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Abstract
Aluminum-air batteries are a promising alternative for portable energy stor-
age. However, one of the significant issues in this technology is the corrosion
of aluminum in alkaline electrolytes. In this study, we explored heteropolyacids
(HPAs) H5PMo11Al0.5V0.5O40 andH6PMo11AlO40 as possible anti-corrosive addi-
tives in Al7475, Al6062, and Al5052 commercial alloys. We also investigated the
anti-corrosive properties of commercial NH4VO3 and ZnO. Concerning HPAs,
only H6PMo11AlO40 in combination with Al5052 showed anti-corrosive activity.
However, ZnO did not present anti-corrosive properties in Al6062 alloy, while
NH4VO3 presented anti-corrosive properties for all three alloys. The combination
of carboxymethylcellulose with NH4VO3 further improved the anti-corrosive
properties in the Al7475 alloy. We observed by using 2D Raman imaging the
formation of polymeric forms of tetrahedral V+5O4 over the surface of three
alloys. The main conclusion of our studies is that NH4VO3 combined with car-
boxymethylcellulose is a promising anti-corrosive in the alkaline electrolyte of
aluminum-air batteries.
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1 INTRODUCTION

The rising of renewable energy around the entire planet
requires new methodologies for energy conversion and
storage. Batteries will definitively play a vital role in the
energy handling paradigm for the next decades.[1,2] In that
context, lithium batteries have been the front runner of
all battery technologies, especially for portable applica-
tions such as electronic devices and electric vehicles.[3,4]
However, in the past decade, commercial lithium batter-
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ies have not appreciably increased their capacity.[5,6] For
that reason, the search for post lithium technologies with
improved capacity has become of interest for future energy
applications.
Aluminum-air batteries have a series of outstanding

characteristics (cell voltage of 2.4 V in an alkaline elec-
trolyte and high theoretical energy density of 8076Wh/kg),
which makes them attractive candidates for post lithium
batteries, such as the ones used in electric vehicles (EVs).[7]
Aluminum has four times more volumetric capacity than
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lithium (8.0 versus 2.0 Ah/cm3), and their mass capacity is
similar (3.0 and 3.8 mAh/g for Al and Li, respectively).[8,9]
Therefore, a car with a battery based on aluminum could
have two to six times more travel range with the same
volume. Aluminum has other praises compare to lithium,
such as its recyclability, abundance, and price. In an aque-
ous medium and neutral pH, aluminum suffers passiva-
tion of the surface, which usually goes to the detriment
of the battery’s potential and current.[10,11] For that rea-
son, it is usually preferable to use alkaline electrolytes. In
general, the net anodic reaction of the battery in alkaline
solution is:

Al + 3OH− → Al(OH)3 + 3𝑒− (1)

One of the significant challenges to overcome in this
technology is the corrosion of the aluminum anode. In
an alkaline medium, aluminum-air batteries lose much of
their useful energy in a secondary reaction (self-corrosion)
due to the reduction of water over the Al anode that leads
to the evolution of H2 (Equation 2),

Al + 3H2O + OH− → Al (OH)
−
4 + H2 ↑ (2)

Two approaches can be used to avoid corrosion of
aluminum. The first one is to use pure aluminum with
minimal amounts of other elements such asGa, In, Pb,Mg,
Ca, Sn, Zn, Mn, Hg, and Cd.[12] These alloying elements
have high hydrogen overpotential and therefore help to
reduce hydrogen evolution and self-corrosion. The second
strategy consists of modifying the electrolyte by adding
additives that function as corrosion inhibitors.[13,14] The
utilization of pure aluminum in this application is costly;
therefore, it is better to implement commercially available
aluminum alloys.[15] The use of anti-corrosive additives
has been deeply studied to improve these alloy capacities
by placing them as a versatile and low-cost alternative.
One of the most used anti-corrosive in alkaline elec-

trolytes for aluminum-air batteries is zinc oxide; even
though it has some disadvantages, such as low solubil-
ity in alkaline electrolytes and it tends to form a thick
spongy layer over the electrode.[16] Different studies have
proposed that the mechanism of inhibition involves the
formation of zincate and metallic zinc species. It is well-
known that ZnO works as an anti-corrosive additive
for Al7475 and Al5052 alloys.[15,17] Moreover, zinc oxide,
ZnO, has been used in conjunction with organic com-
pounds such as polyethylene glycol.[18] The combination
of ZnO and carboxymethyl cellulose (CMC) for Al5052
alloy in an alkaline medium resulted in a synergistic
effect with a considerable decrease in the evolution of H2.
Some other organic compounds that have been used are
plant extracts,[19] oil,[20] methanol,[21] agar,[22] carboxylic

acids,[23] l-aspartic mixed with CaO,[24] and l-cysteine
combined with cerium.[25]
The most effective inhibitors of corrosion for aluminum

alloys are hexavalent chromates compounds.[26–28] How-
ever, since chromate is very polluting for the environment,
chromate-like oxoanions such as molybdates, perman-
ganates, tungstates, and vanadates are currently being
studied.[29,30] Several studies are useing NH4VO3 as an
anti-corrosive additive at near-neutral pH in different
aluminum alloys.[31] NH4VO3 has been tested in AA7075,
and AAl6061 and it shows very interesting anti-corrosive
properties.[32,33] Nevertheless, it has not been imple-
mented as anti-corrosive in alkaline electrolytes used in
aluminum-air batteries. For that reason,we decide to study
the compoundNH4VO3 in strongly alkaline conditions. To
find novel and more versatile anti-corrosive additives for
aluminum-air batteries, in this study, we decided to test
the anti-corrosive activity of an heteropolyacid (HPA) that
contains vanadium in its structure H5PMo11Al0.5V0.5O40
named from now on PMo11AlV0.5. HPAs are known to be
firmly adsorbed on surfaces, which is interesting for anti-
corrosive layers.[34–36] We also prepared the compound
H6PMo11AlO40 that we named PMo11Al. This compound
is very similar to PMo11AlV0.5 but without vanadium.
HPAs are being investigated and used in multiple fields,
and some analogous compounds have already been tested
as additives in redox flow batteries.[30,37] However, to
the best of our knowledge, no studies use them as anti-
corrosive additives for aluminum alloys. We also tested
the combination of NH4VO3 with CMC to study if there is
a synergistic effect similar to the ZnO case.
In this work, we used three commercial alloys to test

the additive’s anti-corrosive activity: Al7475, Al6062, and
Al5052, in which major alloying elements are zinc, silicon-
magnesium, and magnesium, respectively. We performed
different corrosion experiments such as hydrogen evolu-
tion, corrosion rate, polarization plots, impedance, and 2D
Raman imaging to determine the best combinations of
additive-alloy for aluminum-air battery prototypes.

2 RESULTS AND DISCUSSION

2.1 Hydrogen evolution test

The evolution rate of hydrogen and corrosion data for the
different alloys exposed to 2 mol/L KOH solutions con-
taining the mentioned additives are shown in Figure 1.
KOH solutions in this concentration or higher are used
to ensure high ionic conductivity for alkaline aluminum-
air battery applications.[38] In the corrosion experiments,
high HPAs concentrations are avoided in order to preserve
the compounds and taking into account its highmolecular
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F IGURE 1 Hydrogen production measurements in 2 mol/L KOH for aluminum alloys: (A) 7475, (B) 6062, and (C) 5052. The
corresponding raw measurements are shown in the Supporting Information (Figure S1). Concentrations of additives in alkaline solutions
were NH4VO3 0.5 mol/L, ZnO 0.025 mol/L, PMo11AlV0.5 10 mmol/L, PMo11AlV0.5 10 mmol/L, NH4VO3 0.5 mol/L + CMC 10 g/L

TABLE 1 Chemical compositions of the different grades of
commercial aluminum alloys (wt%)[41]

Alloy Zn Mg Si Cr Fe Mn Cu
7475 6.20 2.60 0.10 0.25 0.12 0.06 1.90
6062 0.25 1.20 0.80 0.14 0.70 0.15 0.40
5052 0.10 2.80 0.25 0.35 0.40 0.10 0.10

weight. The solubility of ZnO limited the concentration of
the ZnO solutions at this pH. On the other hand, NH4VO3
is very soluble and can be used in high concentrations. We
decided to use 0.5 mol/L NH4VO3 according to the exper-
iments we performed in batteries (Table S1). It is essen-
tial to mention that in different studies, Na2SO4 is used as
an anti-corrosive additive in aluminumalloys. However, in
tests not shown here, we observed that Na2SO4 increased
twice the corrosion rate in Al 5052 alloys. For that reason,
the study with these inhibitors was not included.
It is essential to keep in mind that hydrogen evolu-

tion is related to reaction (2). This reaction results in
alloy corrosion and is strongly dependent on the inter-
metallic elements present in them. Figure 1 shows that
the corrosion in 2 mol/L KOH without additive (intrin-
sic parasitic corrosion) is different for every alloy with the
order Al5052>Al7475>Al6062. Some studies have shown
that corrosion in aluminum alloys is strongly depen-
dent on the content of different allowing elements such
as magnesium.[39,40] According to Table 1, the content
of magnesium in the aluminum alloys also shows the
same trend as the intrinsic parasitic corrosion, which is
Al5052 > Al7475 > Al6062. However, we cannot discard
that other alloying elements such as zinc and iron also play
an essential role.

When we study the influence of additives, it is observed
that from the HPAs effect only PMo11Al showed a signif-
icant decrease in the rate of corrosion and evolution of
hydrogen in Al5052 alloy. For that reason, we will focus
mainly on NH4VO3, CMC, and ZnO additives in the rest
of the study.
Al7475: the NH4VO3 + CMC solution produces a more

significant decrease in the evolution of H2 compared with
the rest of the additives, followed by the ZnO and the
NH4VO3.
Al6062: the evolution of H2 and corrosion rate are

clearly reduced when the additive used is NH4VO3; its
effectiveness is only comparable with the combined action
of NH4VO3 + CMC. Interestingly, ZnO does not apprecia-
bly decrease the H2 production rate.
Al5052: this alloy is also very susceptible to the addi-

tives; NH4VO3 and NH4VO3 + CMC lead to an apprecia-
ble decrease in the evolution of H2. ZnO also significantly
decreases the H2 generation reaction.
It is crucial to notice that NH4VO3 and NH4VO3 +CMC

were the most versatile anti-corrosive additives, having an
important effect on the three alloys. However, the strength
of the effect of the additive is also dependent on the alloy.
For example, in Al7475, NH4VO3 and NH4VO3 + CMC
decrease the hydrogen evolution by 28% and 51%, respec-
tively. In Al5052, the effect was even stronger; NH4VO3
andNH4VO3+CMCdecreased hydrogen evolution by over
68%. In Al6062, NH4VO3 and NH4VO3+CMC decrease
the hydrogen evolution by 70% and 66%, respectively. The
dependency on the alloy and its interaction with the corro-
sive additives in the factors affecting the parasitic corrosion
through reaction (2) show its complexity.
Kharitonov et al.[28,42,43] studied the anti-corrosive

effect of NaVO3 in Al6063 near to neutral pH using Raman
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imaging and XPS experiments. Based on their experi-
ments, they proposed an inhibition mechanism. They
suggested intermetallic species on the aluminum alloy
surface, such as magnesium, in function of the cathodic
sites that can reduce V+5 species forming V+4 monomers
over them. The mixture of V+5/V+4 can later polymerize
due to the local acidification from anodic dissolution. This
polymerized film can initially be amorphous, but it can
become crystalline if the polymerization and condensa-
tion continue. If, after several hours, the crystalline film
continues to grow in thickness, sometimes it cracks and
breaks down, diminishing in this way the protection of the
surface.[42] They also mention that V+5 monomers and
oligomers can be formed on the surface of the Al, resulting
in anodic inhibition; however, this film is much thinner
than the one formed over the intermetallic particles.
In our experiments, the anti-corrosive effect of NH4VO3

in alkaline conditions was studied, because they are more
suitable for aluminum-air batteries. To better understand
the interaction between anti-corrosive additives and
the alloys’ surface, we performed 2D Raman imaging
experiments in samples that were immersed in a 2 mol/L
KOH solution with 0.5 mol/L NH4VO3 for 1.5 h (Figure 2).
It is known that in an alkaline medium, vanadate is
tetrahedral with an oxidation state V+5 (VO4

3–, V2O7
–4,

and (VO3)n–n).[44,45] However, if local acidification of
anodic sites is carried out on the metal surface, hydrolysis
of dissolvedmetal ions occurs, which leads to the polymer-
ization of polyvanadate ions.[42] We hypothesize that mag-
nesium intermetallic particles can have a similar cathodic
effect in our alloys, reducing V+5 to V+4 species. For this
reason, we expect a very similar species form and a similar
corrosion inhibition mechanism in our films like the one
proposed by Kharitonov. However, the analysis of the
Raman peaks for vanadium species is complicated since
their shape or position can change due to several factors:

∙ Ionic strength: it can increase or decrease the number of
oligomers, thereby the frequencies observed.

∙ Oxidation state: vanadium +4 species have lower bond
strength compared to vanadium +5 species.

∙ The mixture of polymeric and crystalline species can
make different peaks overlap and shift. In general, amor-
phous polymeric peaks are broader and rounder mean-
while crystalline peaks are sharper and narrower.

The results of our 2D Raman imaging experiments are
shown in Figure 2. TheAl7475 alloy shows the formation of
flakes that we also observed in Figure 2A. The broad band
at 868 cm–1 in the blue spectrum (Figure 2B) corresponds
to tetrahedral polymeric species of vanadium, containing
a mixture of V+5 with a smaller portion of V+4; mean-
while, the band at 939 cm–1 corresponds to the distorted

V+4 = O stretching mode.[46] The green spectrum (Fig-
ure 2C) shows sharp peaks at 852 cm–1, 815 cm–1, 334 cm–1,
and 267 cm–1, which are common to some polymeric V+5–
Mg species such as Mg4V2O9 or Mg3(VO4)2 phases.[47]
These data suggest that vanadiumhas to penetrate through
the flake boundary, where it forms intermetallic species
with magnesium and polymerizes to the interior of the
flakes’ structure.
The Al6062 alloy in the blue spectrum (Figure 2H)

also shows a broad band at 878 cm–1 that corresponds
to tetrahedral polymeric species of V+5. The green spec-
trum (Figure 2I) shows a band at 896 cm–1 and 848 cm–1

corresponding to V+4/+5 = O symmetric and asymmet-
ric modes in crystalline polymeric species. The band
at 505 cm–1 in the red spectrum (Figure 2J) is typi-
cal of aluminosilicates.[48,49] These aluminosilicates usu-
ally have the formula Al4.01XSi0.74, where X can be Mn
or Na.[48,50] This kind of aluminosilicates is known to
form an anti-corrosive protective layer over aluminum
alloys.[49,51–53]
The green spectrum in the Al5052 alloy (Figure 2F) also

shows peaks at 867 and 337 cm–1, which are observed in
some polymeric V+5–Mg species and suggest the presence
of Mg4V2O9 or Mg3(VO4)2 intermetallic phases over the
Al5052 alloy, but more amorphous than in the case of the
Al7475 alloy. It also shows a broad band at 889 cm–1 (Fig-
ure 2E) corresponding to tetrahedral polymeric species of
V+5. Both species are homogeneously distributed over the
surface of the alloy.
In the Al6062 alloy, the formation of an anti-corrosive

aluminosilicate layer over the electrode seems to be intrin-
sic to the nature of the alloy that contains a high amount
of silicon. This protective layer formation could explain
why this alloy is more resistant to corrosion when no anti-
corrosive additives are used. We observed that tetrahedral
polymeric species of V+5 were common to the three alloys
and probably play a fundamental role in the anti-corrosive
activity. However, it is clear that depending on the alloy,
other species are formed, like intermetallic compounds
withmagnesium (or aluminosilicates inAl6062). This adds
complexity to the analysis of the anti-corrosive activity
since other factors might play an important role, such as
the morphology and stability of the formed film. However,
in general terms, we observed very similar species as in the
study of Kharitonov et al.,[42] suggesting that the protec-
tion mechanism is similar.

2.2 Polarization curve measurements

Concerning the polarization plots measurements (Fig-
ure 3), the anodic current obtained is related to alu-
minum dissolution according to Equation 1; meanwhile,
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F IGURE 2 Raman 2D imaging of alloys after exposure for 1.5 h to a 2 mol/L KOH solution with 0.5 M NH4VO3 for (A) Al7475,
(D) Al5052, and (G) Al6062. Every color in the Raman image corresponds to the Raman spectrum of the same color and represents the
distribution of that species on the surface of the alloy. The scale bar in all micrographs is 50 µm
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F IGURE 3 Polarization plots in 2 mol/L KOH and scan rate
0.5 mV/s for aluminum alloys (A) 7475, (B) 6062, and (C) 5052

the cathodic current is related to oxygen reduction accord-
ing to Equation 3 and/or water reduction according to
Equation 4.

O2 + 2H2O + 4e− → 4OH− (3)

2H2O + 2e− → 2OH− + H2 (4)

It is essential to clarify that the corrosion current (icor)
obtained by polarization plots is not directly related to the
parasitic corrosion occurring through Equation 2. As we
mentioned before, the hydrogen evolution reaction occurs
in the aluminum electrode interface and does not pro-
duce current. On the other hand, the corrosion current
obtained by polarization plots is related to Equation 1 and
describes how easily aluminum can be oxidized to deliver
current. When an additive increases the corrosion current
(icor) concerning the black, the additive favors the disso-
lution of aluminum. On the contrary, when an additive
decreases the corrosion current (icor), this indicates alu-
minum dissolution inhibition. If an additive decreases the
parasitic corrosion (Equation 2) and decreases the cor-
rosion current (Equation 1), even though the alloy will
undergo less dissolution through hydrogen evolution, it
will also deliver less current. However, if the alloy will be
used in an aluminum-air battery that does not require a
high current or high power, the partial inhibition of the
corrosion current (Equation 1) should not be a significant
problem in the battery’s performance.
Tables 2–4 compare the corrosion parameters obtained

from the hydrogen evolution tests (iH2) and polarization
measurements (icorr). In the study by Zhu et al., they
observed that the corrosion rate results for aluminum
using different methodologies are not necessarily consis-
tent in magnitude, but they are consistent in trend.[17]
The values calculated for the anodic (βa) and cathodic

(βc) Tafel slopes as well the percentage of inhibition (ηa%)
found for each additive are detailed in Table S2–S4.
Al7475: the highest ηa% was 72%, corresponding to the

solution containingNH4VO3+CMC, followed byZnOand
NH4VO3 with 53 both respectively.
The βa and βc of the solutions with NH4VO3 changed

compared the blank (βc Blank: −162 mV/ βc NH4VO3:
−250 mV, βa Blank: 176 mV/βa NH4VO3: 409 mV), reveal-
ing that vanadate cannot be classified as a single type
of inhibitor because its strong combined effect that sup-
presses the cathodic reaction and slows the dissolution of
aluminum. The effect of NH4VO3 + CMC on Tafel slopes
also suggests a mixed effect.
Al6062: the NH4VO3 has a ηa% of 58%, followed by

NH4VO3 +CMC (46%). The polarization curves of Al6062
supports the mixed effect of NH4VO3 and NH4VO3 +

CMC inhibitors for this alloy, partially tending to sup-
press the cathodic reaction. Meanwhile, it is observed that
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TABLE 2 Corrosion parameters for Al7475 alloy

Additive
Hydrogen gas evolution
rate (mL cm–2 min–1) IH2 (mA/cm2) Ecorr/VvsAg/AgCl icorr (mA/cm2)

Blank 0.414 51.42 −1.411 13.30
NH4VO3 0.300 42.06 −1.538 6.20
NH4VO3 + CMC 0.203 24.65 −1.538 3.65
ZnO 0.268 29.00 −1.485 6.28

TABLE 3 Corrosion parameters for Al6062 alloy

Additive
Hydrogen gas evolution
rate (mL cm–2 min–1) IH2 (mA/cm2) Ecorr/VvsAg/AgCl icorr (mA/cm2)

Blank 0.279 31.87 −1.577 12.21
NH4VO3 0.083 10.62 −1.609 5.19
NH4VO3 + CMC 0.094 10.04 −1.579 6.56
ZnO 0.247 27.93 −1.545 9.79

ZnO strongly suppresses anodic kinetics and can influence
the cathodic reaction. These mixed inhibition results for
Al6062 are consistent with previous reports.[17,54]
Al5052: the solutions with NH4VO3 and NH4VO3 +

CMC had 46 and 59% inhibition percentages, respectively,
followed by ZnO (12%). In the Al5052 alloy, NH4VO3,
NH4VO3 + CMC and ZnO showed a strong effect in the
anodic kinetics (βa Blank: 389 mV, βa NH4VO3: 460 mV,
βa NH4VO3+CMC: 576 mV, βa ZnO: 324 mV).
In general, only in the Al7475 alloy, the combination

NH4VO3 + CMC improved the inhibition compared to
NH4VO3 alone. Moreover, we observed that additives that
inhibit parasitic corrosion through Equation 2 (hydro-
gen evolution) usually also inhibit corrosion through alu-
minum’s dissolution (Equation 1). This typically happens
because the protective layer blocks the surface suppress-
ing of both reactions. (see polarization curves in Figure S2).
For this reason, we did not test higher metavanadate con-
centrations since further inhibition of reaction 1 will go to
the detriment of the batterie’s current. We will publish a
more detailed study on this topic.

2.3 Open circuit potential

The change in the open circuit potential (EOCP) of the
alloys in solutions with additives shows the effect of the

anti-corrosive decreasing the corrosion current density
(icorr).[32] This decrease in the current is related to an inhi-
bition in the cathodic kinetics or the anodic reaction in the
electrode (a change of 85mV in the EOCP toward one or the
other direction). If the change does not exceed this thresh-
old value of ±85 mV, then the inhibitor is classified as a
mixed type. In our system, both the anodic dissolution of
Al (Equation 1) and the cathodic reduction of O2 or H2O
(Equations 3 and 4) can be affected.
The open-circuit potentials for each alloy-additive com-

bination are tabulated in Table S5. However, a summary
of the shifting in the OCP values regarding the black
sample is shown in Figure 4. The hydrogen evolution
measurements showed that HPAs did not help with the
anti-corrosive activity except for one combination PMo11Al
with Al5052 alloy, which showed a mixed inhibitory effect
in the OCP of the polarization plots. We still do not fully
understand themechanism for this inhibitory effect. How-
ever, from the practical point of view, we decided to focus
on the inhibitory effect of NH4VO3 based additives, which
would have more possibilities to be used in the batteries
market because it is cheaper and commercially available.
Al7475: The blank solution of this alloy had an EOCP

−1,404 VvsAg/AgCl, which moved to more positive values
(EOCP −1,304V and−1.321 V) in the solutions ofHPAs.This
suggests that these two additives modify the dissolution

TABLE 4 Corrosion parameters for Al5052 alloy

Additive
Hydrogen gas evolution
rate (mL cm–2 min–1) IH2 (mA/cm2) Ecorr/VvsAg/AgCl icorr (mA/cm2)

Blank 0.543 71.97 −1.427 20.47
NH4VO3 0.175 19.26 −1.619 11.03
NH4VO3 + CMC 0.161 16.83 −1.615 8.40
ZnO 0.228 24.86 −1.558 13.44
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F IGURE 4 Displacement of Ecorr in the cathodic or anodic
direction for alloys in solutions with additives. The potential value
corresponds to the subtraction of the blank samples’ OCP from the
samples’ OCP values. Dashed lines indicate ±85 mV

mechanism of aluminum. Regarding ZnO, NH4VO3, and
NH4VO3 + CMC, the change was toward more negative.
The EOCP values shift due to the additives’ anti-corrosive
effect and suppressing the cathodic kinetics in the elec-
trode.
Al6062: This is a particular case because none of the

additives change the EOCP beyond the reference value
(±85 mV). It seems the additives affect both reactions to
some extent (mixed effect). In detail, both NH4VO3 and
NH4VO3 + CMC slightly change the OCP in the cathodic
direction while the rest of the additives produce a shift in
the anodic direction.
Al5052: NH4VO3, NH4VO3 + CMC, and ZnO are all

cathodic inhibitors (EOCP −1,612V, 1,612V, and −1,564 V)
(Table S5).
In general, we observed that the response of the Al7475

alloy to the additives was more complicated than for the
other alloys. The shift in OCP was cathodic for NH4VO3,
ZnO, and NH4VO3+CMC. We also measured the OCP for
solutions with CMC as an inhibitor and observed a similar
shift in the OCP as in NH4VO3+CMC.
The corrosion inhibition of aluminum using organic

compounds iswell established. Polar groupswith nitrogen,
oxygen, and sulfur atoms are responsible for the inhibitory
effect by forming strong coordination bonds. The water
molecules on the metal surface are replaced by organic
molecules that can interfere with the anodic and cathodic
reactions on the metal. It has been predicted that fac-
tors such as electron density at the donor site, molecular
weight, and steric hindrance are some characteristics that
influence inhibitor performance.[13] However, the exact

operating mechanisms for this type of additives are still
under debate.
ZnO’s inhibitory properties could be explained by the

fact that ZnO in a highly alkaline solution takes its zin-
cate form and then forms metallic zinc according to Equa-
tions (5) and (6).

ZnO + H2O + 2OH− → Zn (OH)
2−
4 (5)

3Zn (OH)
2−
4 + 2Al → 3Zn + 2Al (OH)

−
4 + 4OH− (6)

Hydroxides compose the layer formed by ZnO and
metallic zinc deposits that form a galvanic pair with
aluminum. The characteristic porous layer is shown in
Figures S4-S9.
TheAl6062 alloy has the most negative OCP in 2 mol/L

KOH from the three alloys (Table S4), which results in the
alloy with lower intrinsic corrosion. This highly negative
OCP value alsomakes the alloy less susceptible to the effect
of the different additives. As it can be seen in Figure 4, all
additives produce a shift lower than ±85 mV in the OCP,
which accounts for a mixed inhibitory effect in all of them.
Surprisingly, in the ZnO additive, this mixed-anodic shift
results in no significant corrosion inhibition.
Finally, we have the Al5052 alloy, which is the one that

initially has the highest hydrogen evolution rate and cor-
responds to the lower quality alloy in terms of corrosion
resistance. We can observe that the three main additives,
ZnO, NH4VO3, andNH4VO3+CMC, result in strong corro-
sion inhibition and a solid cathodic shift in the OCP (Fig-
ure 4). It is crucial to notice that the use of NH4VO3 based
inhibitors allow the leveling of alloys like Al5052 with less
resistance towards corrosion and make them similar to
more corrosion-resistant alloys like Al6062.

2.4 Surface analysis

SEM images for themain alloy-additive couples are shown
in Figure 5. Samples were measured after the hydrogen
evolution test.
Al7475: The blank sample shows the formation of a

thick layer upon corrosion composed of flakes. In general,
the blank sample surface (Figure 5A) after corrosion
contains Mn, Cu, Zn, and Fe intermetallic elements. The
sample treated with the NH4VO3 additive (Figure 5B)
shows a very similar structure to the blank sample, but it
has incorporated vanadium on its composition. The struc-
ture in the sample treated with ZnO additive (Figure 5C) is
different. In this case, the zinc oxide recovers the surface
of the alloy, which is observed as a layer with a porous
appearance (Figures S10–S13).
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F IGURE 5 SEM images at 500 magnification after treatment for 30 minutes in the corresponding solutions for 7475 alloy, (A) blank in
2 mol/L KOH, (B) 2 mol/L KOH and 0.5 mol/L NH4VO3, and (C) 2 mol/L KOH and 0.025 mol/L ZnO, for 6062 alloy, (D) blank in 2 mol/L
KOH, (E) 2 mol/L KOH and 0.5 mol/L NH4VO3, and (F) 2 mol/L KOH and 0.025 mol/L ZnO, for 5052 alloy, (G) blank in 2 mol/L KOH,
(H) 2 mol/L KOH and 0.5 mol/L NH4VO3, and (I) 2 mol/L KOH and 0.025 mol/L ZnO
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Al6062: The blank samples (Figure 5D) show the for-
mation of a smoother surface than in the Al7475 alloy. The
EDX analysis mainly showed traces of Mn and Fe inter-
metallic elements. The sample treated with the NH4VO3
additive (Figure 5E) shows the incorporation of vanadium
on the surface of the alloy, which also contains flakes in
the structure but of a much smaller size than in the case of
the Al7475 alloy. Meanwhile, the sample treated with ZnO
additive (Figure 5F) shows the formation of a porous zinc
oxide layer over the alloy (Figures S14–S21).
Al5052: The blank sample (Figure 5G) also shows

the formation of a smoother oxide surface than in the
case of the Al7475 alloy. This layer contains Fe and Pb
intermetallic elements. The sample treated with NH4VO3
additive (Figure 5H) shows an even smoother surface that
contains vanadium in its composition. On the other hand,
the samples treated with ZnO additive (Figure 5I) show a
zinc oxide layer formation. However, in this case, the zinc
oxide layer has a more compact appearance than the other
two alloys.
In the three alloys, the HPAs solutions produce the addi-

tion of Mo and V on the surface and the grains, especially
in the Al5052 (see Figures S22–S29).

2.5 EIS measurements

The Nyquist plots for Al7475, Al6062, and Al5052, in
blank solution and including NH4VO3, NH4VO3 + CMC,
and ZnO, combinations as additives are shown in Figure 6.
They consist of two parts: a high-medium frequency (105-
50 Hz) capacitative loop caused by the charge transfer of
the corrosion process. According to Brett, the first capac-
itive time constant corresponds to interfacial reactions of
Al oxidation at the metal/oxide/electrolyte interface. In
this process, the formation of Al+ ions at the metal/oxide
interface and their migration through the oxide layer to
the oxide/solution interface occur due to high electric field
strength, where they get oxidized to Al3+.[55,56] The sec-
ond capacitive loop appearing at low frequency could be
originated from the growth and dissolution of the surface
film.[57]
The equivalent circuit model can fit these Nyquist dia-

grams suggested and included in Figure 6. The obtained
parameters were extracted from this model and sum-
marised in Table 5. The model consists of an Rs (solu-
tion resistance), a series combination of a constant phase
element (CPE1) in parallel with Rct1(charge transfer resis-
tance), and this in series with CPE2 in parallel with an Rct2
charge transfer resistance.
The model included constant phase elements (CPE)

because of the depressed semicircles due to the inhomo-
geneity distribution (microscopic roughness) on the solid T
A
B
L
E

5
Fi
tti
ng

pa
ra
m
et
er
so
bt
ai
ne
d
fr
om

th
e
im
pe
da
nc
e
m
ea
su
re
m
en
ts

Sa
m
pl
e

R
s(
Ω
)

C
PE

1-
T(
+
)

C
PE

1-
P(
+
)

R
ct
1(
Ω
)

C
PE

2-
T(
+
)

C
PE

2-
P(
+
)

R
ct
2
(Ω
)

R
ct
1(
+
)+
R
ct
2
=
R
to
ta
l(
Ω
)

(R
Ti
nh
−
R
TB

la
nk
)/
R
ti
nh
%

74
75

5.
12

5.
50
E−

04
0.
87

16
.5
6

8.
99
E−

04
0.
90

36
78

36
95

N
H
4V
O
3

4.
1

5.
20
E−

04
0.
76

3.
06

1.1
1E
−
04

0.
92

64
36

66
16

44
N
H
4V
O
3
+
C
M
C

3.
00

5.
35
E−

05
0.
77

1.2
0

1.8
0E
−
04

0.
92

51
52

51
53

28
Zn

O
1.8
4

3.
84
E−

04
0.
87

1.3
2

1.9
1E
−
05

0.
98

38
76
7

25
68
3

86

R
s(
Ω
)

C
PE

1-
T(
+
)

C
PE

1-
P(
+
)

R
ct
1(
Ω
)

C
PE

2-
T(
+
)

C
PE

2-
P(
+
)

R
ct
2

(Ω
)

R
ct
1(
+
)+
R
ct
2
=
R
to
ta
l(
Ω
)

(R
Ti
nh
−
R
TB

la
nk
)/
R
Ti
nh

60
62

2.
05

1.3
0
×
10

−
04

0.
89

3.
21

1.4
0
×
10

−
04

0.
99

27
83
9

27
84
2

N
H
4V
O
3

4.
28

2.
90

×
10

−
04

0.
77

10
.7
5

1.0
7
×
10

−
04

1.0
0

10
97
8

10
98
9

−
14
0

N
H
4V
O
3
+
C
M
C

3.
30

2.
40

×
10

−
04

0.
79

4.
87

1.0
5
×
10

−
03

0.
95

48
43

48
48

−
44
4

Zn
O

2.
05

3.
52

×
10

−
05

1.0
1

0.
54

1.7
5
×
10

−
04

0.
93

47
15
2

47
15
3

44

R
s(
Ω
)

C
PE

1-
T(
+
)

C
PE

1-
P(
+
)

R
ct
1(
Ω
)

C
PE

2-
T(
+
)

C
PE

2-
P(
+
)

R
ct
2

(Ω
)

R
ct
1(
+
)+
R
ct
2
=
R
to
ta
l(
Ω
)

(R
Ti
nh
−
R
TB

la
nk
)/
R
Ti
nh

50
52

2.
07

8.
57

×
10

−
05

1.0
1

7.
04

2.
60

×
10

−
03

0.
85

27
0.
2

27
7

N
H
4V
O
3

4.
19

2.
50

×
10

−
04

0.
74

5.
98

1.1
0
×
10

−
04

1.0
1

13
17
5

13
18
1

98
N
H
4V
O
3
+
C
M
C

3.
17

1.8
5
×
10

−
04

0.
77

5.
16

7.
23

×
10

−
05

1,.
1

20
07
7

20
08
2

99
Zn

O
1.2
8

1.1
0
×
10

−
04

0.
75

3.
80

1.2
0
×
10

−
04

0.
98

67
76
5

67
76
9

10
0



11 of 15 Electrochemical Science Advances
Research article
doi.org/10.1002/elsa.202100125

F IGURE 6 Nyquist plots of (A) 7475, 6062, and 5052 alloys in
the corresponding blank solutions of 2 mol/L KOH, (B) 5052 alloy in
the corresponding solutions with 2 mol/L KOH and ZnO
0.025 mol/L; 2 mol/L KOH and 0.5 mol/L NH4VO3; and 2 mol/L
KOH with 0.5 mol/L NH4VO3 + 10 g/L CMC

electrode. The CPE used in equivalent circuit is defined by
the components Q and n and is deduced by the following
relation[58]:

𝑍𝐶𝑃𝐸 =

(
1

𝑄(𝑗𝜔)
𝑛

)
(7)

where Q is the proportionality constant and comparable
to capacitance, j is the imaginary unit, ω is the angular fre-
quency, andn is phase shift and related to the degree of sur-
face non-homogeneity. The value of n describes the CPE.
The CPE represents resistance if (n = 0, Q = R), capaci-
tance (n = 1, Q = C), and Warburg impedance (n = 0.5,
Q=W). In the present study, the value of n varies from0.74
to 1.00 in the presence of inhibitors indicating the similar-
ity of CPE with capacitor when n is near to 1.
The impedance measurements for the blank samples

are consistent with the hydrogen production measure-
ments (Figure 6A). The total resistance of the samples

F IGURE 7 Alloy pieces after treatment in 2 mol/L KOH with
different additives

(related to the corrosion rate) increases according to
Al5052 >Al7475 >Al6062. Therefore, the Al5052 alloy cor-
rodes much faster than the Al6062 alloy, according to the
H2 production experiments presented above.
The impedance measurements in the Al7475 alloy show

that NH4VO3 and NH4VO3 + CMC result in corrosion
protection compared to the blank (Figure S31a). The total
resistance is increased from 3793 Ω in the blank sample to
6616 Ω and 5153 Ω in the NH4VO3 and NH4VO3 + CMC
samples, respectively. However, ZnO shows higher total
resistance than in the other alloys, which is again inconsis-
tentwith thehydrogenproduction tests. The corrosion pro-
cess in the Al7475 alloy forms a thick oxide layer over the
electrode that could fall and regrow (Figure 5A). The pro-
cess becomes even more complex when NH4VO3 is added
to the solution because an inhibitory layer based on the
vanadium species also has to grow over the alloy. When
NH4VO3 additives are used, the impedance behavior is also
related to the nature of the protective layer over the elec-
trode and howmechanically stable it is. The flakes formed
over the electrode can likely peel off and avoid the forma-
tion of thick polymeric vanadate layers. This type of pro-
cess inwhich an unstable layer is formed over the electrode
has been observed previously.[45,53]
The impedance experiments with the Al6062 alloy are

very particular (Figure S31b). The Al6062 alloy naturally
forms an effective anti-corrosive layer that cannot be eas-
ily removed, as observed in Figure 7G and Figure S30.
As we observed in the Raman experiments, this layer
consists of aluminosilicates with anti-corrosive properties.
When NH4VO3 and NH4VO3 + CMC are added, the for-
mation of this aluminosilicate layer is partially inhibited,
and a vanadate layer is formed instead (Figure 7H and I).
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This vanadate layer can be easily removed, as observed in
Figure S30. Again, ZnO forms a very thick layer with very
high resistance, as in the case of the Al5052 alloy.
Finally, Al5052: When the alloy is the blank electrolyte

(KOH 2 M) the high-medium, and low-frequency loop
shows that the material suffers a strong attach from alka-
line solution (Figure 6B). The total resistance Rct1+ Rct2 is
approximately 275 Ω, the CPE1 and 2 have n ∼ 1-0.84. This
resistance value in Al5052 with NH4VO3 and NH4VO3 +

CMC is much higher in comparison with the blank solu-
tion. The formation of a protective layer over the elec-
trode seems to justify this result. With NH4VO3 additive,
the impedance module increases significantly at low fre-
quency. The total resistance goes 50 times higher than the
blank solution (13.180 Ω) (see Table 5). The same behav-
ior was found with NH4VO3 + CMC, although more pro-
nounced. Impedance measurements with ZnO additive
(Figure 6) are pretty different. The strong effect in the
impedancemodule is carried out; the total resistance value
now is 100 times higher than the blank solution. According
to the EIS spectra, ZnO represents the best anti-corrosive
additive. This behavior is inconsistent with the hydro-
gen production tests. A possible explanation could be the
nature of the protective layer formed.
Figure 7E shows that ZnO produces a very thick amor-

phous layer over the electrode. This deposit could facilitate
the formation of discharge layer film that limits mass dif-
fusion. This thick layer results in an increased resistance
but not necessarily in better protection toward corrosion.
NH4VO3-based anti-corrosives result in a more compact
layer over the electrode. However, it represents better anti-
corrosive protection. This increased protection is possibly
related to the close interaction of vanadate species with the
intermetallic species of the alloys that we observed in the
Raman experiments.
In general, we can say that the nature and chemistry of

the protective layer formed by ZnO or NH4VO3 are very
different, which makes it very difficult to directly compare
them by impedance measurements because the observed
resistance does not necessarily correlate with the hydro-
gen production experiments. NH4VO3 inhibitors do not
require to form a very thick layer to be effective. In this
case, it is more critical the close interaction of vanadate
species with the surface of the alloy to form these thin lay-
ers of polymeric vanadate.
ZnO’s protection mechanism is the formation of a

spongy layer over the surface of the electrode. In the case
of the NH4VO3 additive, the layer’s behavior seems to be
more complex and dynamic. Different types of vanadium
species can be formed on the surface; this species can poly-
merize and crystallize, forming thicker and more unstable
layers that can fall out and regrowth, but in general, remain
thinner than the ZnO layers.

The thick deposits formed by the ZnO additive (Fig-
ure 7) could represent a problem when implemented in
aluminum-air batteries. Different studies report a block-
ing effect of oxide by-products in the air cathode of metal-
air batteries.[59–61] These oxides can come from the oxi-
dation of aluminum or the ZnO additive itself. NH4VO3
additives, on the other hand, are very soluble and do not
form any deposits, which represents an advantage over the
ZnO additives. In the preliminary studies showed in Table
S1, no apparent effects of NH4VO3 additives were observed
on either the chemistry or the cathode performance. How-
ever, this is something that we will study in more detail in
the future.

3 CONCLUSION

POMs did not show anti-corrosive activity, except for
PMo11Al mixed with Al5052 alloy. The polarization mea-
surements showed a mixed anodic-cathodic mechanism.
Understandingmore about this additive will be interesting
from a fundamental point of view. Nevertheless, it is pos-
sibly too expensive to be used in aluminum-air batteries.
The effect of ZnO anti-corrosive additive in Al alloys

for battery applications has beenmore extensively studied.
For that reason, our primary focus in this study was the
effect of NH4VO3 and NH4VO3 + CMC and used the ZnO
additive more like a point of comparison. However, when
we performed the corrosion experiments, we observed that
the three additives’ effect is highly dependent on the alloy
and can vary from cathodic to mix and anodic. We have
observed, for example, that the ZnO additive in Al6062
had almost not anti-corrosive effect. On the other hand,
the additives NH4VO3 and NH4VO3 + CMC showed anti-
corrosive activity in all three alloys, making them more
versatile. NH4VO3 and NH4VO3 + CMC are also highly
soluble in alkaline medium, making them interesting to
use in liquid or gel electrolytes for aluminum-air batter-
ies and give them an advantage over ZnO hasmore limited
solubility. Another important aspect is that NH4VO3 based
additives helped to make alloys with bad anti-corrosive
properties like Al5052 comparable to better alloys like
Al6062. According to the hydrogen production tests and
the impedancemeasurements,NH4VO3 based additives do
not require forming a thick protective layer to decrease the
corrosion of the aluminum alloys effectively.
The anti-corrosive layer formed from NH4VO3 elec-

trolyte is composed of polymeric forms of tetrahedric van-
dates with vanadium in +5 oxidation state for the three
alloys. However, in some alloys, intermetallic compounds
of magnesium with vanadium +5 and polymeric forms of
tetrahedral vanadates with +4 oxidation state can also be
formed. In the hydrogen production measurements, we
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observed that adding CMC to the NH4VO3 additive might
help to reduce the corrosion rate in the Al7475 alloy.
In conclusion, NH4VO3 and NH4VO3 + CMC additives

are up-and-coming anti-corrosive candidates to be used in
aluminum-air batteries. Those results deserve more inves-
tigation and will be an object of future studies.

4 EXPERIMENTAL SECTION

4.1 Reagents

It was used carboxymethylcellulose sodium salt, low vis-
cosity from Sigma–Aldrich. Also, aluminum chloride hex-
ahydrate, molybdenum oxide, ammonium metavanadate,
zinc oxide, and sodium hydroxide were >99% purity from
Sigma–Aldrich.

4.2 Preparation of
heteropolycompounds

4.2.1 Synthesis of the Keggin-type
heteropolyacid H6PMo11AlO40

The H6PMo11AlO40 was synthesized according to
Romanelli.[62] A mixture of H3PO4 85% (0.58 g (0.01 mol)),
AlCl3.6H2O (1.21 g (0.005 mol)), and MoO3 (14.4 g
(0.11 mol)) was suspended in 150 mL of distilled water.
The mixture was stirred for 6 h at 80◦C. After cooling
down to room temperature and removing insoluble poly-
molybdates, the heteropolyacid solution was evaporated
and dried at 85◦C for 24 h. After that, yellow crystals of
H6PMo11AlO40 were obtained.

4.2.2 Synthesis of the Keggin type
heteropolyacid H5PMo11Al0.5V0.5O40

The H5PMo11Al0.5V0.5O40 was synthesized according
to Romanelli.[62] A stoichiometric mixture of 0.58 g
(0.01 mol) of H3PO4 85%, 0.6 g (0.0025mol) of AlCl3.6H2O,
0.22 g (0.0012 mol) of V2O5, and 14.4 g (0.11 mol) of MoO3
was suspended in 150 mL of distilled water. The mixture
was stirred for 6 h at 80◦C. After cooling down to room
temperature and removing insoluble molybdates and
vanadates, the heteropolyacid solution was evaporated
and dried at 85◦C for 24 h. After that, yellow-orange
crystals of H5PMo11Al0.5V0.5O40 were obtained.

4.2.3 Infrared and Raman spectroscopic
analyses

The main IR bands of H6PMo11AlO40 were 1060 (P-
Oa), 866 (Mo-Ob-Mo), 787 (Mo-Oc-Mo) cm–1 and the

Raman peaks were 945, 469, 1456, and 1766 cm–1. For the
H5PMo11Al0.5V0.5O40, themain IR bandswere 1047 (P-Oa),
947 (Mo = Od), 879 (Mo-Ob-Mo), and 736 (Mo-Oc-Mo)
cm–1 and the Raman peaks were 488, 928, 1464, 1515, and
1764 cm–1. Spectra are shown in the Supporting Informa-
tion (Figure S32).

4.2.4 Preparation of materials

Ammonium vanadate 0.5 mol/L, zinc oxide
0.025 mol/L, the heteropolyacid H6PMo11AlO40, and
H5PMo11Al0.5V0.5O40 10 mmol/L were evaluated as anti-
corrosive for three commercial aluminum alloys with
different metal compositions Al7475, Al6062, and Al5052
in 2 mol/L KOH solution. All experiments were carried
out with aluminum samples previously polished. The size
of the samples was 20 mm × 10 mm.

4.2.5 Hydrogen evolution test

Concentrations of additives in alkaline solutions were
NH4VO3 0.5 mol/L, ZnO 0.025 mol/L, PMo11AlV0.5
10 mmol/L, PMo11AlV0.5 10 mmol/L, NH4VO3 0.5 mol/L+
CMC 10 g/L. The hydrogen produced by each alloy in
25 mL of 2 mol/L KOH solution with different additives
was measured by collecting hydrogen gas. The aluminum
samples (area: 4 cm2) were placed in an airtight container
connected to a burette (Figures S33). The total immersion
time was 30 min, and the displaced volume of water was
read every 5 min. This measurement was repeated twice
for each additive with the three alloys.
The hydrogen evolution rate (Er) over the immersion

period was calculated according to Equation (1):

𝐸𝑟 =
𝑉𝐻2

𝐴 × 𝑇
(8)

where Er is in mL cm–2 min–1, A is specimen area (in cm2),
VH2 is the volume of hydrogen gas collected (in mL), and T
is the immersion period (in min). The corrosion rate (Cr)
was calculated as follows:

𝐶𝑟 =
𝑚𝐴𝑙

𝐴 × 𝑇
(9)

where Cr is in mg cm–2 min–1, A is specimen area (in cm2),
mAl is the aluminum weight lost during the test (in mg),
and T is the immersion period (in min).
Also, the corrosion current (icorr) of the aluminum elec-

trode was calculated according to Equation 10:

𝑖𝑐𝑜𝑟𝑟 = 𝑖𝐻2
=
2𝑝𝑉F

R𝑇𝑆𝑡
(10)
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where p is atmospheric pressure (Pa), V is hydrogen gas
volume (cm3), F is Faraday constant, R is gas constant, T is
experimental temperature (K), t is the collecting time (s),
and S the electrode area (cm2).

4.2.6 Electrochemical measurements

The electrochemical experiments consisted of electro-
chemical impedance spectroscopy (EIS), and potentiody-
namic polarization curves were carried out at 25◦C with
three electrodes system in a PGSTAT 302N from Metrohm
Autolab. The reference electrode was the Ag/AgCl elec-
trode, the counter electrode was a Pt wire, and the working
electrode was each of the alloys (exposure area: 0.5 cm2).
As mentioned before the electrolyte was 2 mol/L KOH
solution with different additives (Figures S34-S35).
The polarization curves weremeasured in the potentials

from ±400 mV around the corrosion potential at a sweep
rate of 0.5 mV/s. The alloy pieces (exposure area: 0.5 cm2)
were immersed in the 2 mol/L KOH-additive solution for
30 min. During this period, the EOCP was measured, and
subsequently, the respective polarization curve was car-
ried out. EIS measurements were carried out under the
frequency range from 0,01 Hz to 100 kHz at open circuit
potential after 30 min immersion, and the sinusoidal volt-
age amplitude was 0.01 mV.

4.2.7 Scanning electron microscopy and
energy-dispersive X-ray spectroscopy

The alloys samples resulting from the H2 evolution test
were used in the microscopy studies to observe surface
morphology and determined the composition of theAl sur-
face after immersion in the electrolytic solution with addi-
tives. AHitachi S-300 scanning electronmicroscope (SEM)
and an energy-dispersive X-ray spectroscopy (EDX) system
equipped with an INCAx-sight (Oxford Instruments) were
used. The corrosion products were not removed from the
Al surface for the measurement.

4.3 Raman spectroscopic experiments

All Raman spectra in this work were acquired on a WITec
Alpha 300R Raman microprobe system. Each of the alloys
was immersed in KOH 2 mol/L-NH4VO3 0.5 mol/L for
30min (area: 4 cm2). After drying the pieces, single Raman
spectra were acquired with 532 nm excitation, 20 mW of
power, 5 s of integration time, and 100 accumulations.
Raman measurements were replicated on three different
areas of samples. Also, a 2D area mapping was carried

out twice for each piece (points per line: 50 × 50, area:
2500 µm2).
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