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inhibit corrosion of the aluminum anode in
aluminum–air batteries†

Chaonan Lv,a Yuxin Zhang,a Jianjun Ma, b Yuanxin Zhu,a Dan Huang,c Yixin Li, *a
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As a promising energy storage technology, aluminum–air batteries possess the advantages of high energy

density, safety and low-cost. However, the severe self-corrosion of the aluminum anode greatly limits their

practical applications. To address such issues, solvation chemistry and interface chemistry are combined

together to reduce the aluminum anode corrosion by adding a concentrated potassium acetate

electrolyte component and sodium stannate electrolyte additive, which can greatly decrease the number

of free H2O molecules and improve the potential of hydrogen evolution. Thus, the aluminum anode

exhibits significantly reduced corrosion rate behavior in the as-prepared electrolyte (0.085 mg

cm�2 min�1 for the blank electrolyte, and 0.011 mg cm�2 min�1 for the hybrid high concentration

electrolyte). The full cell with the optimized electrolyte shows a remarkably increased discharge capacity

of 2439 mA h g�1 at a current density of 25 mA cm�2 and the cathode electrocatalyst is not damaged

after discharging.
1. Introduction

Lithium-ion batteries are ubiquitous in portable electronics
because of their high energy density and excellent cycling
stability.1–12 However, they inevitably encounter the potential
safety and environmental hazards caused by toxic nonaqueous
electrolytes. In this regard, aqueous batteries are drawing
increased interest owing to the utilization of aqueous electro-
lytes which have the advantages of safety, environmental
friendliness, higher ionic conductivity and lower cost compared
with battery systems based on nonaqueous electrolytes. With
inexhaustible oxygen in air as the active material of cathodes,
aqueous metal–air batteries have received great attention
because of their high theoretical energy density (2–10 times that
of lithium-ion batteries), constant discharge voltage and light
weight. Among the reported aqueous metal–air batteries (such
as Li, Na, Zn, Mg, Al, and Fe), aluminum–air batteries stand out
due to high theoretical specic capacity (2.98 A h g�1, 8035mA h
cm�3) and low cost of the aluminum metal anode. Generally,
aluminum–air batteries can exhibit a high theoretical energy
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density of 8.1 kW h kg�1, which far surpasses that of state-of-
the-art lithium-ion batteries.13–19

As a rule, the strong alkaline solution is utilized as an elec-
trolyte to remove the passivation layer on the aluminum surface
and reduce the battery polarization.15 However, the aluminum
metal anode suffered from serious self-corrosion and the para-
sitic hydrogen evolution reaction (HER) in both open-circuit state
and working mode under alkaline conditions, leading to inferior
battery performance and sharply curtails the safety level.16,17

Numerous efforts have been made to address this issue,
including aluminum anode alloying,18 electrolyte additive,19 gel
electrolyte,13 nonaqueous electrolyte,20 and oil displacement and
draining the electrolyte aer shutdown,10,21,22 but the efficiency is
still unsatisfactory. Recently, a “water-in-salt” (WIS) electrolyte
has been designed for aqueous batteries to reduce the water
electroactivity and broaden the electrochemical windows by
decreasing the content of free H2O molecules.23–25 Inspired by
this, our group once developed a hybrid high-concentration
potassium acetate–potassium hydroxide electrolyte (16 M potas-
sium acetate (KOAc) in 4 M KOH, HCPA–KOH) for aluminum–air
batteries, which obviously inhibited the self-corrosion of the
aluminum anode and increased the discharge capacity
(2324mAh g�1 vs. 745mA h g�1 of the blank one).12However, the
utilization of such 16 M KOAc results in low ionic conductivity
and high viscosity of the HCPA–KOH electrolytes, impeding their
practical applications in aluminum–air batteries. Besides, the
high dosage of salt in WIS electrolytes tends to precipitate at low
temperatures, conning the low temperature performance of
aluminum–air batteries.26 The formation of the protective layer
This journal is © The Royal Society of Chemistry 2022
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on the surface of the aluminum anode would hinder the direct
contact between the anode and electrolyte and effectively inhibit
the corrosion of the aluminum anode in alkaline solutions.19,27–29

Therefore, rational design formulations of the electrolyte to
ensure the reduction of free H2O molecules and continuous
generation of the protective layer is necessary for high perfor-
mance aluminum–air batteries.

Herein, a novel strategy from the structure of solvation and
interface is designed for the rst time to mitigate the self-
corrosion of the aluminum anode for alkaline aluminum–air
batteries. It was found out that by introducing 0.02 mol L�1

sodium stannate (Na2SnO3) and 8 mol kg�1 potassium acetate
(KOAc) in 4 mol L�1 KOH electrolyte as the hybrid high
concentration electrolyte (HHCE), the corrosion potential of the
aluminum anode is signicantly increased from �1.39 V to
�1.53 V vs. Hg/HgO. Both molecular dynamics (MD) simulations
and spectral characterization experiments indicate that the
number of free H2O molecules are reduced and the acetate
anions (OAc�) partially substitute coordinated H2O molecules as
part of the cation solvent sheath, which signicantly reduces the
H2O activity in the electrolyte. In addition, Na2SnO3 in the elec-
trolyte will be spontaneously reduced to the Sn layer on the
surface of the aluminum anode, which can protect the aluminum
anode by covering hydrogen adsorption sites and reducing the
contact between the aluminum anode and electrolyte. Benetting
from the regulation strategy of solvation and interface chemistry,
the corrosion rate of the aluminum anode is signicantly
decreased from 0.085 mg cm�2 min�1 (4 mol L�1 KOH) to
0.011 mg cm�2 min�1 (HHCE). As a result, a superior high
discharge capacity of 2439mA h g�1 is achieved at 25mA cm�2 in
HHCE.We believe that the encouraging performance will provide
a new direction for development of practical aluminum–air
batteries.
2. Experimental
2.1 Electrode preparation

The aluminum alloy used in this work was purchased from
Changzhou Yoteco, and its element composition is shown in
Table S1.† The aluminum alloy was mechanically polished with
sandpaper, then washed with deionized water and absolute
ethanol in an ultrasonic cleaner for 5 min, respectively, and
then dried in a vacuum at 70 �C for 8 h to obtain the anode
material. The air cathode is commercially available which is
composed of a MnxOy@Ag catalyst, gas diffusion layer and Cu
mesh current collector. More details can be seen in our previous
work.12
2.2 Electrolyte preparation

Potassium hydroxide, potassium acetate and sodium stannate
were all of the analytical grade from Shanghai Chemical
Reagent Company of China. Hybrid electrolytes were prepared
by dissolving 8 mol kg�1 KOAc and 0.02 mol L�1 Na2SnO3 in
prepared 4 mol L�1 KOH, respectively.
This journal is © The Royal Society of Chemistry 2022
2.3 Characterization

The morphology and composition of the aluminum surface
were systematically investigated by using a scanning electron
microscope (SEM, Nova Nano-SEM 230), in situ optical micro-
scope (Nikon, SMZ25), X-ray diffraction spectrometer (XRD,
Shimadzu XRD-6000). Raman spectra were collected on
a Renishaw inVia spectrometer. Fourier transform infrared (FT-
IR) spectra were obtained using a Bruker Vertex 70 FT-IR spec-
trophotometer. 1H nuclear magnetic resonance (NMR) spectra
were recorded on a 300.5 mm glass NMR tube. Samples were
analysed at 25 � 0.1 �C. Data were processed in MestReNova
11.0.2.

2.4 Electrochemical measurements

Electrochemical measurement was carried out in a conven-
tional three-electrode cell by using a CHI760 electrochemical
workstation, which used an aluminum alloy (10 mm � 10 mm
� 3 mm) as the working electrode (WE), a Hg/HgO electrode as
the reference electrode (RE) and platinum as the counter elec-
trode (CE). The potentiodynamic polarization curves were ob-
tained from �0.5 V to 1.5 V vs. the open circuit potential (OCP).
The electrochemical impedance spectroscopy (EIS) experiments
were performed at the OCP in the frequency from 100 kHz to
0.01 Hz with 5 mV amplitude. The electrochemical windows of
the different electrolytes were obtained by linear sweep vol-
tammetry (LSV) at 1 mV s�1 in the three-electrode system.

2.5 Aluminum–air full battery tests

The aluminum–air batteries were composed of an aluminum
plate anode, electrolyte and two cathode lms with a MnxOy@-
Ag catalyst. To obtain discharge curves, the electrolytes (100mL)
were put in sealed bottles and kept owing when the battery was
operated at 25 mA cm�2. The mass-specic capacity of the full
battery was calculated by dividing the mass difference of the
aluminum anode before and aer galvanostatic discharge.

2.6 Computational details

The simulation box consisted of a cube box containing K+, OH�,
and OAc� ions and H2O molecules. Initial structures for
molecular dynamics simulations were constructed by using the
Forcite package in Material Studio. The ions and H2Omolecules
were randomly added in the simulated box for providing
homogeneous state. Before performing the dynamics simula-
tions, the geometrical optimization was carried out to pre-
equalize the system. Aer that, NPT (constant temperature,
constant pressure) run was performed at 298 K for 10 ns to
ensure the system equilibrium. Then, NVT (constant tempera-
ture, constant volume) run was performed at room condition for
10 ns to accelerate the ion aggregation.

3. Results and discussion

Taking into account the battery polarization and corrosion rate,
we choose 8 M KOAc and 0.02 M Na2SnO3 introduced in 4 M
KOH as the optimal electrolyte (Fig. S1 and Table S2†). First, we
J. Mater. Chem. A, 2022, 10, 9506–9514 | 9507
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Fig. 1 Physicochemical properties of different electrolytes. (a) 1H NMR spectra, (b) FT-IR spectra and (c) Raman spectra of different electrolytes.
The snapshot of the MD simulation of (d) KOH electrolyte and (e) 8 M KOAc electrolyte. (f) Illustration of the evolution of the K+ primary solvation
sheath in KOH and 8 M KOAc electrolytes. (blank: 4 mol L�1 KOH electrolyte; 8 M KOAc: 8 mol kg�1 KOAc in 4 mol L�1 KOH electrolyte; 0.02 M
Na2SnO3: 0.02 mol L�1 Na2SnO3 in 4 mol L�1 KOH electrolyte; HHCE: 8 mol kg�1 KOAc and 0.02 mol L�1 Na2SnO3 in 4 mol L�1 KOH electrolyte)
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performed a series of experimental studies and calculations to
understand the solvation conguration of the HHCE. Hydrogen
proton nuclear magnetic resonance (1H NMR) was used to
explore the chemical states of hydrogen nuclei in different
electrolytes (Fig. 1a). Two peaks can be clearly observed, which
can be assigned to hydrogen nuclei of OAc� (�1.50 ppm) and
H2O (�4.80 ppm), respectively.30,31 As we can see, the 1H signal
of H2O shis to a high eld with addition of 8 M KOAc, which
can be attributed to that the formation of the solvation sheath
containing H2O molecules and OAc� anions destroys shielding
of protons from the H2O molecules.32 Note that the chemical
shi in the HHCE is almost identical to that in the solution with
8 M KOAc, indicating that the addition of 0.02 M Na2SnO3 does
not affect the solvation conguration of the electrolyte. FT-IR
curves shown in Fig. 1b demonstrate that the H–O–H bending
vibration of the bare KOH electrolyte exhibits a blue shi from
1636 to 1647 cm�1 aer the addition of 8 M KOAc, suggesting
the reduction of the free H2O content.12 Raman spectroscopy
was also performed to explore the structure of different elec-
trolytes. Fig. S2† shows the representative Raman spectra of
9508 | J. Mater. Chem. A, 2022, 10, 9506–9514
different electrolytes, crystalline KOAc and pure water as the
reference. The broad band located at 3150–3500 cm�1 is
assigned to the stretching vibration (O–H) of H2O molecules,
which is corresponding to the hydrogen-bonded clusters of free
H2O.26 Generally, the peak of O–H can be tted as three peaks
located at�3230,�3450 and�3620 cm�1, corresponding to the
H2O molecules with strong, weak and non H-bonds, respec-
tively.33 With the addition of 8 M KOAc, the peaks are shied to
high frequency, which results in reduction of strong H-bonded
H2O and increasing non H-bonded H2O (Fig. 1c). This differ-
ence means that there are fewer free H2O molecules in the
HHCE, which is benecial to reduce H2O activity and enhance
the stability window of the electrolyte. In addition, the wetta-
bility of the HHCE is signicantly changed on the aluminum
surface (Fig. S3†). The contact angle of HHCE is 80.4�, which is
much higher than that of 4 M KOH (48.4�). The larger contact
angle of the HHCE is critical to suppress corrosion
inhibition.12,27

In a concentrated electrolyte, unlike the conventional
aqueous electrolyte, the interionic interaction becomes
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta01064j
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dominant over the solvent–ion interaction, resulting in the
chemical environment change of H2O molecules.32 K+ and OH�

exhibit the hydration state in the solvation sheath in 4 M KOH
electrolyte. As for the high concentration electrolyte, OAc� can
cooperate with the sheath of K+, resulting in the reduced
amount of free H2Omolecules, so that the primary coordination
sphere of K+ contains H2O molecules and OAc� anions.23 To
unveil the solvation congurations in the electrolyte aer
introducing 8 M KOAc, the interactions among K+ ions and H2O
were studied by MD (Fig. 1d and e). The radial distribution
function (RDF) was also used to further investigate the solvation
structure of K+ as shown in Fig. S4.† In 4 M KOH electrolyte, the
RDF between K+ and the O atom in H2O molecules shows
a coordination peak at 3.6 Å with coordination number of 6.1
(Fig. S4a†). As a comparison, the RDF between K+ and the O
atom of H2O molecules in 8 M KOAc shows a coordination peak
at 3.4 Å with coordination number of 3.3 (Fig. S4b†), which
demonstrates that OAc� has participated in the solvation
structures of K+ and the surrounding H2O shell is decreased
(Fig. 1f). This result is in good agreement with the Raman and
1H NMR results.

The potentiodynamic polarization curves were measured to
evaluate the corrosion of aluminum anodes in different elec-
trolytes (Fig. 2a). The aluminum anode electrode potential
gradually shis toward negative with the addition of KOAc and
Na2SnO3. Since the presence of 8 M KOAc reduces activity of
Fig. 2 (a) Polarization curves of aluminum anodes in different electrolyte
The magnified curves of EIS in the high-frequency region. (d) The viscos

This journal is © The Royal Society of Chemistry 2022
H2O molecules and 0.02 M Na2SnO3 promotes the formation of
the protective layer, the decomposition of H2Omolecules on the
surface and corrosion reaction of the aluminum anode are
suppressed successfully. Especially, the HHCE results in much
more negative shi of the corrosion potential to �1.53 V vs. Hg/
HgO. Meanwhile, the cathodic current density of the aluminum
anode in electrolytes with Na2SnO3 or KOAc is lower than that of
the blank one. Considering the signicant decrease in the
cathodic process, it can be deduced that Na2SnO3 and KOAc
hybrid high concentration electrolytes greatly promote the
inhibition effect. The electrochemical stability windows of
different electrolytes were evaluated by linear sweep voltam-
metry (LSV). As shown in Fig. 2b, the HHCE exhibits the widest
electrochemical stability window compared with other electro-
lytes. The current density at�1.75 V vs.Hg/HgO is reduced from
2.7 mA cm�2 (KOH) to 1.2 mA cm�2 (HHCE), which is benecial
for suppressing hydrogen evolution and self-corrosion of the
aluminum anode.12 The EIS results reveal that the resistance of
the electrolyte and charge transfer resistance increase in the
HHCE, causing by the fewer free H2O molecules in the elec-
trolyte and the formation of the Sn layer on the aluminum
anode surface (Fig. 2c, S5 and Table S3†). This result is in
agreement with the Tafel curve shown in Fig. 2a. The ion
conductivity and viscosity of different electrolytes were further
recorded (Fig. 2d and Table S4†). As seen clearly, the ion
conductivity decreases from 0.24 S cm�1 (blank) to 0.13 S cm�1
s. (b) The electrochemical stability windows of different electrolytes. (c)
ity and ionic conductivity of different electrolytes.

J. Mater. Chem. A, 2022, 10, 9506–9514 | 9509
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(HHCE) with the addition of 8 M KOAc and 0.02 M Na2SnO3,
while the viscosity increases from 1.74 to 5.49 mPa s�1. The
higher viscosity and lower ionic conductivity indicate that
excessive KOAc is detrimental to the ion transmission, thus
reducing the voltage of the full cell in galvanostatic discharge
tests.

The corrosion measurement of aluminum anodes in
different electrolytes is shown in Fig. S6.† Both the rate and
amount of hydrogen gas generation are obviously decreased
with addition of KOAc and Na2SO3 (Fig. S6a–e†). Aer
immersing in different electrolytes for 3 h, we adopted the mass
loss method to evaluate the hydrogen gas evolution perfor-
mance of aluminum anodes. As shown in Fig. S6f,† the corro-
sion rate is 0.085 mg cm�2 min�1 in the blank electrolyte, which
drops to 0.054 mg cm�2 min�1, 0.025 mg cm�2 min�1 and
0.011 mg cm�2 min�1 in 8 M KOAc, 0.02 M Na2SO3 and HHCE,
respectively. And the highest inhibition efficiency (h%) can
reach to 87.06% (Table S2,†HHCE). These results prove that the
self-corrosion of aluminum anode is signicantly suppressed.
The pristine aluminum anode surface is smooth and contains
slight Sn element (Fig. S7†). However, the surface of the
aluminum anode immersed in 4 M KOH electrolyte exhibits
a rough and cracked morphology, resulting in capacity loss and
voltage instability during galvanostatic discharge (Fig. 3a). The
surface morphologies of the aluminum anode immersed in 8 M
KOAc solution are also loose and porous (Fig. 3b). In Fig. 3c,
a protective layer is clearly observed on the surface of the
aluminum anode immersed in the presence of 0.02 M Na2SnO3,
which is proved to be the Sn layer by XRD (Fig. S8†). For the
aluminum anode in the HHCE, a at and smooth morphology
can be seen as shown in Fig. 3d, which is attributed to even
stripping of the aluminum anode and inhibition of self-
Fig. 3 SEM images of aluminum anodes in (a) blank, (b) 8 M KOAc, (c
illustrations of the corrosion behavior of aluminum anodes in (e) blank,

9510 | J. Mater. Chem. A, 2022, 10, 9506–9514
corrosion caused by synergistic regulation of solvation and
interface chemistry. An in situ optical microscope was employed
to further investigate the surface corrosion of aluminum anodes
in different electrolytes. As can be seen from Fig. S9,† the
corrosion depth is nonuniform and the maximum corrosion
depth is 55 mm in 4 M KOH electrolyte (Fig. S9a–c†). However,
the corrosion depth of aluminum decreases to 45 mm (for 8 M
KOAc), 24 mm (for 0.02 M Na2SnO3) and 16 mm (for HHCE),
respectively. And the surface is more even than that in 4 M KOH
electrolyte (Fig. S9d, g and j†), suggesting that the addition of
KOAc and Na2SnO3 is benecial for the uniform stripping of
aluminum anodes, which is in agreement with SEM images.

When the aluminum anode is immersed in alkaline solu-
tion, Al3+ will be formed due to the electrochemical force [eqn
(1)].34 In bare KOH solution, Al3+ produced as shown in eqn (1)
readily reacts with several OH� to form Al(OH)3 as shown in eqn
(2). The generated Al(OH)3 can be easily dissolved [eqn (3)] and
diffused from the surface of the aluminum anode to the elec-
trolyte. The rapid transfer of produced Al3+ maintains a low Al3+

concentration at the interface, resulting in constant occurrence
of the reactions shown in eqn (1) and (2). Consequently, the
aluminum anode suffers from serious self-corrosion (Fig. 3e).

Al / Al(ad)
3+ + 3e� (1)

Al(ad)
3+ + 3OH� / Al(OH)3 (2)

Al(OH)3 + OH� / Al(OH)4
� (3)

However, the high concentration electrolyte with a large
amount OAc� presents a different scenario. In this electrolyte,
the generated Al(OH)3 shown in eqn (2) is sluggishly dissolved,
leading to difficult diffusion. Therefore, the formation rate of
) 0.02 M Na2SnO3 and (d) HHCE after 3 h of immersion. Schematic
(f) 8 M KOAc, (g) 0.02 M Na2SnO3 and (h) HHCE.

This journal is © The Royal Society of Chemistry 2022
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Al3+ ions in 8 M KOAc electrolyte is slower than that in 4 M KOH
electrolyte (Fig. 3f) [eqn (1)]. In addition, the high concentration
of OAc� at the electrode/electrolyte interface hinders the access
of solvent molecules to the aluminum anode and further
suppresses the Al3+ dissolution from the electrode surface.35 As
for the aluminum anode immersed in the alkaline solution
containing 0.02 M Na2SnO3, the self-corrosion is remarkably
suppressed. There is competition of two cathodic reactions
between the reduction of SnO3

2� and water, as shown in eqn (4)
and (5).36 So the deposition of the Sn layer covered in the surface
of the aluminum anode improves the overpotential of parasitic
hydrogen evolution and reduces direct contact between the
aluminum anode and electrolyte, resulting in uniform stripping
of Al3+ (Fig. 3g).

SnO3
2� + 3H2O + 4e� / Sn + 6OH� (4)

4H2O + 4e� / 2H2[ + 4OH� (5)

Beneting from the synergistic effect of the interface and
solvation regulation, the corrosion rate of the aluminum anode
is signicantly reduced and the aluminum strip is homoge-
nized, which contribute to improving the capacity of
aluminum–air batteries (Fig. 3h).

To investigate the corrosion inhibition of different electro-
lytes during galvanostatic discharge, the aluminum–air full
Fig. 4 SEM-EDS and in situ optical microscope images of the aluminum
(i–l) HHCE after 3 h galvanostatic discharge.

This journal is © The Royal Society of Chemistry 2022
batteries were assembled by using commercial MnxOy/Ag and
aluminum alloy as the cathode catalyst and anode, respectively.
The surface morphology of the aluminum anode aer dis-
charging at 25 mA cm�2 for 3 h is shown in Fig. 4. There are
numerous cracks and holes on the surface of the aluminum
anode in 4 M KOH electrolyte (Fig. 4a). Especially, the corrosion
of the aluminum surface is uneven and the corrosion depth is
up to 45 mm (Fig. 4b–d). Uneven stripping of aluminum ions will
lead to unstable discharge voltage. A similar structure is also
observed on the surface of the aluminum anode in the elec-
trolyte containing 8 M KOAc (Fig. 4e–h). The relatively at
aluminum anode surface is observed and the corrosion depth is
24 mmwhen the electrolyte contains 0.02 M Na2SnO3 (Fig. S10d–
f†). In the case of HHCE, the surface is much smoother than
that in the blank one and the EDS spectrum reveals the exis-
tence of abundant Sn element on the surface of the aluminum
anode (Fig. 4i). In addition, the in situ optical microscope
results also demonstrate that the surface of the aluminum
anode in the HHCE is more uniform and the corrosion depth of
the aluminum anode decreases to 11 mm (Fig. 4i–l), revealing
the even stripping of Al3+, which is in good agreement with the
results shown in Fig. 3. Fig. S11† shows the digital photographs
of aluminum anodes in different electrolytes aer galvanostatic
discharge for 3 h. As can be seen, the surface of aluminum
anodes is darker in the electrolytes containing Na2SnO3. XRD
was used to determine the crystalline structures of the
anode surface in the (a–d) blank and (e–h) 8 M KOAc electrolytes, and

J. Mater. Chem. A, 2022, 10, 9506–9514 | 9511
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aluminum anode aer galvanostatic discharge for 3 h in
different electrolytes. As shown in Fig. S12a,† only aluminum
peaks are observed in 4 M KOH electrolyte. However, the
appearance of Sn peaks can be seen in the HHCE (Fig. S12b†),37

which can be ascribed to the reduction of Na2SnO3 [eqn (4)],
that is, Sn is also deposited on the surface of the aluminum
anode under working conditions. The anode utilization was
further investigated under the same conditions according to the
following equation:12

Ua ¼ 100IT/(DMF) (6)

where I is current (A), T is time (s), DM is the weight loss (g) and
F is the Faraday constant. The aluminum anode exhibits the
Fig. 5 Galvanostatic discharge curves of full batteries with different ele
Voltage versus time plots for on/off cycling of the full batteries at a curr

9512 | J. Mater. Chem. A, 2022, 10, 9506–9514
highest utilization of 75% in the HHCE compared with the
other electrolytes (36.2% for the blank, 39.6% for 8 M KOAc,
62.7% for Na2SnO3) (Table S5†); in other words, the self-
corrosion of the aluminum anode can be signicantly inhibi-
ted in the HHCE.

As shown in Fig. S13,† the open circuit voltage (OCV) curve of
the HHCE is more stable than the blank one. Due to the large
amount of OAc� in the electrolyte and the Sn protective layer on
the aluminum surface, the kinetics of the electrolytes are
reduced, leading to increasing polarization of the battery and
decreasing power density (Fig. S14 and S15†). The continuous
discharge performance of full batteries employing the above-
mentioned electrolytes was studied at different current
ctrolytes at a current density of (a) 25 mA cm�2, and (b) 5 mA cm�2.
ent density of (c) 25 mA cm�2, and (d) 5 mA cm�2.

This journal is © The Royal Society of Chemistry 2022
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densities. As shown in Fig. 5a, the mass specic capacity of the
aluminum anode in 4 M KOH electrolyte is only 429 mA h g�1,
which is far away from the theoretical capacity of aluminum
(2980 mA h g�1), indicating the serious self-corrosion of the
aluminum anode. The capacity increases with the addition of
8 M KOAc (621 mA h g�1) and 0.02 M Na2SnO3 (1072 mA h g�1)
in the electrolyte. When HHCE was used, the battery exhibited
the highest capacity of 2439mA h g�1. It is worth noting that the
working voltage of the battery using the HHCE is lower than
that using 4 M KOH, which is caused by the reduced mass
transfer kinetics in the HHCE. Fig. 5b shows the galvanostatic
discharge of batteries at 5 mA cm�2. The mass specic capacity
of the aluminum anode (100 mA h g�1 for KOH, 120 mA h g�1

for KOAc, 180 mA h g�1 for Na2SnO3 and 600 mA h g�1 for
HHCE) is much lower than that at a current density of 25 mA
cm�2. It can be found that the discharge curves show potential
uctuation, which may be attributed to the formation and
peeling off of the discharge product layer (Al(OH)3) on the
aluminum surface.38,39 The on/off cycling tests were carried out
to simulate the operation of batteries under actual conditions.
It can be clearly seen that the battery using the HHCE exhibits
a much longer life (213 h) than that with 4 M KOH electrolyte
(40 h) at 25 mA cm�2 (Fig. 5c). Besides, the long-term working
time can be up to 388 h with the HHCE at 5 mA cm�2.
Comparing themass specic capacity of the aluminum anode at
different current densities, we can conclude that the self-
corrosion of the aluminum anode occupies the dominant
reaction at a low current density. Aer the galvanostatic
discharge test at a current density of 25 mA cm�2, it can be
found that the aluminum surface is uneven and has numerous
cracks and holes in the blank electrolyte (Fig. S16a†), which
means that the aluminum anode suffers from serious self-
corrosion. As for the HHCE, the surface is much smoother
than that in the blank one (Fig. S16d†) and the XRD results
reveal the existence of abundant Sn element on the surface of
the aluminum anode (Fig. S17†). Moreover, the morphology of
the MnxOy/Ag catalyst is maintained well in the HHCE but
damaged in 4 M KOH electrolyte, implying the protective effect
of the HHCE on the electrocatalyst in the cathode (Fig. S18†).

4. Conclusions

In summary, we for the rst time presented a regulation of
solvation and interface chemistry to inhibit the self-corrosion of
the aluminum anode by synergistic regulation of a concentrated
electrolyte and interface protective layer. The high concentra-
tion KOAc decreases the activity of H2O molecules and
suppresses the decomposition of solvated H2O molecules. In
addition, the in situ generated Sn protective layer on the surface
of the aluminum anode blocks H2O molecule penetration,
which further increases the overpotential of hydrogen evolution
and signicantly inhibits the self-corrosion of the aluminum
anode. Beneting from the regulation of solvation and interface
chemistry, the aluminum–air battery with the HHCE exhibits
a high capacity of 2439 mA h g�1 (vs. 429 mA h g�1 in 4 M KOH
electrolyte) and almost 5.8 times longer on/off operating life
than that with the traditional electrolyte at a current density of
This journal is © The Royal Society of Chemistry 2022
25 mA cm�2. This work proposes an efficient and low-cost
electrolyte for aluminum–air batteries and sheds light on the
synergistic regulation mechanism of solvation and interface
chemistry.
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