously efficient
enough to keep the steady-state hydrogen concentra-
tion in the diffusion layer low enough that no bubble
formation occurred. In order to avoid hydrogen
accumulation at stationary disc electrodes, their sur-
face was oriented vertically. The potentials had to be
adjusted in some experiments to more positive values
(by 0.05-0.2V) for stationary electrodes in order to
obtain comparable currents as with rotating elec-
trodes (50-200 mA cm~?).

The faradaic efficiency for anodic Al-In 0.10 oxi-
dation in 3M H,S0, + 40mM HCI was significantly
higher for rotating (5 = 60%) than for stationary
electrodes (np ~ 30%). Similarly to rotating Al-In
0.10 electrodes in 3M H,SO, + 40mM HC] (cf. sec-
tion 3.2.2.), faradaic efficiencies, determined from
several experiments for stationary electrodes, varied
by + 10%. In contrast to most other alloys and addi-

* The faradaic efficiency is defined as 100% when 3 electrons per
oxidized Al atom and 2 electrons per oxidized Zn atom pass
through the electric circuit.

tive combinations, surface activation of stationary
Al-In 0.10 electrodes in 3M H,SO, + 40mM HCI
occurred very slowly with anodic currents increasing
steadily up to 300 mA cm~2 over a period of several
hours. When In** and/or Zn>™ were added to the
electrolyte, anodic currents at stationary electrodes
became significantly more stable and faradaic efficien-
cies increased (cf. Table 2). In addition, 5 became
almost independent of the rotation rate.

Al-Zn/In, Al-Zn/Sn, Al-Ga, Al-Sn, Al-Ta 0.10
yielded slightly higher faradaic efficiencies with rotat-
ing electrodes. g values of the other alloys tested, i.e.
Al-Ce, Al-La, Al-Nd, Al-Ta 0.50, Al-Ti 0.50, were
very similar with rotating and stationary anodes.

3.2.6. Influence of fluoride-based additives, rotating disc
electrode. Al-Zn/Sn yielded faradaic efficiencies of
78% during anodic oxidation in 3M H,S0, + 60 mM
KF at a potential of — 1.3V (current density of 130-
115mA cm~?), compared to 90% in 3M H,SO, +
40 mM HCI (Table 2). With 40 mM HCl + 20 mM KF
in3M H,S0,, faradaic efficiency decreased even further
to 66% at the same potential but slightly higher cur-
rents of 150 mA cm 2. It appears that fluoride increases
the corrosion rate in comparison to H,SO, containing
only chloride additives (Table 2) and that the combi-
nation of fluoride and chloride is even more detrimen-
tal. Rather low faradaic efficiencies for aluminium
oxidation were also noted by Radosevic ef /. in neutral
NaF/NaCl solutions [45].

3.3. Surface morphology

Visual inspection and optical microscopy showed that
prolonged anodic oxidation of Al (99.999%) or non-
superactive alloys (e.g. AI-Nd) in 3M H,SO, with
chloride, Zn(II) and In(I11) additives resulted in rather
smooth electrode surfaces (Fig. 6a and b). Generally,
a thin dark grey overlayer was formed after rinsing the
samples with H,O and storing them in air. Superactive
aluminium alloys on the other hand, yielded a much
more heterogeneous surface morphology (Fig. 6¢ and
d), characterized by grooves of up to 1-2 mm depth in
the case of Al-Ga (Fig. 6d). While superactive Al-In
(Fig. 6c) alloys kept their metallic lustre upon storage
in air, Al-Ga became covered with a whitish film.

3.4. Mechanism of aluminium superactivation

Aluminium passivation in sulphuric acid due to for-
mation of a porous oxide film is well documented
[47, 49, 50] and exploited on a large scale for commer-
cial anodization of aluminium surfaces. In this paper
we showed that passivation can be suppressed, even in
3M H,S0,, by suitable electrolyte additives such as
halogenides (mainly Cl™), Zn(II) and In(IIT). (While
localised attack of aluminium oxide by chloride ions,
resulting in pits from which active aluminium oxi-
dation can proceed, is understood fairly well [32-
40, 47], there is only little information on the me-
chanistic effects of various metal species either as
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Fig. 6. Optical micrographs of electrode surfaces after potentiostatic anodic polarization of aluminijum rotating disc electrodes (1500 r.p.m.)
over a period of 4h in 3M H,SO, with additives (Cl/Zn/In, concentrations in mM). A199.999 (a, 40/10/1), Al-Nd 0.10 (b, 40/10/1), Al-In

0.10 (c, 40/80/0.5), Al-Ga 0.05 (d, 40/80/0.5).

alloying elements or additives in acidic electrolytes. In
a previous investigation [9], we showed by X-ray dif-
fraction and SIMS profiling that In and Zn are accu-
mulated at the aluminium surface during anodic oxi-
dation in 2M NaCl (pH 2) containing 80 mM Zn(II)
and 0.5 mM In(I1I). Preliminary XPS measurements at
Al(99.999%) anodized in 3M H,SO, with chloride,
Zn(1I) and In(III) additives showed the presence of Zn
and In in a hydrated aluminium oxide layer covering
the bare metal [51].

Due to the lack of detailed data on the chemical
composition of the metal/oxide/electrolye interface in
3M H,S0,, containing additives such as halogenides,
Zn(II) or In(IID), we will limit our qualitative discus-
sion to some basic thermodynamic considerations.
Figure 7 displays the thermodynamic potentials of the
relevant electrochemical processes, possibly governing
the behaviour of Al-Ga, Al-In, Al-Zn/In and Al-Zn/Sn
superactive alloys at pHO, along with the actual
potentials of alloys investigated in this study (at about
100 mA cm~?). Note that the potentials correspond to
those of the pure elements and not to those of homo-
geneous alloys.

The simplified picture (Fig. 7) shows that Sn, In and
Ga are electrochemically immune, i.e. cathodically
protected against corrosion at potentials < —1.3V,
while Zn is expected to be anodically oxidized at
potentials > — 1.5to — 1.4 V. Figures 1b and 2b show
indeed, that Zn is electroplated at potentials < —1.45V
from 3M H,SO, containing Zn(II) and anodically

oxidized at > —1.45V, indicating that also the Zn
fraction in Al-Zn/In or Al-Zn/Sn alloys can be util-
ized for the conversion to electricity (cf. footnote in
section 3.2.1.).

Upon anodic dissolution of Al(I11), some Sn, In and

E/V vs. NHE E/V vs. Hg/Hg,SO,
A A o6
00~ ——2H'H, |7
02 __ sn?*/sn -0.8
04 i In3*/1n 410
L 7 Al
3
06 L Ga +/Ga 412 I
i 2+ : ) superactive
-08 - Zn~/Zn ] 14 IAI alloys
10 F 116
-1.2 _— —4-18
14k 129
- : - -24
16 | ——— AISYAI 8
18 + -1-26

Fig. 7. Standard potentials for electrochemical reactions occurring
at superactive alloys in aqueous acidic solutions. NHE: normal
hydrogen electrode. Vertical bars mark the potential range where
stable anodic currents of about 100mA cm ~* could be maintained
at non-superactive (Al) and superactive aluminium alloys in 3M
H, SO, with suitable additives.
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Ga species loose their electrical and physical contact
to the bulk alloy. These elements are known to cor-
rode in acidic electrolytes at open circuit under con-
comitant hydrogen evolution [8]. Sn?*, Sn**, In™*
(n = 1-3,[52]) or Ga** close to the electrode surface
may be replated partially on to aluminium, e.g. in pits
or be incorporated in the aluminium oxide surface
layer. For anodic aluminium oxidation in 2M NaCl
electrolytes (pH2) containing 0.5mM In(IIl) or
0.5 mM Hg(II), however, we showed previously [9, 10]
that the In(IIl) concentration in the electrolyte
remained practically constant (although some In
species accumulated at the electrode surface), whereas
Hg(Il) was plated on to aluminium at a rate corre-
sponding to diffusion control.

In analogy to results from alkaline, neutral or
slightly acidic electrolytes, Zn, Sn, In or Ga species
may be redistributed also in very acidic solutions at
grain boundaries, at the interface metal/oxide or within
the oxide layer due to electrodeposition or selective
incorporation in the oxide/hydroxide layer. This
redistribution may influence (i) the kinetics of anodic
aluminium oxidation and parasitic hydrogen evolution
[16, 17, 19, 22, 24, 26, 53], (ii) the ionic conductivity
of the oxide layer and (iii) the surface concentration of
halogenides due to specific adsorption. More surface
analytical studies are needed to unravel the complex
processes occurring upon anodic oxidation of alumin-
ium alloys.

4. Conclusions

The passivating effect of sulphuric acid for anodic
oxidation of aluminium was successfully suppressed
by adding chloride, Zn(II) or In(IIl) species to the
electrolyte solution. Thus, even highly acidic electro-
lytes may be utilised for controlled aluminium acti-
vation and efficient anodic oxidation in aluminium
batteries. Although fluoride additives resulted in even
higher electrochemical activity they are not suitable
for aluminium/air batteries with acidic electrolytes
because of the large, i.e. stoichiometric, quantities
required and due to lower faradaic efficiencies in com-
parison to chlorides.

Al-In, Al-Zn/In and Al-Zn/Sn alloys showed the
most promising behaviour for practical applications,
i.e. high electrochemical activity (superactivity) and,
depending on additive concentrations, faradaic effic-
iencies of >90%. Al-Ga alloys, although electro-
chemically active in acidic electrolytes, are not suitable
materials because of the high corrosion rates due to
hydrogen evolution. In 3M H,SO, with chloride,
Zn(II) and In(III) additives, Al-Ce, -La, -Nd, -Sn,
-Ta, —-Te, -Ti and —T1 binary alloys displayed similar
electrochemical characteristics as pure aluminium.
These alloys require 0.25-0.4'V more positive poten-
tials than superactive alloys, rendering the former
materials less interesting for battery purposes. Tests
on Al/O,-batteries with H,SO,-based electrolytes and
Al-In, Al-Zn/In or Al-Zn/Sn anodes are underway in
this laboratory and will be published shortly [31].
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