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Aiming at high-energy-density off-grid application, severe plastic deformation-modified Al-Li-Mg-Zn-Cu
high-alloy aluminum obtained by deformation-driven modification was proposed to serve as anodes for
primary aluminum-air batteries. Homogeneous microstructures induced by the fragmentation of second
phases and dynamic recrystallization suppressed the formation of the hydroxides-eutectic skeletons to
isolate anodes from alkaline electrolytes. The alloying elements contributed to the inhibition of hydrogen
evolution self-corrosion, the mitigation of polarization, and the enhancement of the discharge voltage.
The self-corrosion rate was only one-seventh of the 5N pure aluminum. The power and energy densities
reached 88.3 mW cm~2 and 2.73 Wh g1, respectively, which is better than those of pure aluminum.
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Carbon neutrality and associated environmental concerns bring
about profound demands for renewable energy sources [1]. As
the biggest unicorn market of green energy supplies, power cells
for electric vehicles and portable devices have been dominated
by lithium-ion batteries due to their long cycle life and good
energy density [2]. However, their wide applications in off-grid
energy supplies and high energy density demands are still re-
stricted due to the destructive issues induced by lithium den-
drites and unsafe organic electrolytes [3]. As an old but efficient
choice, primary metal-air batteries have received attention to serv-
ing as next-generation high-energy off-grid storage systems [4,5].
Among these metal-based cells, aluminum-air batteries are one of
the most promising alternatives due to the extraordinary energy
densities (8131 Wh kg~1), abundant reserves (the highest metal-
lic abundance), and potential applications in high-value military
industries [6-8]. The performances of aluminum anodes strongly
depend on the microstructural design and preparing routes [9,10].
Generally, pure aluminum anodes display severe hydrogen evolu-
tion reaction (HER) self-corrosion and unstable discharge voltage
plateau induced by polarization, leading to a limited anodic effi-
ciency [11]. One straightforward approach to boost the utilization
is alloying since the alloying elements can shift the discharge volt-
age and mitigate self-corrosion [12]. The selection of alloying ele-
ments usually meets these criteria: high HER overpotential, good
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metallurgical compatibility with aluminum, and more positive po-
tential than aluminum [13]. These characteristics are of vital im-
portance to suppress the HER-induced corrosion and the formation
of the passivation layers during discharge to provide extraordinary
robustness of the aluminum anodes.

High-alloy aluminum (HAA), a combination of high-entropy al-
loys and aluminum anodes, are capable of combining the advan-
tages of the elements following the above criteria. The utilization
of HAA containing active elements (Li [14], Mg [15], etc.) and depo-
larization elements (Zn [16], In [17], Sn [18], Cu [19], etc.) make it
possible to prepare the charming anodes for primary aluminum-air
batteries towards high energy density applications. However, due
to the serious formation propensity of eutectic microstructures,
the HAA containing these low-melting-point elements cannot dis-
charge continuously due to the electrolyte-isolation effect of these
eutectic skeletons. This issue results in significant challenges in
developing homogeneous anodes [20]. Severe plastic deformation-
based techniques show high applicability for homogenizing and re-
fining materials [21-24], which may be suitable for modifying the
HAA. Considering this, we utilized the deformation-driven modi-
fication (DDM) techniques, based on the principle of severe plas-
tic deformation, to tailor the 80AI-5Li-5Mg-5Zn-5Cu lightweight
HAA into homogeneous and refined microstructures as anode can-
didates for aluminum-air aqueous batteries. Magnesium (—2.4 V
vs. normal hydrogen electrode (NHE)) and lithium (-3.0 V vs.
NHE) elements were selected due to their higher hydrogen evo-
lution potentials than aluminum and more positive electrode po-
tentials than that of aluminum (—1.7 V vs. NHE) to facilitate the
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Fig. 1. Schematic illustration of preparation routes of the HAA anodes: (a) severe plastic deformation of DDM process, (b) microstructural evolution, and (c) illustration of

primary aluminum-air batteries.

metal dissolution-deposition process. Zinc [25] and copper [26] el-
ements were chosen due to their good depolarization effects. The
as-cast HAA were firstly cut into discs of 16.0 mm in diameter
and 2.0 mm in thickness. DDM was applied to the as-cast mate-
rials via a rotational tool with an axial pressure to compact the
disc towards suppress the porosity and enhance the microstruc-
tural homogeneity, as shown in Fig. 1a. A rotational velocity of
800 rpm and a processing time of 2 min were selected. Accord-
ing to our previous research [27], the accumulated plastic strain
applied on the modified specimens is approximately linear to the
processing time. The severe plastic deformation and associated de-
formation/frictional heat triggered fragmentation of the precipi-
tates [28] and dynamic recrystallization (DRX) of the grain mi-
crostructures [29]. The microstructures of HAA before/after mod-
ification are shown in Fig. 1b. Much more refined microstructures
without eutectic skeletons can be seen, which avoids the severe
attenuation of discharge plateau during discharging.

We explicated the discharge characteristics via a primary
aluminume-air cell with the electrolyte of 4 m KOH aqueous solu-
tion without extra electrolyte additives, as shown in Fig. 1c. The
air cathode was constructed by sequentially pressing the MnO,/C
catalyst layer (MnO,:carbon black:poly tetrafluoroethylene= 1:3:1,
catalyst loading 13 mg cm~2), Ni-based current collector, and wa-
terproof gas diffusion layer (mixture of Teflon and carbon-based
materials). The tested anodes included as-cast and DDM HAA, and
5N pure aluminum. The discharge reactions and associated parasite
reaction can be described as follows:

Anode : Al +40H™ — AI(OH)4~ +3e™; AlI(OH)4~

— Al(OH)3(s) + OH~ (1)
Cathode : 0,(g)+2H;0 + 3e~ — 40H™ (2)
Overall : Al+ 3/40,(g)+3/2H,0 — Al(OH)3(s) (3)
Parasite on Anode : Al + 3H,0 — Al(OH)3(s)+3/2H,(g) (4)

Fig. 2a shows the discharge characteristics of these three an-
odes with the current density of 20, 40, 80, and 120 mA cm~2. The
as-cast HAA cannot even exhibit a continuous discharge plateau at
the lowest discharge rate. It is attributed to the exposure of the
eutectic skeletons, which cannot provide electrons to discharge.
These eutectic skeletons companied by the hydroxides via anode
reactions formed a dense isolation layer to prohibit continuous
discharge, resulting in premature failure of discharge plateau. By
contrast, the homogeneous HAA processed by DDM shows a sta-
ble discharge plateau at all current densities, confirming the frag-
mentation of the undesirable eutectic skeletons. The anode reac-
tion products, hydroxides, are not absorbed by the porous frame-
work any longer and can enter the electrolytes to prevent the for-
mation of passivation film during discharge. The copper element
distributed in homogeneously dispersed precipitates rather than in
the eutectic skeletons further avoids the formation of the dense
hydroxide films [30,31], contributing to a better anode-electrolyte
interface for continuous discharge. Besides, with the help of mag-
nesium and lithium elements with more positive potentials, the
discharge voltage is also higher than the 5N pure aluminum. Al-
most no attenuation can be observed in the discharge curves of the
DDM HAA specimen at 120 mAh cm~2, while severe declination
exists in the curves of pure aluminum, implying that the polariza-
tion effect is significantly suppressed to maintain stable discharge.
The extracted power and energy densities are shown in Fig. 2b.
The highest power and energy densities are obtained at the high
discharge rate of 120 mAh cm~2. One should note that although
the copper elements in the HAA cannot offer electrons during dis-
charge and the zinc elements have a lower theoretical energy den-
sity than the aluminum matrix [15,32], the effective energy densi-
ties of HAA are still higher than the pure aluminum. We can in-
fer that the HER self-corrosion via parasite reaction on anodes is
suppressed during discharge, which compromises the energy den-
sity loss induced by alloying elements. Hydrogen evolution mea-
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Fig. 2. Discharge characteristics and electrochemical responses: (a) discharge tests with the current densities of 20, 40, 80, and 120 mA cm~2, (b) comparison of discharge

performances, (c) Tafel curves, and (d) EIS responses.

Table 1
Fitted parameters of EIS results via the equivalent circuit in Fig. 2d.
CPE; CPE,
Area Ry (Qcm?) T((uQ'cm2s") n LkHcm2) Re(Qcm?) TmR'cm2s") n Ry (€ cm?)
5N pure Al 1.2 21.8 1.00 5.4 5.8 121 1.00 23
DDM HAA 1.0 38.7 1.00 16.0 3.2 10.8 1.00 3.7
As-cast HAA 1.3 41.5 0.99 221 4.0 232 1.00 7.2

surement of these three anodes in 4 m KOH aqueous solution was
conducted via Archimedes drainage method. The obtained hydro-
gen evolution rates of as-cast HAA, DDM HAA, and 5N pure alu-
minum are 9.86 + 0.61, 0.57 + 0.23, and 3.72 + 0.25 mL cm—2
h=1, respectively. The porosity existing in the as-cast microstruc-
tures enlarge the exposure area to the alkaline solution, result-
ing in a drastic HER process. After DDM, the corrosion rate is sig-
nificantly suppressed to mitigate the undesirable parasite reaction
rate, only about one-seventh of pure aluminum. As such, these el-
ements can effectively increase the discharge voltage, alleviate po-
larization, and avoid the formation of the passivation film.

The electrochemical responses, including potentiodynamic po-
larization (PDP) and electrochemical impedance (EIS) tests were
conducted via CHI 760E and PARSTAT 4000A electrochemical work-
stations. Fig. 2c shows the Tafel curves of three kinds of anodes
with a scanning rate of 1 mV s~!. The existence of positive ele-
ments results in a more negative corrosion potential vs. Hg/HgO
reference electrode (more positive voltage) than the pure alu-
minum. However, due to the anodic protection effect of active ele-
ments of magnesium, the self-corrosion rate is suppressed, result-
ing in higher corrosion resistance than pure aluminum. The EIS
results and the associated equivalent circuit is shown in Fig. 2d.
Table 1 shows the fitted electronic component parameters. The
DDM HAA has the lowest charge transfer resistance R. value

(3.2 Q cm?) among the three kinds of anodes, indicating the
strongest characteristics as electron donors. The activation of the
DDM HAA anode by the high alloying and severe plastic defor-
mation process contributes to the high discharge voltage. The film
resistance of this anode is also higher since the corresponding R¢
value is a bit higher than that of pure aluminum, which is respon-
sible for the overall good corrosion resistance (low HER rate). In
addition, since the n values of all Q, are 1.00, these Q, can be re-
garded as the ideal capacitance element. One can see that the T
value of Q, of as-cast HAA is much higher than that of the severe
plastic deformation-modified specimens, proving that the eutectic
skeleton-induced dense passivation film is avoided by the homog-
enized microstructures.

To further illustrate the effect of severe plastic deformation
on the discharge characteristics, we conducted electron backscat-
tered diffraction (EBSD) observation via a HITACHI SU5000 scan-
ning electron microscope (SEM) equipped with an Oxford Instru-
ment C-Nano EBSD detector, as shown in Fig. 3. The as-cast HAA
exhibits a typical dendrite structure with eutectic skeletons dis-
tributed intergranularly in the inversed pole figures (IPF). After the
modification via severe plastic deformation, the grain morpholo-
gies show an equiaxed structure with an average grain diameter
of 3.37 &+ 2.27 um. The high plastic strain introduced by the DDM
process increases the local geometrical necessary dislocation den-
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Fig. 4. Microstructural factors of three kinds of anodes via EBSD techniques: (a) XRD results, and (b) bright-field image, (c) dark-field image, (d) high-resolution image with

inversed fast Fourier transform, and (e) SAED results via TEM observation.

sities. These unevenly distributed strain hardening within the HAA
brings about the localization of material flow, leading to the dislo-
cation pile-up gradually forming a series of dislocation walls. The
further accumulation of plastic strain causes the angle between
two adjacent grains to increase and triggers the formation of sub-
grain boundaries. These sub-grain boundaries and substructures
continue to grow with the help of continuous plastic deformation
input to finally form the equiaxed grain structures. Due to the suf-
ficient heat input, the residual geometrical necessary dislocation
densities are not obvious, as seen in the kernel average misorien-
tation (KAM) mappings. This phenomenon weakens the lattice dis-
tortion of the modified HAA to avoid the local corrosion promotion
activity [33]. The obtained ultrafine-grained microstructures fur-
ther inhibit the heterogeneity to ensure the continuous discharge
and low HER rate. By contrast, the 5N pure aluminum depicts a
coarse grain structure with high geometrical necessary dislocation

densities induced by the cold rolling process. The excessive defect
energies bring about a higher self-corrosion rate, which decreases
the durability of the pure aluminum in primary aluminum-air bat-
teries.

X-ray diffraction (XRD, PANalytical X'PERT) and transmission
electron microscopy (TEM, Thermo Scientific Talos, working voltage
200 kV) were applied to the anodes to show the phase evolution
during the DDM process. The peak associated with Al,03 gradually
decreases, which indicates that the undesired oxide film in the as-
cast materials is broken (Fig. 4a). The ratio of the T;(Al,CuLi) phase
increases while the ratio of 6 (Al,Cu) decreases. This implies that
partial 6 phases react with the lithium-rich phases to form the T;
phase during severe plastic deformation [34]. The T; phase con-
taining lithium elements is more anodic than the 6 phase [35],
which may help the stable discharge. The TEM images (Fig. 4b) also
confirm the homogeneity of the microstructure. No connective pre-
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cipitate skeletons can be found, which suppresses the formation of
undesirable passivation films. As such, the stable discharge plateau
with high voltage was obtained in the DDM HAA with homoge-
neous microstructures.

In conclusion, we demonstrated that the deformation-driven
modified Al-Li-Mg-Zn-Cu high-alloy aluminum exhibited a more
stable discharge plateau and higher voltage than pure aluminum
in primary aluminum-air batteries. Homogeneous microstructures
induced by the fragmentation of second phases and dynamic re-
crystallization suppressed the formation of the hydroxides-eutectic
skeletons to isolate anodes from alkaline electrolytes. The addi-
tion of copper elements further avoided the formation of the dense
hydroxide films, which realized the continuous discharge. Magne-
sium, zinc, and lithium elements contributed to the inhibition of
hydrogen evolution self-corrosion, the mitigation of polarization,
and the enhancement of the discharge voltage. No attenuation was
observed in the discharge curves of severe plastic deformation-
modified high-alloy aluminum anodes at 120 mAh cm~2. The self-
corrosion rate was only one-seventh of the 5N pure aluminum. The
power and energy densities reached 88.3 mW cm~2 and 2.73 Wh
g~1, respectively, which is obviously better than those of pure alu-
minum. This strategy is significant for designing high-performance
aluminum anodes for high-power-density applications.
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