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Aluminum batteries have become the most attractive next-generation energy
storage battery due to their advantages of high safety, high abundance, and
low cost. However, the dendrite problem associated with inhomogeneous
electrodeposition during cycling leads to low Coulombic efficiency and rapid
short-circuit failure of the aluminum metal anode, which severely hampers the
cycling stability of aluminum battery. Here we show an aluminum anode
material that achieves high lattice matching between the substrate and the
deposit, allowing the aluminum deposits to maintain preferred crystal plane
growth on the substrate surface. It not only reduces the nucleation barrier of
aluminum and decreases electrode polarization, but also enables uniform
deposition of aluminum, improving the cycling stability of aluminum batteries.
Aluminum anode with (111) preferred crystal plane can stably 25000 cycles at

the current density of 5 A-g™, with a capacity retention rate of over 80%.

In recent years, battery energy storage systems have gradually
gained prominence in the field of energy storage due to their
advantage, such as the advantages of high energy utilization effi-
ciency, flexibility of use and high responsiveness'™. Currently,
lithium-ion batteries occupy the largest market share in the field of
electrochemical energy storage*’, but lithium-ion batteries are dif-
ficult to enjoy in the energy storage market exclusively due to low
raw material reserves and potential safety hazards. Therefore, it is
imperative to find a next-generation electrochemical energy storage
battery with abundant raw material reserves, high safety, and high
stability. Based on this point, metal-ion batteries such as sodium,
magnesium, aluminum, potassium, calcium, and zinc have gradually
become the research hotspots for researchers all over the world®™.
Among them, aluminum battery stands out from them due to their
advantages such as high theoretical capacity (2981 mAh-g™), high
abundance, high safety, and low cost'>”. However, the dendrite
problem associated with inhomogeneous electrodeposition during
repeated cycling leads to low Coulombic efficiency and rapid short-
circuit failure of the aluminum metal anode, which severely hampers
the cycling stability of the aluminum battery.

Recently, researchers have guided the uniform deposition of
metal anodes by constructing artificial surface layers (SEI layers)™,
modulating electrolyte compositions and additives™'® and modulating
electrode structures”, et al. These approaches, although they have had
some success, have been achieved by altering the base structure of the
original aluminum foil or introducing other substances, which not only
increases the cost of the electrodes, but also results in poor scalability
due to the cumbersome process. Therefore, it is important to design
an aluminum anode material based on the aluminum itself alone that
can stably cycle during continuous aluminum electroplating/stripping
processes and has a simple preparation process.

The electrodeposition process of metals is divided into the
adsorption of metal ions and the anodic electro-crystallization of metal
atoms'®. However, during the electro-crystallization of metal atoms,
metal crystals are constantly formed on the electrode surface and the
state is constantly changing, which predetermines the diversity and
complexity of the metal electrodeposition process”?°. The structure
of the deposited layer is closely related to the nucleation and growth of
grains during the electro-crystallization process, as well as to the
crystalline state of the deposited substrate surface”. For example,
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Fig. 1| Design concepts for optimal crystal plane growth mechanism.

a Schematic diagram of isomorphic crystal plane growth. b Electrodeposition
schematic representation of the homogeneous nucleated state. ¢ Schematic dia-
gram of heteromorphic plane growth. d Electrodeposition schematic

representation of random nucleated state. e-h Surface atomic arrangements. i XRD
patterns and j histograms for the corresponding fitted RTC. k The activation
energies of the different aluminum anodes.

Cai et al. successfully achieved uniform and dense electrodeposition
by selecting Ni substrate with a high lattice matching with Cu to sup-
port the Cu sediment®. In addition, previous studies have found that
aluminum tends to form (111) crystal planes during electrodeposition
due to its lower surface energy”. Therefore, if aluminum with (111)
preferred crystal planes is chosen as the anode, the lattice matching
between the substrate and the deposited metal can be improved so
that aluminum deposits can maintain uniform deposition on the sur-
face of the aluminum substrate.

In this work, a stable and simple preparation process for alumi-
num battery anodes is reported by modulating the preferred orienta-
tion of the aluminum crystal plane, and demonstrate the correlation
between the preferred crystal plane growth mechanism with high lat-
tice matching and the electrochemical performance of aluminum
anodes. The results show that this Al anode with (111) preferred crystal
plane plays an important role in the initial nucleation and growth
process of aluminum. Aluminum battery assembled with (111) Al anode
have a more stable deposition morphology and longer cycle life, and
have successfully achieved highly reversible deposition/plating,
dendrite-free and high Coulombic efficiency simultaneously. Al anode
with (111) preferred crystal plane is stably 25,000 cycles at the current
density of 5 A-g™, with a capacity retention rate of over 80%. This work
has opened a path for the development of rechargeable aluminum

batteries with high stability, and is of great significance for the devel-
opment of high safety energy storage batteries.

Results and discussion

Since the reaction on the surface of the aluminum anode is mainly
the plating and stripping of aluminum, its electrochemical properties
are influenced by the atomic structure of the anode surface.
Aluminum has a face-centered cubic structure, with significant
changes in each crystal plane. The arrangement of atoms varies on
different crystal planes, which has different effects on the rate of
crystal growth?.

Figure 1a shows the schematic diagram of isomorphic crystal
plane growth on the same crystal plane. For isomorphic crystal plane
growth, the electrodeposition process is more about the continued
growth of the original crystal, and the deposition substrate will act as
an aluminophilic site to better interact with aluminum atoms. Fig-
ure 1b is the schematic diagram of aluminum electrodeposition in
isomorphic crystal plane growth mode. It can be seen from the Figure
that due to the sediment and the substrate are the same crystal
orientation, the deposition layer on the electrode surface exhibits
good uniformity. On the contrary, if the deposited substrate and
sediment have different preferred crystal plane orientations, they
will produce defects due to partial exclusion. In this case, aluminum
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will randomly nucleate on the surface of the substrate, and the
deposition process will always be in an uncontrollable state, thereby
inducing the growth of Al dendrites (Fig. 1c, d). Figure le-h is the
surface atomic arrangements of the (111), (200), (220), and (311)
crystal faces of Al. It can be seen from the figure that the number and
arrangement of atoms on different crystal planes are different, which
means that when aluminum with different preferred crystal plane
orientations is used as the deposition substrate, there will be differ-
ences in the deposition morphology of aluminum.

In order to explore the influence of different preferred crystal
plane aluminum substrates on aluminum deposition behavior, we
prepared (111) Al, (200) Al, (220) Al, and (311) Al anodes by rolling and
thermal annealing methods. The detailed preparation process is
shown in Supplementary Fig. 1. Firstly, aluminum metal crystals will
undergo irreversible plastic deformation under mechanical rolling,
so that the metal atoms at the lattice nodes will produce relative slip.
This relative slip will cause distortion of the original lattice, resulting
in the original grains are broken into fine grains at the microscopic
level. Annealing the aluminum foil at this time can eliminate internal
stress and improve lattice defects, and fine grains can also regrow,
ultimately causing the crystal transformation of the aluminum.
Supplementary Fig. 2 indicates that moderate rolling may have a
partial impact on the grain layout, but it will not affect the crystal
orientation of the aluminum foil. XRD patterns (Fig. 1i) indicate that
the prepared four preferred orientation aluminum foil exhibit
the peaks at 38.4°, 44.7°, 65.1°, and 78.2° corresponding to (111),
(200), (220), and (311) crystal planes, respectively”. These peaks
are consistent with the data from the standard comparison card
(PDF # 85-1327). For ease of differentiation, we label the corre-
sponding aluminum foil as (111) Al, (200) Al, (220) Al, and (311) Al. The
relative texture coefficient (RTC) of each facet is calculated based on
the following formula:

Liiy /Tochiay 100% O

RTC hkhy =
DS Ty Toghky

where Iy is the intensity obtained from the actual sample, and loki)
is the intensity of the standard-oriented sample. Histograms and
detailed calculation process for the corresponding fitted RTC are
shown in Fig. 1j and Table S1. The results show that the relative texture
coefficients of (111) Al, (200) Al, (220) Al, and (311) Al anodes are 51.9,
99.8, 78.4%, and 83.2%, respectively, which further quantifies the
differences in preferred crystal planes orientation of the selected
aluminum foil. Supplementary Fig. 3 shows the surface SEM images
and EDS data of four preferred orientation aluminum foil. It can be
seen from the corresponding SEM images that there are slight
differences in the surface textures of the different aluminum foils,
which may be caused by different stacking methods of aluminum
grains on different crystal planes. The EDS data shows that the four
kinds of preferred orientation Al anodes only contain Al and O
elements, and the element content is basically similar, indicating that
the purity of the four kinds of preferred orientation Al anodes is
consistent, without other impurity elements. Next, we investigated the
dynamic processes of four types of preferred orientation Al anodes in
ionic liquid electrolytes. Supplementary Fig. 4 shows the electro-
chemical impedance spectroscopy test results of symmetrical bat-
teries assembled with the different preferred orientation Al at different
temperatures after the CV test (The fitted data were displayed in
Table S2). It can be clearly seen from the Figure that the charge transfer
resistance (R.) of (111) Al anode at different temperatures is
significantly lower than that of the other three Al anode. In addition,
the dynamic process of electrodeposition on the electrode surface is
related to the reaction activation energy on the anode surface’®”. The
activation energy calculated by the Arrhenius equation generally refers
to the energy absorbed by non-activated molecules to transform into

activated molecules. The activation energy of each preferred orienta-
tion Al can be calculated by the Arrhenius equation:

1 _ &
Ro- Ae )
Where, R, is the charge transfer resistance, A is the frequency
factor, R is the gas constant, and T is the absolute temperature. As is
shown in Fig. 1k, the calculated activation energies of (200) Al, (220) Al,
and (311) Al are 26.4, 30.4, and 38 kJ-mol’, respectively, while (111)
Al anode shows a lower activation energy (21.3 kJ-mol™), which indi-
cates that (111) Al anode has more excellent charge transfer kinetics
characteristics®.

In order to investigate the relationship between the morphology
and crystal structure of aluminum deposits more systematically, we
assembled symmetrical batteries using (111) Al, (200) Al, (220) Al, and
(311) Al anodes. Figure 2a are the optical photos (Fig. 2a inset) and XRD
results of the separator surface after first-cycle Al plating at the areal
special capacity of 15mAh-cm™ and the areal current density of
1mA-cm™ Figure 2a inset shows that a large amount of aluminum
deposits adheres to the surface of the glass fiber separator at the large
surface capacity of 15mAh-cm™. This is mainly due to the loose
deposition morphology prevents deposit form a foil shape. Therefore,
the crystal face and morphology of aluminum deposits can only be
observed from the separator side. It can be seen from the XRD test
results that the sediment of four preferred orientations Al exhibit
characteristic peaks corresponding to the (111), (200), (220) and (311)
crystal planes of aluminum at 38.4°, 44.7°, 65.1°, and 78.2°, respec-
tively. The XRD results of the four preferred orientations Al are com-
pletely consistent with the standard PDF card values of aluminum
(PDF#85-1327), indicating that the Al deposits on the separator surface
have high purity. In addition, the XRD spectra of the Al deposit on the
surface of the four separators show a strong orientation of the (111)
crystal plane, indicating that aluminum deposited on the electrode
surface tends to grow along the (111) crystal plane.

Figure 2b-e shows the SEM image of the separator surface in a
fully charged state. It can be clearly seen from the figure that when (111)
Alis used as the electrode, the morphology of the glass fiber can still be
seen on the surface of the separator (Supplementary Fig. 5 is SEM
images of the original separator). In addition, as is shown in Supple-
mentary Fig. 6, the Si, O, and Na elements content of the separator
surface on the (111) Al electrode side are significantly higher than those
of other preferred orientation Al, indicating that most of the aluminum
is deposited on the electrode surface rather than on the separator
surface. This result also indicates that aluminum deposits have better
bonding strength on the surface of the (111) Al electrode. On the
contrary, when (200) Al, (220) Al, and (311) Al is used as electrodes,
thick and uneven Al deposits appear on the surface of the separator,
and the morphology of the glass fiber is also close to disappearing.
This is mainly due to the loose morphology of the Al deposits caused
by heterogeneous growth, thereby cannot bind well with the substrate.
During the disassembly process of the battery, most of the Al deposits
adhere to the surface of the separator, covering the original mor-
phology of the glass fiber separator. The purity and elemental dis-
tribution of Al deposits can be obtained from SEM mapping (Fig. 2f-i).
It can be seen from the figure that the distribution of aluminum ele-
ments is more uniform when (111) Al is used as the electrode compared
with the other three preferred orientation Al anodes. This is mainly
because in the isomorphic crystal plane growth mode, the electro-
deposition process is mainly vertical growth in situ on the original
substrate, and the deposition substrate can better interact with Al
atoms as an aluminophilic site, so as to achieve uniform deposition of
Al In addition, the (200) Al anode also exhibits a uniform distribution
of aluminum elements, but the thicker Al deposit on the separator
surface will increase the risk of battery short-circuit failure. A small
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Fig. 2 | Morphological and structural characterization of aluminum metal
deposits. a The XRD spectra and optical photograph of the separator side. b-e SEM
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Al anode surface. k HRTEM images of the (111) Al anode surface. The fitting process
corresponds to the 1 (I), 2 (m), 3 (n), 4 (0), 5 (p), and 6 (q) of Fig. 2b.

amount of O, Si, and Na elements also appeared in the EDS analysis.
The sample of the EDS-Mapping test was tested on the surface of glass
fiber, which is made of sodium borosilicate (Na,SiOs). Therefore, the
oxygen element appears in the EDS-Mapping test results. Si and Na are
also the main elements of the separator. Therefore, in order to obtain a
more uniform aluminum deposit, it is naturally the best choice to
directly perform preferred crystal plane growth on the surface of (111)
preferred orientation Al.
The nucleation process of aluminum can be divided into
three steps:
(1) In the early stage of Al deposition, the Al,O5; film tends to be
consumed by ionic liquids, while forming a stable electrode/
electrolyte interface.

(2) Nucleation occurs under a stable SEI layer, further leading to the
deposition of aluminum.
(3) As the deposition time prolongs, the grains gradually grow.

To demonstrate this process, we tested the XPS spectroscopy of
the electrode surface in the initial state and after cycles. As is shown in
Supplementary Fig. 7, it can be clearly seen from the graph that the XPS
test results show only Al-O bonds of alumina in the initial state. How-
ever, the XPS spectroscopy of the symmetric battery after cycles not

only shows Al-O bonds, but also appears Al-Al bonds representing Al
metal. This is mainly due to the large amount of aluminum being
leaked after the natural alumina on the electrode surface is consumed
by the ionic liquid. From the XPS spectrum of the Cl element, there are
peaks corresponding to CI-Al and CI-O bonds on the electrode surface
after cycling, which proves the formation of the SEI layer. The XPS
results in Supplementary Fig. 7 indicate that the formation process of
the SEl layer on the surface of all preferred crystal planes aluminum foil
is basically consistent, formed by Al-Cl and Al-O bonds. Supplementary
Figs. 8, 4 is the electrochemical impedance spectroscopy at different
temperatures in the initial state and after CV test of the symmetric
battery (The fitted data is displayed in the Table S3). In an initial state,
the impedance values of symmetric batteries assembled with different
preferred crystal face electrodes are very large, reaching several
thousand ohms at room temperature (Supplementary Fig. 8a-d). After
the CV test, the impedance values of symmetric batteries assembled
with different preferred crystal face electrodes significantly decrease
(Supplementary Fig. 4a-d), which is mainly due to the formation of a
stable electrode/electrolyte interface on the electrode surface after the
consumption of alumina. The symmetric batteries assembled with the
(111) Al have the minimum charge transfer resistance, indicating faster
charge transfer kinetics process.
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After the formation of the SEI layer, aluminum nucleation and
growth processes occur. During this process, the atomic arrangement
of the aluminum substrate will have an impact on the later deposition
process. The structure, morphology, and composition of the (111) Al
anode surface before and after the Al stripping/plating process was
verified by high-resolution field emission transmission electron
microscope images. Supplementary Fig. 9a shows the HRTEM image of
the (111) Al anode surface in its initial state, from which a clear lattice
structure is observed. The FFT diagram from Supplementary Fig. 9b
shows three types of lattices spacing, with lattice of 0.232 nm corre-
sponding to the (111) crystal plane of aluminum (Supplementary
Fig. 9c-e), lattice of 0.202 nm corresponding to the (200) crystal plane
of aluminum (Supplementary Fig. 9f-h), and another blurred lattice
possibly corresponding to the (220) or (311) crystal plane of aluminum
(Supplementary Fig. 9i-k). Among them, the lattice pattern of the (111)
crystal plane corresponding to aluminum is clearer, indicating that the
preferred crystal plane of the (111) Al anode is the (111) crystal plane.
This is consistent with the XRD results of (111) Al anode. Figure 2j, k
shows the TEM and HRTEM images of the (111) Al anode surface in a
fully charged state, from which many black particles can be observed.
Six small particles were fitted based on the HRTEM results, as shown in
Fig. 21-q, the lattice spacing of almost all particles corresponds to the
(111) crystal plane of aluminum, indicating that the aluminum particles
grown on the (111) Al anode surface are all the (111) crystal planes
of aluminum, confirming the preferred crystal plane growth of alu-
minum on the (111) preferred crystal plane. This process clearly
demonstrates the preferred crystal plane growth of aluminum on the
(111) Al anode surface.

In order to further understand the matching mechanism between
Al deposits and substrate lattices during preferred crystal plane
growth process, we calculated the binding energy for aluminum atom
and Al substrates with different main crystal planes using density
functional theory (DFT). Supplementary Fig. 10 shows the structural
diagram of aluminum atoms arranged in different crystal planes. As is
shown in the Supplementary Figs. 11, the binding energy for the
deposition of aluminum atoms with the base on the surface of (111) Al,
(200) Al, (220) Al, and (311) Al anodes is —6.65, -7.15, -7.24, and
-7.79 eV, respectively. Obviously, the Al atoms deposited on the sur-
face of the (111) Al electrode bind more firmly to the substrate, which
means the aluminum deposits on the surface of the (111) Al electrode
are less likely to detach from the substrate. Due to the adhesion of
aluminum deposits to the surface of the partition, it can accelerate the
occurrence of battery short-circuit faults. Therefore, a stronger bind-
ing energy between aluminum and the substrate will be more con-
ducive to subsequent electroplating/stripping reactions. Figure 4a-d
can also prove this point. After 50 cycles, only the Al deposits on the
surface of the (111) crystal plane aluminum electrode did not adhere to
the separator among the four preferred crystal planes of the anode,
which also matches the calculation results.

In order to systematically study the effect of different preferred
orientations Al on the stability of Al plating/stripping process, we con-
ducted galvanostatic charge-discharge test of symmetric cells assem-
bled with (111) Al, (200) Al, (220) Al, and (311) Al anodes. Figure 3a-d
shows the polarization voltage curves of AllAl symmetrical cells
assembled with (111) Al, (200) Al, (220) Al, and (311) Al electrodes under
the areal special capacity of 1 mAh-cm™ and the areal current density of
1, 2, 5, and 10 mA-cm™ It can be seen from the figure that when the
current density transfers from 0.5 to 1mA-cm™?, symmetrical cells
assembled with (220) Al and (311) Al electrodes exhibit short-circuit
signals one after another”, and (200) Al anodes can only operate stably
for 12 h at the current density of 2mA-cm™. On the contrary, symme-
trical cells with (111) Al anode can maintain stable polarization voltage at
different current densities. Even when the current density is converted
to 10 mA-cm™ (111) Al anode still exhibits stable Al plating/stripping
behavior, indicating that (111) Al anode can promote the plating and

stripping of Al and extend the cycling life of the battery. In addition,
symmetrical cells assembled with (111) Al anode can stably cycle for over
1900 h at the current density of 1 mA-cm™ and the areal special capacity
of 5mAh-cm, which is 2.37, 2.43, and 17.2 times that of Al (200), Al
(220), and Al (311) anode. This result is due to different Al deposition
morphologies on the Al anodes of different preferred orientations.

Supplementary Fig. 12 shows the SEM images of the electrode
surface with different preferred crystal faces at the areal capacity of 1
and 5 mAh-cm™ after the first-cycle Al plating. It can be seen from the
images that the deposition morphology of aluminum on different Al
anode surfaces. When the areal capacity is 1 mAh-cm™, the deposition
morphology of the (111) Al electrode surface is uniform micrometer
scale cluster particles, the aluminum particles on the (200) Al elec-
trode surface are microsphere like and randomly dispersed, (220) Al
and (311) Al electrodes surface exhibit randomly distributed dendritic
dendrites. As the areal capacity increases to 5 mAh-cm™, the particle
distribution on the surface of (111) Al anode remains uniform and
dense, and the average particle size remains almost unchanged. On the
contrary, different morphology of dendrites appeared on the surfaces
of the other preferred orientations Al, indicating that the (111) crystal
faces of aluminum are favorable for the electrochemical performance
of the aluminum batteries. In addition, (111) Al anode surface on the
side of aluminum stripping exhibits a uniform linear stripping mor-
phology, while other preferred orientation Al surfaces show randomly
stripping morphology, and electrode corrosion is more severe. This is
mainly due to the morphological differences in isomorphic crystal
plane growth and heteromorphic growth of aluminum.

In addition, the early nucleation state of metals plays an important
role in studying the deposition mechanism of metal battery anodes™.
According to the theory of metal nucleation, the nucleation of solid
phases requires overcoming a free energy barrier’. The nucleation
barrier of metal is also closely related to the nucleation overpotential.
When the metal begins to plate, an obvious voltage drop will be
observed, followed by a flat voltage platform. The nucleation over-
potential is the voltage difference between the lowest point voltage
and the highest flat section in the voltage polarization curve. The
smaller the polarization voltage, the lower the metal nucleation
barrier*”. Once the nucleation overpotential is overcome, the energy
required for the aluminum deposition process decreases until the
deposition state stabilizes. In order to evaluate the role of (111) Al
anode in the nucleation and growth process of metallic Al, we
assembled a symmetric battery with four preferred oriented Al anodes
and tested the nucleation behavior of Al on an electrode surface.
Figure 3i shows time-voltage curve of Al|Al symmetrical cells assem-
bled with (111) Al (e), (200) Al (f), (220) Al (g), and (311) Al (h) elec-
trodes. It can be seen from the figure that the current density increases
rapidly in the initial stage, which is mainly due to the formation of
crystal nuclei near the electrode in the initial stage. As the thickness of
the sediment continues to increase, the deposition process on the
electrode surface gradually stabilizes, and the current gradually
maintains a stable value. This is mainly due to the platform over-
potential of aluminum electrodeposition. The nucleation time on the
surface of (111) Al anode is the least compared to other preferred
orientation anode. On aluminum foils with different main crystal
planes, the (311) Al anode exhibits the highest nucleation overpotential
at the same current density, while the (111) Al anode exhibits the lowest
nucleation overpotential (93 mV). This indicates that the nucleation
potential barrier on the surface of (111) Al electrode is the lowest,
indicating that uniform and smooth aluminum deposition is more
likely to occur on the electrode surface. Additionally, it can also be
seen from Fig. 3g, k that the polarization voltage of (111) Al electrode is
the smallest under both high current density and large area capacity,
which is related to the unique isomorphic crystal plane growth mode
of (111) Al electrode. The in situ growth of aluminum on the substrate
can continuously regulate the electric field distribution of the
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Fig. 3 | Electrochemical performance of symmetrical batteries. a-d Polarization voltage curves and e-h cycle performance of symmetrical cells. i Time-voltage curve.
Jj, k The first-cycle Al deposition and dissolution curves of the symmetric cell at different test conditions.

electrode surface to be more uniform, inducing free-dendritic
deposition of aluminum on the electrode surface, thereby extending
the cycling life of the battery.

As is well known, the deposition morphology of metal on the
electrode surface plays a decisive role in the battery life**. Therefore,
we studied the deposition morphology of four preferred orientations
Al on the electrode surfaces through SEM after 50 cycles, and the
corresponding SEM images are shown in Fig. 4a-d. It can be seen
from Fig. 4a that the deposition morphology of aluminum on the
surface of the (111) Al anode presents uniform sheet-like clusters, and
no obvious aluminum deposition particles are visible on the corre-
sponding side of the separator surface (Fig. 4€). This is mainly due to
the high lattice matching between the Al deposit and the substrate
caused by the isomorphic crystal plane growth mechanism, which
induces the deposition particles to uniformly bond with the substrate
and in situ growth in the substrate. Contrary to (111) Al anode, the
surfaces of (200) Al, (220) Al and (311) Al anodes exhibit dimples of
varying sizes, while the deposits all adhere to the separator surface
near the electrode side (Fig. 4f-h). This is because the heteromorphic
deposition mode tends to loosen the morphology of aluminum
deposits, resulting in the inability to form foil-like structures. During
the repeated cycling process, Al deposits on the separator surface

will aggregate to form dendrites and continuously grow towards the
counter electrode, causing short-circuit failure of the battery. These
results indicate that the high lattice matching between the sediment
and (111) Al anode can regulate the nucleation and growth mechan-
ism of Al, thereby enabling uniformly deposited on the electrode
surface without dendrite growth.

As is shown in Supplementary Fig. 13, to demonstrate the uniform
nucleation of aluminum on the (111) Al electrode surface, we tested the
deposition morphology of aluminum electrode with different pre-
ferred crystal faces at lower areal capacities (0.1 mAh-cm™) and current
densities (0.1 mA-cm). The (111) Al electrode surface exhibits uniform
deposition and small aluminum deposition particles. In sharp contrast,
the other three electrode surfaces exhibit uneven deposition of Al
particles, and the (311) Al electrode surface even exhibits obvious
dendritic morphology. This indicates a uniform nucleation process on
the surface of the (111) Al electrode. Supplementary Fig. 14 are the SEM
image and XRD test result of (111) Al anode surface at full charge state
after 100 cycles under the areal special capacity of 1 mAh-cm™ and the
areal current density of 1 mA-cm2 The surface of the (111) Al electrode
exhibits uniform deposition morphology after 100 cycles. In addition,
as shown in Supplementary Fig. 14b, the preferred crystal plane on the
surface of the (111) Al electrode remains the (111) crystal plane, and the
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Fig. 4 | Analysis of the bonding strength between aluminum deposits and
aluminum anode. a-d SEM images of different aluminum anode surfaces after 50
cycles. e-h The optical images of the separator surface corresponding to different
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anodes after 50 cycles. i Calculation model and adsorption energy of AICl,” and
ALCl; on different aluminum anode surfaces.

preferred orientation remains largely unchanged. This indicates that
there is no loss of advantageous crystal orientation during the con-
tinuous Al stripping/plating process.

In the electrodeposition process of aluminum, AICl,~ and ALCl,~
are the main ions involved in the reaction, so the strong adsorption
ability of the deposition substrate for these two ions helps the elec-
trodeposition reaction. Generally, adsorption energy (E,q) refers to the
energy released by the adsorption process between the adsorbate and
the substrate®. When the adsorption energy is negative, it indicates
that the adsorption process can proceed spontaneously. The higher
the absolute value of adsorption energy, the stronger the interaction
between the adsorbate and the substrate®. Figure 4i is the adsorption
energy of AICl, and Al,Cl; ions on the surfaces of (111) Al, (200) Al,
(220) Al, and (311) Al electrodes by DFT calculation. DFT results show
that AICI; and Al,Cl; ions have higher adsorption energies on the
surface of (111) Al anode, indicating stronger interaction between the
(111) surface of Al and the substrate during the early deposition pro-
cess. This means (111) Al anode can provide a stronger nucleation
driving force for the subsequent deposition of Al.

In order to observe the dynamic growth process of Al on the
surface of Al anodes with different preferred orientations more intui-
tively, we assembled an Al|Al symmetric cell and conducted in situ
optical observation. The in situ observation device is shown in Fig. 5a.
Two aluminum foils are used as electrodes, with an electrolyte added
in the middle. Finally, the deposition behavior of aluminum is observed
using the light microscope. The in situ observation images of four
preferred orientation Al anode are shown in Fig. 5c-f, the corre-
sponding in situ movie can be found in Supplementary Movies 1-4.
The results showed that after the deposition time exceeded 15 min,
non-planar and island-shaped deposition morphologies appeared on
the surfaces of (200) Al, (220) Al, and (311) Al electrodes. In stark
contrast, the (111) Al electrode surface exhibits uniform aluminum
deposition morphology. In addition, after the deposition time reaches
60 min, it can be more clearly seen that the uniform and dense

deposition morphology of the (111) Al electrode, as well as the uneven
deposition morphology of (200) Al, (220) Al, and (311) Al electrodes,
which is consistent with test results shown in Supplementary Fig. 15. In
addition, Fig. 5b shows the schematic diagram of isomorphous crystal
plane growth mode. The Al deposit exhibits high lattice matching with
the (111) Al anode, so Al atoms can easily interact with the substrate and
grow uniformly along the substrate.

In order to illustrate the practical application of (111) Al anode in
aluminum batteries, we assembled an Al|3DGr full battery using 3DGr
as the positive electrode (1 mg cm™) and four preferred crystal plane Al
as the negative electrode. Figure 6a, b show the porous structure and
high crystallinity of 3DGr. As is shown in Fig. 6c, the full battery
assembly with four preferred orientation Al anode all showed obvious
oxidation peaks at 1.86, 2, and 2.29V and corresponding reduction
peaks at 1.58, 1.76, and 2.05V, indicating their highly reversible elec-
trochemical behavior®. Figure 6d shows the electrochemical impe-
dance spectroscopy (EIS) results of the full battery assembled with
(111) Al, (200) Al, (220) Al, and (311) Al electrodes as negative electro-
des, respectively. The fitting results are shown in Table S4. According
to the fitting results, the charge transfer resistances (R.,) of (111) Al
electrodes are 31.81 Q, significantly lower than that of (200) Al, (220)
Al, and (311) Al electrodes. This indicates that a full battery assembled
with (111) Al electrodes exhibits faster Al stripping/electroplating
reaction kinetics®.

The results of the galvanostatic charge-discharge (GCD) curve are
shown in Fig. 6e, f. The (111) Al|3DGr battery has higher capacity, wider
voltage platform, and lower polarization voltage at both the current
density of 1A-g™ and 10 A-g™. As is shown in Fig. 6g, the capacity of the
four preferred oriented Al is basically the same when the current
density is 1A-g”’. However, when the current density increases to
10 A-g”, the capacity of (111) Al, (200) Al, (220) Al, and (311) Al elec-
trodes are 76.6, 60.4, 41.1' and 22.7 mAh-g™, respectively. This further
confirms that (111) Al electrodes are beneficial for improving the che-
mical reaction kinetics of Al plating/stripping. In addition, the (111) Al
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Fig. 5| In situ optical observation images of aluminum anodes in plating process. a Diagram of in situ observation device. b Schematic diagram of isomorphic crystal
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electrode exhibited long-term cycling stability of 25,000 cycles at the
current density of 5A-g™, and the capacity retention rate exceeded
80% (Fig. 6h). In contrast, the battery assembled with the other pre-
ferred orientation Al electrodes have short circuits failure after stable
cycling for a period. The long cycle performance of (111) Al|3DGr bat-
tery is attributed to the highly reversible and aluminum deposition
process of non-dendrites, while the formation of dead aluminum and
dendrites in other preferred orientation Al anode during repeated
cycles leads to poor electrode reversibility. These results confirm that
the preferred crystal plane growth mechanism with high lattice
matching can improve the possibility of achieving stable and dendrite-
free high-performance aluminum batteries. In order to evaluate the
application prospects of (111) Al anode, we assembled the pouch bat-
tery using flake graphite as the cathode (15.7 mg-cm™). Figure 6i is the
capacity-voltage curve of the Al|FG pouch battery. It can be seen from
the figure that even if the areal loading of the positive electrode active
material is increased, the (111) Al|FG batteries still have a good voltage
platform. As shown in Fig. 6j, the (111) Al|FG battery can still maintain
the specific capacity of 80 mAh-g™ at the current density of 20 mA-g™.
In addition, the pouch battery with (111) Al as the anode can provide a
stable current to drive small fans and charge mobile phones (Fig. 6k, 1),
indicating that (111) Al anode-based aluminum batteries have enor-
mous application potential. To further demonstrate the cycling

stability of the (111) Al anode at high areal capacity, we assembled the
(111) AIIFG Swagelok battery with an areal loading of 15.5 mg-cm™. As is
shown in Supplementary Fig. 16a, the battery capacity is 87 mAh-g™ at
the current density of 20 mA-g™. When the current density reaches
500 mA-g, the battery capacity can still reach 35 mAh-g™. As shown in
Supplementary Fig. 16b, the (111) AI[FG battery can maintain the spe-
cific capacity of 80 mAh-g™, and stably cycle over 1000 cycles at the
current density of 100 mA-g™.

In summary, we verified the correlation between the preferred
crystal plane growth mechanism of high lattice matching and the
electrochemical performance of aluminum anodes by regulating the
dominant crystal planes of aluminum substrates. It was determined
that the (111) Al anode is advantageous for the electrochemical per-
formance of aluminum battery by assembling symmetrical cells and a
full battery. The role of the preferred crystal plane growth mechanism
in the nucleation and growth process has been revealed through var-
ious experiments and DFT calculations. The deposition morphology of
flat-plate on the surface of (111) Al anode greatly reduces the nucleation
barrier of aluminum and improves the cycling stability of the alumi-
num anode. (111) Al anode can operate stably for over 1900 h even at
the high areal capacity of 5 mAh-cm™, which is 2.3-16.3 times that of
other preferred orientation Al. In addition, the (111) Al anode can stably
25,000 cycles at the current density of 5 A-g”, with a capacity retention
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Fig. 6 | Electrochemical performance of aluminum anodes with different pre-
ferred crystal faces. a SEM images, element mapping and b XRD result of three-
dimensional graphite. ¢ CV curve and d Nyquist plot of Al|3DGr battery. e, f The
GCD curves of Al]3DGr battery at different rates. g Rate performance of All3DGr

battery. h Long-term cycling tests of Al3DGr battery. i Capacity-voltage curve and
j cycle performance of (111) AlIFG pouch battery. k, 1 Application display of lami-
nated pouch battery.

rate of over 80%. The preferred crystal plane growth mechanism of
high lattice matching provides a direction for the development of high-
stability and high-safety aluminum batteries.

Methods

Preparation of different preferred crystal plane anode

The (200) Al and (220) Al electrodes come from East Sunshine Alu-
minum Industry Co., Ltd. (99.99% purity, thickness is 120 pm). Pre-
paration of (111) Al anode: Firstly, clean the aluminum foil with
deionized water and acetone to remove any oil stains on the surface.
Then, the roller press is used to roll the (220) Al to the deformation
of 35% at the speed of 15 r/min (The temperature is 25 °C). Next, the

rolled (220) Al was annealed at 350 °C in the vacuum environment for
30 min to obtain (111) Al anode. Among them, the vacuum degree
should reach 3 x 107 Pa. Preparation of (311) Al anode: the roller press
is used to roll the (200) Al to the deformation of 35% at the speed of
15r/min (The temperature is 25°C). Next, the rolled (220) Al was
annealed at 620 °C in the vacuum environment for 50 min to obtain
(311) Al anode.

Preparation of ionic liquid electrolyte

The ionic liquid electrolyte in this paper is composed of anhydrous
aluminum chloride (AICl3) and triethylamine hydrochloride (Etz;NHCI)
with a molar ratio of 1.5:1%. The anhydrous aluminum chloride is
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analytically pure with a purity of 99.2% and was purchased from
Sinopharm Group Co., Ltd., China. The triethylamine hydrochloride is
also analytically pure with a purity of 99.5% and was purchased from
Sinopharm Group Co., Ltd., China. Firstly, the triethylamine hydro-
chloride is placed in a vacuum drying oven at 130°C to remove
moisture. Secondly, 7.265 g of anhydrous aluminum chloride and 5 g of
triethylamine hydrochloride are slowly added to a beaker and melted
under magnetic stirring to form the ionic liquid. Then, the ionic liquid
electrolyte is heated on the hot plate for 1h to ensure the complete
reaction. Finally, the ionic liquid electrolyte is left to stand at room
temperature for 24 hours in the glove box filled with argon gas and
moisture content less than 0.1 ppm before use. The moisture content
of the prepared electrolyte is less than 50 ppm.

Battery of assembly

The cathode materials used are three-dimensional graphite (3DGr)
and flaky graphite (FG). Among them, the areal loading of the three-
dimensional graphite is 1 mg-cm™2, with an area of 1 x 1cm. The three-
dimensional graphite is purchased from Suzhou Graphene Technol-
ogy Co., Ltd. As a self-supporting electrode, it can be used directly.
The flake graphite electrode is prepared by mixing flake graphite
(FG), conductive carbon black (Super P), and polytetrafluoroethylene
(PTFE). Among them, flaky graphite is purchased from Qingdao Jin-
tao Graphite Co., Ltd., and conductive carbon black (Super P) and
polytetrafluoroethylene (PTFE) are purchased from Shenzhen Kejing
Co., Ltd. The mass ratio of FG: Super P: PTFE in the flake graphite
electrode is 85:5:10, and then the three are mixed with water as the
solvent. The mixed slurry is rolled into a self-supporting electrode
with a rolling pin and vacuum-dried at 120 °C. The areal loading of
flake graphite electrode is 20 mg-cm™, with an area of 5x10 cm. The
anode material is aluminum foil with different preferred orientations.
Among them, the (200) Al and (220) Al electrodes are from East
Sunshine Aluminum Industry Co., Ltd. (99.99% purity, thickness is
120 um). The (111) Al and (311) Al electrodes are made in the labora-
tory, and the specific preparation process is shown above. The
electrolyte is AICIs/EtsNHCI (molar ratio of 1.5:1), and the specific
preparation method is shown above. The separator is glass fiber filter
paper purchased from Whatman Co., Ltd. in the UK, with a thickness
of 675 microns and a pore size of 2.7 um. The current collector is
molybdenum foil, purchased from Baoji Zhongchang Nonferrous
Metals Co., Ltd., with a of 99.999% and a thickness of 25 pum. The
battery is assembled in a glove box where the oxygen and water
content are kept below 0.1 ppm to avoid any impact on battery
performance from impurities. Next, the materials are placed into the
battery case in the order of cathode current collector/cathode
material/separator/anode material. Then, an ionic liquid electrolyte
is injected into the battery case using a pipette to ensure that the
electrode sheets and separator are fully wetted with the electrolyte.
Attention should be paid to controlling the injection volume to avoid
overflow or insufficient electrolyte. Finally, the battery is sealed. For a
Swagelok battery, it can be sealed by screwing the battery case
according to the thread. For a pouch cell, a vacuum sealing machine
is used for vacuum heat sealing.

Characterization

The crystalline structure of Alis was tested by X-ray diffraction (XRD,
Bruker D8 Adcanc diffractometer) using Cu Ko-radiation with a
scan speed of 5 °/min. SEM images were measured by Field emission
Scanning electron microscope (Gemini SEM 500). Electrochemical
measurements of cyclic voltammetry (Scan rate is 5mV-s™?), electro-
chemical impedance spectroscopy (EIS, the frequency range and
amplitude of EIS test is 1,000,000-0.01 Hz and 10 mV, respectively.),
and galvanostatic charge-discharge curve were conducted in the range
of 0.5-2.5V with the electrochemical workstation (Prinston) and Land
CT2001 test system.

DFT calculation

The specific process of DFT calculation is completed through the
ORCA5.0.3 package. Geometric optimization and absorption energy
were performed using the CPCM solvent model at the B97-3c level. The
dielectric constant of the ionic liquid is set to 13.5.

Data availability

All data analyzed and generated during this study are included in the
article and its Supplementary Information. The data that support the
plots within this paper and other findings of this study are available
from the corresponding author upon request.
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