Addressing the voltage and energy fading of Al-air batteries to enable
seasonal/annual energy storage
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1. Introduction

Net-zero greenhouse gas emissions target has been adopted by many

ABSTRACT

Al-air batteries are promising candidates for seasonal and annual energy storage. However, severe voltage decay
upon discharge limits their practical specific energy. Herein, we first explore the effect of different Al(OH),
concentrations in alkaline electrolytes on the electrochemical oxidation of Al metal anodes (AMAs). Simulation
analysis on the electrochemical impedance spectra of AMAs reveals that the formation of Al(OH), reduces the
OH™ concentration and negatively affects the reaction kinetics of AMAs, which is responsible for increased
potentials of AMAs and the consequent voltage decay of Al-air batteries. Subsequently, a seeded precipitation
process taking advantage of the lower solubility of Al(OH), at 20 °C than at 50 °C is proposed to recover the
voltage decay of Al-air batteries. Inductively coupled plasma atomic emission spectroscopy demonstrates that
more than 70 wt % of Al(OH), in the electrolyte can be removed via this process. Raman spectra and ionic
conductivity tests of the electrolyte, together with X-ray diffraction of the precipitate, reveal that the removed
Al(OH), is converted into insoluble Al(OH)3 with release of OH™. Making use of the precipitation process, Al-air
prototypes of Ah-level delivering 3.95 kWh kg;! at 50 mA cm~2 and 3.52 kWh kgnl at 100 mA em~2 are
demonstrated.

power-to-X options, i.e., converting renewable electricity into a storable
form (e.g., hydrogen), and secondary-battery-based power-to-power
options [5-7]. Nonetheless, seasonal and even annual energy storage in

countries and regional organizations to slow down anthropogenic global
warming [1,2]. Its achievement requires a significant increase in
renewable energy, e.g., solar and wind energy, and the implementation
of sustainable, low-cost, and large-scale storage systems that can balance
corresponding fluctuations in electricity generation [3,4]. Various
technologies have been proposed to solve this issue, including

a low-cost manner is still a challenge [8]. In this context, employing the
earth-abundant, low-cost, and easy to transport and store Al metal as the
energy carrier may offer some valuable options, e.g., the combination of
Al production via inert-electrode smelting (power to metal) and Al
conversion to electricity via Al-air batteries (metal to power) [9-13].
In such a scenario, the specific energy converted from Al via Al-air
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batteries is a crucial parameter to achieve high round-trip energy effi-
ciency (RTE), which is determined by the cell voltage and the Al utili-
zation efficiency, i.e., the Coulombic conversion efficiency (CE).
Alkaline solutions are the most commonly used electrolytes for Al-air
batteries, owing to their higher ionic conductivity, better oxygen
diffusion, and faster reaction kinetics compared with acidic and neutral
electrolytes [14-17]. The electrochemical reaction of Al-air batteries
employing alkaline electrolytes can be described as it follows [18,19].

4A1+ 30, +40H™ +6H,0—4AI(OH), (€D)]

This electrochemical reaction is accompanied by a spontaneous
chemical reaction between the Al metal anode (AMA) and the electro-
lyte, i.e., Al self-corrosion, as described below [20].

4A1+ 12H,0+40H™ — 4AI(OH), + 6H,1 2)

Both these two reactions lead to the formation of the soluble
aluminate, e.g., Al(OH),. When its solubility in the electrolyte is
reached, reaction (3) occurs, leading to the formation of insoluble Al
(OH)3 [18]:

Al(OH); —» OH™ + Al(OH),} (3)

Due to the spontaneous chemical corrosion (2), AMAs usually suffer
from a low CE [21]. However, several strategies have been successfully
developed to suppress self-corrosion, such as electrolyte additives and
rationally designed Al alloy [22-35]. For instance, ZnO, Sn**, and
organic compounds used as additives for alkaline electrolytes can
greatly mitigate AMAs’ corrosion [32,33]. Al-Ga, Al-Sn, Al-Zn, and
Al-In alloys can significantly improve the CE upon electrochemical
oxidation [11]. In addition, the cathode electrocatalysts have also been
carefully designed to reduce the overpotential of oxygen reduction re-
actions [36-40] e.g., noble metals, transition metal oxides, carbon ma-
terials and metal-nitrogen doped nano materials [11]. Due to these
tremendous efforts, the energy density of Al-air batteries has gained
remarkable improvements. However, voltage decay of the Al-air cells
during discharge is still commonly reported in the literature [40-42]
which severely decreases the practical energy density of Al-air batteries,
especially, upon long-term operation [42-45]. Currently, the voltage
decay is widely attributed to the accumulation of AI(OH)3 on the surface
of AMAs, which blocks further electrochemical reactions [24,46-48].
Nonetheless, such hypothesis and the role of the aluminate still need to
be clarified, requiring further experimental evidence.

In this work, the electrochemical behavior of AMAs in KOH aqueous
solutions containing various concentrations of dissolved aluminum,
predominantly present as Al(OH),,, is firstly compared to investigate the
impact of AI(OH),. It is observed that an increasing polarization of
AMAs occurs even before any precipitate is generated on their surface.
Further experimental and computational results reveal that the accu-
mulation of AI(OH), greatly reduces the OH concentration and, in
turn, negatively affects the reaction kinetics. Therefore, the voltage
decay issue of Al-air batteries is caused by the accumulation of AI(OH),
in the electrolyte rather than AI(OH)s on AMAs. Subsequently, it is
demonstrated that seeded precipitation of AI(OH), in the electrolytes to
Al(OH)s3 precipitate with releasing OH via utilizing its lower solubility
at 20 °C than at 50 °C allows effective recovery of the potential of AMAs
and the voltage of Al-air batteries. At last, prototype Al-air cells are
assembled and tested to evaluate the feasibility of voltage recovery via
the proposed seeded precipitation process.

2. Experimental section
2.1. Electrolyte preparation
4 M KOH solution was prepared by adding KOH particles (>85%,

Honeywell) into deionized water. 5 g NapSnO3-3H0 (95%, Aldirich)
were dissolved in each liter of the 4 M KOH solution, and the obtained

clear solution was named Blank electrolyte. Electrolytes with different
Al(OH), contents was prepared via dissolving high purity Al powder
(99.999%, Alfa Aesar) in the blank electrolyte. At 20 °C, the maximum
amount of Al power that dissolves in 60 mL of 4 M KOH solutions
without precipitate formation) is around 2 g, i.e., 33.4 g L 1. The solu-
tions with 16.7 and 33.4 g L ! of dissolved Al were named as semi-
saturated (Semi-S-20) and nearly saturated (S-20) electrolytes, respec-
tively. To suppress the self-corrosion of Al, 5 g L ! NaySnO3-3H,0 were
added to the above electrolytes before electrochemical tests [49].

The electrolytes for measurements at 50 °C were prepared at 50 °C,
which was controlled with an oil bath. The pure Al powder was dis-
solved in the 4 M KOH solution, and the amount of the added Al powder
was 66.7 g for each liter of the 4 M KOH solution. The obtained clear
solution was named pre-S-50. With the further addition of 5 g NayS-
n0s3-3H,0 per liter of the solution, S-50 was obtained.

The pre-S-50 was also used to check the precipitation process. After
standing at 20 °C in an oven for 24 or 48 h, the clear upper solution was
extracted and added with 5 g NaySnO3-3H20 per liter of the solution,
which was named S-50-s24 and S-50-s48, respectively.

2.2. Electrochemical measurements

Three electrode beaker cells were employed to investigate the elec-
trochemical behavior of AMAs. Al plates (99.997%, 15 x 10 x 1 mm,
Thermo scientific), four layers of Ni foam (80 x 40 mm, EDAQ), and
leakless Ag/AgCl electrodes (EDAQ) were used as the working, counter,
and reference electrodes, respectively. The beaker cells were tested in an
oil bath at 50 °C or in an oven at 20 °C with BioLogic SP-200. Electro-
chemical impedance spectroscopy (EIS) was conducted using a VMP
multichannel potentiostat (Bio-Logic). Potentio EIS of AMAs at the open
circuit state with static electrolytes was measured with a frequency
range of 0.1-10° Hz and a voltage amplitude of 5 mV. Galvano EIS of
AMAs at a current density of 100 mA cm 2 with stirred electrolytes was
measured with a frequency range of 0.1-10° Hz and a current amplitude
of 10 mA (2.94 mA cm 2.

The performance of Al-air full cells was evaluated via a PTFE cell
with flow electrolyte. The picture of the cell can be found in the Sup-
porting Information. Al foil exposing 1 cm? to the electrolyte and
MnO,@C cathodes exposing 4.5 cm? to electrolyte/air were used as the
anode and cathode, respectively. The flow rate of the electrolyte was
controlled to be 5 cm® min ! by a peristaltic pump (Watson Marlow
323). For the short-term (2 h) tests, 40 mL electrolytes were employed.
For the long-term tests of the prototype, 10 mL electrolytes were used.
The full cells were tested with BioLogic BCS-815. The temperature of the
cell and electrolyte tank was controlled via a Binder oven.

For Al-air full batteries long-term discharging at 50 °C, 10 mL Blank
was used as the electrolyte at the beginning of discharge. The Al foil was
nearly consumed after 8 h at 100 mA cm 2 and was therefore replaced
with new Al foil as AMAs, in which the electrolyte and cathode were
kept unchanged. After discharging for 24 h (equaling to 2.4 Ah), the
electrolyte was extracted from the cell for regeneration. Specifically, 1%
Al(OH)3 (Merck KGaA) seed was added to the electrolyte, which was
placed in an oven at 20 °C for 24 h. Afterward, the mixture was filtered
and the clear solution was refilled to the Al-air cell as the regenerated
electrolyte. Such electrolyte regeneration was conducted again after
discharging for another 8 h.

Two indicators, conversion efficiency (CE) and specific energy (SE),
were used to measure the utilization of the Al anode. The CE of Al was
calculated by the following equation:

CE— txi
T Cx(my my)

Where t means the time of Al discharging (h); i is the current (mA); C is
the theoretical specific capacity of Al, i.e., 2080 mAh g '; mg and m; (g)
represent the mass of Al before and after the electrochemical reaction,



respectively.
Specific energy (SE) of the Al-air full cells based on the mass of the
consumed Al was calculated by the following equation:

SE— txi

x E,
(mp  my)

where E is the average discharge voltage of the Al-air full battery.

2.3. Characterization

The electrochemical oxidized AMAs were washed with deionized
water and ethanol. The morphology of Al powder and anode was
observed with scanning electronic microscopy (SEM) Zeiss LEO 1550
microscope equipped with an Energy dispersion X-ray detector. Al
content in KOH solutions was measured by ICP-OES. The Raman spec-
trum was recorded on RAM II FT-Raman module of a Bruker Vertex70v
FT-IR spectrometer with a laser wavelength of 1064 nm and laser power
of 300 mW. X-ray diffraction (XRD) patterns of the electrode were
conducted using a Bruker D8 Advance diffractometer (Bruker, Germany)
with Cu-Ka radiation. The change of ions transport of the electrolyte
with time at 20 °C was recorded by AMEL 160 conductivity meter,
where 0.5 mL electrolyte was sealed inside a glass conductivity cell
equipped with two platinized-platinum electrodes.

3. Results and discussion

To mimic the accumulation of aluminates in alkaline electrolytes
upon discharge of Al-air batteries, various amounts of high purity Al
powder (99.99%, 3-50 pm, Fig. S1) were dissolved in 4 M KOH aqueous
solutions, resulting in electrolytes with different AI(OH), contents.
Al,03 and AI(OH)3; were also explored as the raw materials, but their
reaction in 4 M KOH at room temperature was rather slow. At 20 °C, the
maximum amount of Al power that dissolves in 60 mL of 4 M KOH so-
lutions without precipitate formation is around 2 g, i.e., 33.4 g L L.
Three different solutions were then prepared with 0, 16.7, and 33.4 g
L ! of dissolved Al, which are named as Blank, semi-saturated (Semi-S-

20), and nearly saturated (S-20) electrolytes, respectively. To suppress
the self-corrosion of Al, 5 g L 1 NaySnOs3-3H,0 were added to the above
electrolytes before electrochemical tests [49]. More details about the
electrolyte preparation can be found in experimental section.

The electrochemical behavior of AMAs in the above-mentioned
electrolytes was first evaluated via three-electrode beaker -cells
employing an Ag/AgCl electrode as the reference electrode, stacked Ni
foam as the counter electrode, and a high-purity Al plate (99.99%) as the
working electrode. The potential evolution of the AMAs upon electro-
chemical oxidation at a current density of 100 mA cm 2 for 2 h and
20 °C, are shown in Fig. 1a for the three electrolytes. The average po-
tential and the CE of AMAs are shown in Fig. 1b and S2, respectively. CEs
higher than 97% were reached in all the electrolytes, thanks to the
effectively suppressed Al corrosion reaction with the addition of NayS-
n03-3H,0 additive to the electrolytes [50]. The potential of AMAs,
however, highly depends on the Al(OH), concentration in the electro-
lyte. Higher concentrations lead to more pronounced over-potentials
and faster potential increase along the electrochemical oxidation. The
average potential of AMAs upon the tests with the Blank, Semi-S-20, and
S-20 electrolytesis 0.97, 0.8,and 0.39 Vvs. Ag/AgCl, respectively,
demonstrating the negative effect of the aluminate present in the elec-
trolyte. Such effect on AMAs is tightly associated with the voltage decay
of Al-air full cells, as demonstrated via Al-air cells employing Al plate
anodes, commercial MnOy-based air cathodes, and the aforementioned
electrolytes under flowing conditions (see more details about the full
cells in the Experimental Section and Fig. S3 in Supporting Information).
MnOy was selected as the cathode material due to its low cost. The
discharge profiles of the Al-Air cells employing the Blank and S-20
electrolytes at 100 mA cm 2 are shown in Fig. lc. The Al-Air cell
employing the Blank electrolyte exhibits a steady discharge profile,
matching the performance achieved with the beaker cell (Fig. 1a). The
average discharge voltage and specific energy based on the mass of
consumed Al are calculated to be 0.56 V and 1.65 kWh kg !, respec-
tively (Fig. S4). In contrast, when the S-20 electrolyte is employed, the
voltage of the cell drops to 0 V in 25 s.

The negative effects were previously attributed to the accumulation
of A1(OH)3 on the surface of AMAs, which blocks further electrochemical
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reaction. Nonetheless, no precipitate could be observed with the naked
eye on the surface of AMA after electrochemical oxidation at 100 mA
cm 2 for 2 h in the $-20 electrolyte (Fig. S5). In a further step, this
sample and the pristine electrode were characterized. Comparing the
surface SEM images of the pristine (Fig. S6) and electrochemically
oxidized AMAs (inset of Fig. 1d), one can find that the electrochemical
oxidation leads to the formation of some oval pits but no additional
deposit on the surface of AMAs. The energy dispersion X-ray (EDX)
spectrum of the electrochemically oxidized AMA (Fig. S7) shows a
composition of 96.8 wt% Al, 2.8 wt% C, and 0.4 wt% O, which excludes
the presence of a significant amount of AI(OH)3. As shown in Fig. 1d,
only the peaks belonging to metallic Al can be observed in the X-ray
diffraction (XRD) patterns. These results reveal that no obvious deposit
occurs on the AMA surface even after electrochemical oxidation (for 2 h)
in the S-20 electrolyte containing nearly saturated Al(OH),, implying
that the increased polarization of AMAs upon electrochemical oxidation
is simply not caused by the accumulation of AI(OH)3 on their surface.

To understand the reasons for the increasing polarization upon
accumulation of aluminates in electrolytes, electrochemical impedance
spectroscopy (EIS) measurements of AMAs in the beaker cells containing
static Blank, Semi-S-20, or S-20 electrolytes at open circuit potential
(OCP) were firstly measured (Fig. 2a). All the measured spectra show
two distinct semi-circles and an inductive loop at intermediate fre-
quencies similar to the previous literature [51,52]. The high-frequency
intercept with the X-axis corresponds to a pure resistor (Rohmic) associ-
ated with the bulk resistance of the electrolyte and electrodes. Rohmic
increases with Al(OH), concentration in the reverse fashion of the ionic
conductivity of the electrolytes, i.e., 371, 318, and 264 mS cm 1 for
Blank, Semi-S-20, and S-20, respectively. This latter decrease is attrib-
uted to the formation of Al(OH),, which is accompanied by the con-
sumption of equal mole of OH (fast ion conductor) in the electrolyte
according to equations (1) and (2), while OH exhibits higher molar
conductivity with respect to AI(OH), .

To understand the physico-chemical process of the two semi-circles,
additional EIS measurements were carried out with an applied offset
current of 100 mA cm 2 in stirred electrolytes to avoid concentration
gradient effects (Fig. 2b). The high-frequency (HF) semi-circle shrinks

under load, which indicates a reaction-rate limited process, e.g.,
described by Butler-Volmer kinetics. The low-frequency (LF) semi-circle
remains constant under load, which indicates a transport-limited pro-
cess, e.g., described by a finite-length Warburg element Zy, with trans-
missive boundaries [53]. Such a transport-limited process is not
occurring in the bulk electrolyte but in a rather thin region close to the
electrode (see later for more details). With these considerations, an
overall equivalent circuit, shown in Fig. 2a, is proposed. Ropmic mainly
represents the solution resistance. In the second part, Cq; is the double
layer capacitance of the charge-transfer connection; L is the inductance

of the adsorption process; while R; and Ry give the charge transfer
Ri-R
Ry s

observed in systems undergoing corrosion where chemical species, ions
or molecules, are physically adsorbed at the interface of the electro-
chemical double layer with a given electrical charge transfer [54]. The
inductive loop here represents the adsorption of the intermediates, e.g.,
Al(OH)xads (x < 3) [55]. The last contribution represents the
transport-limited process of the LF semi-circle. We use a Warburg short
element Zy with a diffusion resistance (Rp) instead of the conventional
RC equivalent circuit, as the corresponding length scales in the RC case
are not physically valid. The measured EIS spectra have been fitted
accordingly to the proposed equivalent circuit, and the results are
summarized in Tables S3 and S4. Therefore, the potential of AMAs under
load consists of the Nernst potential of the aluminum redox reaction, the
overpotential from solution resistance nely, charge transfer over-
potential ncr, and the overpotential from the diffusion layer np.

In a further step, their values as a function of AI(OH), concentration
are simulated according to the results of EIS measurements. The un-
derlying speciation model was adapted from previous works on
modelling aqueous zinc batteries [56,57]. with details of the simulation
methods provided in Supporting Information. The Nernst potential and
electrolyte conductivity are calculated to evaluate the model predictions
based on the solved speciation using literature data on stability con-
stants (Table S1, Fig. S8). The approach for the conductivity calculation
is validated against measurements of a pure KOH electrolyte. A heuristic
model for the pure KOH electrolyte exists in order to compare the
simulation results. As the dilute solution model shows accurate

resistance (Rer = ). Inductive loops in EIS spectra are commonly
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predictions (see Fig. S9) for KOH, we can apply this approach to the
Al-KOH case. The simulation results clearly show the trend observed
both in the conductivity measurements and the EIS data, i.e., the con-
ductivity decreases with increasing electrolytic aluminum content. The
individual results for electrolyte conductivity can be found in the sup-
plementary (Fig. S10).

To evaluate the charge transfer characteristics, the exchange current
density from the EIS at OCP are calculated to be 8.33 (Blank), 5.09
(Semi-S-20), and 3.66 mA cm 2 (S-20), accordingly to equation S7. With
these values, Rcr can be calculated with our theory based on equation
S9. As shown in Fig. 2¢, the predicted scaling of charge transfer resis-
tance with Al concentrations is in very good agreement with the
experimental results of EIS data, i.e., the R¢r derived from the HF semi-
circle. With equation S11, the diffusion length and diffusivity in the
finite-length Warburg regime can be calculated based on the EIS ob-
tained under load. The length (L) is consistently found in the range of
24-43 nm, confirming that the Warburg regime does not extend in the
bulk electrolyte, and the effective diffusion coefficient (D) is in the range
0f 5-9 x 10 ' cm?s 1. The dependence of the Warburg resistance, i.e.,
diffusion resistance Rp, on Al concentration is further predicted and
compared with the experimental EIS data (Fig. 2¢). The model has been
parameterized with 1.8 Q of the Blank electrolyte. In general, the pre-
dicted trend of R¢r and Rp matches well with the experimental results,
which validates the simulation model.

With the simulation of Nernst potential, solution resistance, charge
transport resistance, and diffusion resistance (more details can be found
in Supporting Information), the expected potential of AMAs subjected to
100 mA cm 2 oxidation currents as a function of Al concentration in the
electrolytes are further calculated as shown in Fig. 2d. The predicted

result is, once more, in good agreement with the experimental potential
(red stars). One can see that the increased potential along with Al con-
centration is mainly caused by the diffusion resistance in the Warburg
regime, which is dependent on the concentration of OH (con ), i.e.,
RDO<1 / COH -

Based on these results, it can be concluded that the presence of
Al(OH), in the electrolyte reduces the availability of OH , which
significantly slows down the kinetics of the electrochemical reaction.
Consequently, the AMAs show increasing overpotential leading to
voltage decay of the Al-air full cells. As described by equation (3), when
Al(OH), reaches its saturated concentration in the electrolyte, it will
convert to AI(OH)3 precipitates with the release of OH . Such a process
could be utilized to recover the decayed voltage of Al-air batteries. In a
further step, we propose the conversion of Al(OH), to AI(OH)3 and OH
according to its solubility difference at different temperatures, as we
found that the maximum amount of Al power that could be dissolved by
60 mL 4 M KOH aqueous solution without formation of precipitate was
increased from 2 g to 4 g when the solution temperature was increased
from 20 to 50 °C.

To check the feasibility of the precipitation process, the electrolyte
saturated with aluminum at 50 °C was placed in a climatic chamber at
20 °C. Photographs of the solution after standing at various times were
taken and shown in Fig. S11. The initially clear solution without any
precipitate became turbid after standing 8 h. After 24 h, the solution
became clear again but with a large amount of white precipitate at the
bottom of the beaker. The content of Al in the clear upper solution was
tested by inductively coupled plasma atomic emission spectroscopy
(ICP-OES), and the results are shown in Fig. 3a. In general, Al content in
the solution decreased with standing time (Fig. 3a). After standing at
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20 °C for 40 and 72 h, about 50% and 70% of Al(OH), initially present
in the solution was removed, respectively.

It is also observed that the Al concentration decreases slowly in the
initial 16 h than afterward, which has been confirmed with two addi-
tional experiments for reproducibility (Fig. S12). Thus, such an initial
hysteresis is probably related to the nucleation process. In fact, the
process is accelerated by adding 1% commercial AI(OH)3; powder seeds
(XRD pattern is shown in Fig. S13). As shown in Fig. 3a, the content of
Al(OH), in the solution dropped to 48.32% of the initial one after only
24 h. After the solution without seeds stood at 20 °C for 72 h, the white
precipitation was collected, washed, and dried at 60 °C under vacuum
overnight. XRD pattern (Fig. 3b) reveals that the white precipitate is Al
(OH)3.

To further study the precipitation process, the ionic conductivity
evolution upon the precipitation process was monitored with glass
conductivity cells equipped with platinized-platinum electrodes. The
results and the photo of the cell areshown in Fig. 3c. In general, theionic
conductivity of the samples significantly increased after standing at
20 °C, which indicates the release of OH during the precipitation of
Al(OH),. Despite the similar initial and final ionic conductivities, the
ionic conductivity evolution for the samples with/without the AI(OH)3
seed is different. Without the Al(OH)3 seed, the ionic conductivity rise
slowly in the initial 12 h because of the slow nucleation, which is
identical to the ICP-OES results (Fig. 3a). Possibly affected by the
different vessels and/or the presence of the platinum electrodes, the
nucleation duration is shorter in the conductivity cell than in the beaker.
After nucleation, the conductivity rapidly increases and finally reaches
308mScm lat72h.In contrast, the experiment with the AI(OH)3 seed
does not show any initial conductivity plateau, but its immediate in-
crease from 160 to 279 mS cm ! after only 24 h.

To confirm the variation of Al(OH), in the electrolyte upon the
precipitation process, Raman spectra of the samples after various
standing times were measured. The full spectra in the range of
400-1800 cm ' are shown in Fig. S14. The peak at 620 cm ! originates
from Al(OH), [58], while the broad peak at 1640 cm 1is assigned to
H,0 [59]. The Al(OH), peaks with the intensity normalized to that of
the Hy0 peak are shown in Fig. 3d and e. In general, the intensity of the
Al(OH), peak decreases with standing time. The relative peak intensity

(R) of AI(OH), with respect to that of H,O (Fig. 3f and Table S5) shows a
downward trend with standing time, proving a decreasing Al(OH),
concentration upon the precipitation process. Compared with the
seed-free solution, the seeded one exhibits faster decrease of the
Al(OH), peak intensity in the first 8 h, which can be explained by the
seed-promoted nucleation.

These results collaboratively prove that dissolved AlI(OH), can be
effectively converted to insoluble AI(OH)3 with the release of OH via
the seed-aided precipitation process in relatively short times, in princi-
ple allowing for the regeneration of the electrolyte and the recovery of
the voltage decay in Al-air full cells. Moreover, the converted AI(OH)s,
after being calcined to Al;O3, can be used for smelting Al. This enables a
fully-circular energy storage approach, combining Al-air batteries
(metal to power) and Al production (power to metal), for potential
seasonable and even annual energy storage due to the easy and safe
storage of Al metal.

On the other hand, it has to be considered that the use of the pro-
posed method requires the operation of the Al-air cells at elevated
temperature, i.e., 50 °C. Therefore, the electrochemical properties of
AMAs at 50 °C have been evaluated also at such a temperature. First, the
4 M KOH solution saturated with 66.7 g L ! of Al (S-50 electrolyte) was
prepared. This was left at 20 °C for 24 and 48 h, yielding the S-50-s24
and S-50-s48 electrolytes, respectively. To suppress the self-corrosion of
AMAs, 5 gL ! of NaySnO3-3H,0 was added to the above electrolytes
before electrochemical tests.

The potential evolution of AMAs subjected to a current density of
100 mA cm 2 for 2 h in various electrolytes at 50 °C is shown in Fig. 4a.
The CE and average potential of AMAs are summarized in Fig. S15. The
Blank electrolyte leads to a low electrode potential of 1.57 V vs. Ag/
AgCl and a high CE of 97.9%. Comparing these results with those ob-
tained at 20 °C (Fig. 1b and Fig. 52), one can find that higher operation
temperature leads to slightly lower CE, but much lower electrode po-
tential, which is beneficial for higher energy density of the Al-air cells.
The negative effect of the AI(OH), on AMAs is also observed at the
elevated temperature. When the S-50 electrolyte is employed, the CE
and average potential are 95.08% and 1.23 V vs. Ag/AgCl, respec-
tively. However, these parameters are superior to those obtained with
the S-20 electrolyte at 20 °C (Fig. 1b,S2). Therefore, increasing the
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operation temperature from 20 °C to 50 °C weakens the negative in-
fluence of the reduced OH concentration on the electrochemical re-
action by increasing the ion mobility. When the regenerated electrolytes
(S-50-s24 and S-50-s48) are used, all the cell parameters effectively
recovered. For instance, when S-50-s24 is used, the CE and average
potential are 96.7% and 1.51 V vs. Ag/AgCl. The reduced over-
potential at 50 °C can be attributed to the promoted ionic transport and
kinetics, as the higher operation temperature effectively reduces both
the ohmic resistance and the polarization resistance of AMAs in the 4 M
KOH solution as shown in the fitted EIS in Fig. 4b. The equivalent circuit
model using a finite-length Warburg element to describe the LF semi-
circle shows a good validity, as the extracted length and diffusion co-
efficient are in agreement with the data at 20 °C (Table S2).

Al-air full cells with Blank, S-50, and S-50-s24 electrolytes were
evaluated upon discharge current density of 100 mA cm 2 at 50 °C. The
discharge profiles are displayed in Fig. 4c, and the corresponding CE,
average discharge voltage, and specific energy based on the mass of
consumed Al are shown in Fig. S16 and Fig. 4d, respectively. Compared
with the Blank electrolyte, S-50 leads to slightly lower CE (98.7% vs.
97.3%) and significantly reduced discharge voltage (1.33 V vs. 1.04 V).
As a consequence, the specific energy is decreased from 3.91 to 3.02
kWh kg 1. When the recycled electrolyte (S-50-s24) is used, elevated CE
(98.7%) and discharge voltage (1.30 V) are achieved leading to high
specific energy of 3.82 kWh kg !, i.e., very close to the one obtained
with the Blank electrolyte. These results demonstrate that the seed
precipitation of AI(OH)s in used electrolytes enables recovering the
decayed voltage and specific energy upon discharge of Al-air full cells.
Moreover, the specific energy obtained with S-50-s24 at 50 °C is 2.3
times that obtained with the blank (Blank) electrolyte tested at 20 °C
(Fig. S4). Therefore, increasing the operation temperature from 20 °C to

50 °C not only allows voltage recovery, but also significantly improves
the electrochemical performance of Al-air full cells.

Inspired by the aforementioned results obtained via the electrolytes
prepared via chemical reaction, the behavior of Al-air cells was further
explored making use of the electrolyte regeneration via the proposed
seeded precipitation process. Prototype Al-air cells were realized
employing Al foil (1 mm thick) as the anode and MnOy-based air cath-
ode. About 10 mL of 4 M KOH solutions containing 5 g L ! NayS-
n0O3-3H20 as the flow electrolytes (Blank) were stored in a small tank
acting as electrolyte reservoir. A peristaltic pump was used to flow the
electrolyte from the reservoir into the cell in a closed circle. The cells
were discharged at 100 mA cm 2 and 50 °C. The Al foil was nearly
consumed over every 8 h at 100 mA cm 2 and was therefore replaced
with a new Al foil. This was repeated twice without replacing neither the
electrolyte nor the cathode. The cell voltage upon discharge is displayed
in Fig. 5a. Due to the accumulation of AI(OH), and consumption of
OH , cell voltage decline upon discharge is observed. Note that the
voltage decay is more pronounced at 20 °C due to the more negative
effect of AI(OH), accumulated in the electrolyte (Fig. S17). After dis-
charging for 24 h (equaling 2.4 Ah), the electrolyte was extracted from
the cell for regeneration. Specifically, 1% AI(OH)3 seed was added to the
electrolyte, which was placed in a climatic chamber at 20 °C for 24 h.
Afterward, the mixture was filtered, and the clear solution was refilled to
the Al-air cell as the regenerated electrolyte. The electrolyte regenera-
tion was conducted again after discharging for additional 8 h.

The content of aluminum species in the electrolyte before and after
the seeded precipitation was measured to be 25.22% and 10.36%
(Fig. S18), respectively, which is basically consistent with the results in
Fig. 2a and proves that the AI(OH), generated from the electrochemical
reaction of Al can also be effectively converted via the proposed seeded
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2 and 50 °C. The Al foil electrode was nearly

consumed after 8 h and therefore changed with a new Al foil. The same cathode was used for the whole measurement. The initial electrolyte, 4 M KOH aqueous
solution with 5 g L~ ! Na,Sn0s-3H,0, was used for the initial 24 h. After, the electrolyte was extracted and regenerated via seeded precipitation at 20 °C. Afterward,
the supernatant was refilled to the cell as the regenerated electrolyte for the following measurements. Such the electrolyte regeneration was conducted again after
additional 8 h discharge. (b) Average voltage and specific energy of the Al-air cell in different periods of discharge shown in (a). (c) Voltage evolution of Al-air cells
employing 10 mL regenerated electrolytes at 50 °C and 50 mA cm 2. After discharge for 8 h, the AMA and electrolyte were replaced and regenerated, respectively. (d)
Average voltage and specific energy of the Al-air cell in different periods of discharge shown in (c). (e) Comparison of the performance of Al-air batteries developed in

this work and in the previous literature.



precipitation process. With the regenerated electrolyte, the voltage of
the Al-air cell greatly recovered from 0.9 V to 1.3 V (Figs. 5a and 24-40
h). The average voltage and specific energy in the different periods of
the discharge (Fig. 5a) are summarized in Fig. 5b. From 0 to 24 h, the
average voltage and specific energy decreases from 1.31 V to 3.73 kWh
kg !t01.08 Vand 3.13kWhkg !, respectively, due to the formation of
Al(OH), and the consumption of OH . After the electrolyte is regener-
ated, however, the average cell voltage and specific energy recover to
more than 1.20 V and 3.52 kWh kg ! at 100 mA cm 2, respectively.
Additionally, the influence of current density on the electrochemical
performance of Al-air cells employing the blank electrolyte was also
explored (Fig. 519). At the optimized current density of 50 mA cm 2, the
specific energy based on the mass of the consumed Al metal reaches
4.29 kWh kg !. The electrochemical performance of Al-air cells
employing the regenerated electrolyte was also evaluated at 50 mA
cm 2, and the voltage evolution is displayed in Fig. 5c. Under this
condition, an average voltage of 1.43 V and specific energy of 4.09 kWh
kg ! are recorded as summarized in Fig. 5d. The specific energy deliv-
ered in this work employing the blank and regenerated electrolytes is
superior to the results reported in the previous literature as summarized
in Fig. 5e. The specific information about the cited reference can be
found in Table S6.

Therefore, the proposed seeded precipitation of the discharge prod-
uct in the electrolyte effectively enables recovering the decayed voltage
and promoting the average specific energy of the cell. The materials used
in the proposed Al-air full battery and seeded precipitation process are
commercially available at low cost, which is good for the economic
feasibility. Moreover, the easily removal of the discharge product, Al
(OH)s3, adds values to the system because, it is used for the Al production
in line with the full circularity approach, and it enables the reuse of the
electrolyte further reducing the cost. Although labor is required here for
the electrolyte regeneration, this can industrially optimized via the
further improvement of cell design (a possible approach is depicted in
Fig. $20).

4. Conclusions

The results herein presented demonstrate that the formation of
Al(OH), upon cell discharge, which reduces the OH concentration
negatively affecting the transport dynamics and reaction kinetics, is
responsible for the increased overpotential of AMAs and consequent
voltage decay of Al-air batteries rather than the formation of the Al
(OH);3 layer on the electrode surface. However, Al(OH), can be easily
removed from the electrolyte via its conversion to insoluble Al(OH)3
precipitate playing on its lower solubility at 20 °C than 50 °C. The
released OH effectively enable recovering the decayed cell voltage and
specific energy of Al-air cells. Moreover, operating the cells at 50 °C
leads to further enhanced specific energy and tolerance to Al(OH), with
respect to 20 °C, due to the promoted ionic transport and kinetics.
Finally, the addition of AI(OH)s seeds accelerates the precipitation
process strongly shortening the nucleation process. Based on these re-
sults, prototype high-energy Al-air cells operating at 50 °C, including the
removal of the discharge product to regenerate the electrolyte, have
been realized demonstrating that the decay of the voltage and specific
energy upon discharge could be effectively recovered via the seeded
precipitation of AI(OH)3 at 20 °C.

Overall, the proposed Al-air system after further optimization and
scale-up, could be combined with Al smelting (employing Al(OH)3 as
starting material) for the fully circular, long-term (seasonal/annual)
energy storage.
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