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Abstract

Aluminum-metal batteries show great potential as next-generation energy
storage due to their abundant resources and intrinsic safety. However, the
crucial limitations of metallic Al anodes, such as dendrite and corrosion
problems in conventional aluminum-metal batteries, remain challenging
and elusive. Here, we report a novel electrodeposition strategy to prepare
an optimized 3D Al anode on carbon cloth with an uniform deposition
morphology, low local current density, and mitigatory volume change. The
symmetrical cells with the 3D Al anode show superior stable cycling
(>450h) and low-voltage hysteresis (~170 mV) at 0.5 mA cm™ 2 High re-
versibility (~99.7%) is achieved for the Al
graphite | | Al-4/CC full batteries show a long lifespan of 800 cycles with

plating/stripping. The

54mAh g™' capacity at a high current density of 1000 mA g~', benefiting
from the high capacitive-controlled distribution. This study proposes a
novel strategy to design 3D Al anodes for metallic-Al-based batteries by
eliminating the problems of planar Al anodes and realizing the potential
applications of aluminum-graphite batteries.
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1 | INTRODUCTION
Aluminum-metal secondary batteries show remark-
able potential as next-generation energy storage sys-
tems owing to their high theoretical gravimetric
capacity (2.98 Ah g™"), intrinsic safety, and abundant
resource.’ " The development of high-energy cathode
materials and low-cost and stable electrolytes has
been extensively studied for aluminum-ion batteries
and aluminum dual-ion batteries (consisting of a
carbonaceous cathode).’ 12 However, as a crucial part
of aluminum-based batteries, Al anodes have some
challenging issues that need to be properly addressed,
such as the dendrite growth, insulative oxide film,
and corrosion accompanying hydrogen evolution in
an ionic liquid (IL) electrolyte.” '°

Conventional Al anodes have the limitation of den-
drite formation due to unstable reversible deposition,
leading to safety concerns when piercing the separator and
causing deteriorative capacity and cycling life."*'”'" In
conventional aluminum-metal batteries with IL electro-
lytes, the ionic and electron passivating oxide layer hin-
ders the connection between the electrolytes and the Al
anodes and decreases the electrochemical activity of Al
plating/stripping.”*’ The passivating oxide layer tends
to be consumed at the early electroredox process in bat-
teries, exposing more Al anode to the corrosive electrolyte
and increasing the side reaction and hydrogen evolution,
especially in the presence of H™ due to the air and
moisture sensitivity of the IL electrolyte."'” Therefore, the
direct use of Al metal as anodes still poses a crucial
challenge to the stability of aluminum-metal secondary
batteries. Several strategies have been proposed to opti-
mize the metallic Al anodes and to address these pro-
blems. Alloying of the Al metal with other elements, such
as Al-Zn, Al-Cu, and Al-Ga, has been demonstrated to
effectively alleviate the passivating oxide layer, resulting
in a lower-energy-barrier interface and accomplishing
the excellent Al plating/stripping electrochemical proper-
ties.”’ ** The treated Al anode by soaking or electroetch-
ing has shown particular interfacial chemistry with

3D Al anode, ionic liquid, metallic, plating/stripping, stability

improved performance.''**” Although these studies have
optimized the Al metal anodes, altering the planar nature
of the Al anodes, which are vulnerable to dendritic and
inhomogeneous deposition, is difficult.

Here, we successfully construct a 3D Al anode through
electrodeposition on a 3D carbon cloth. Due to the ad-
vantages of the high special surface area and conductivity of
the 3D structure, the obtained 3D Al anode (Al-4/CC) shows
homogeneous Al deposition and a lower overpotential,
eliminating the dendrite growth and promoting the reversi-
bility of Al plating/stripping with the treated IL electrolyte.
The symmetric cell fabricated using the optimized 3D Al
anode delivers a long cycling time of 450h with a low-
voltage hysteresis of 170mV, and a high Coulombic effi-
ciency (CE) of approximately 99.7% is obtained for the Al
reversible deposition. The 3D Al anode is assembled with a
graphite cathode as the full battery, demonstrating an ex-
ceptional performance of approximately 54mAhg™" after
800 cycles at a high current density of 1000mA g™ with
improved rate capability. This condition is attributed to the
high capacitive-controlled contribution of the 3D Al anode.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Natural graphite (mesh: 750-800, 99.95%), aluminum
chloride (AICl;, AR, 99%), 1-ethyl-3-methylimidazolium
chloride ({EMIm]CI, 98.0%), and N-methyl-2-pyrrolidinone
(NMP; AR) were provided by Aladdin. Aluminum pellets
(Al, 1/4” diameter X 1/4” long, 99.999%) were purchased
from Kurt J. Lesker Company. Carbon cloth (W0S1009)
was purchased from Tanneng Co., Ltd., Taiwan, China.

2.2 | Preparation of the IL electrolyte

The IL electrolyte is prepared by sluggishly mixing AICl;
and [EMIm]|Cl with a molar ratio of 1.3 in an argon-
atmosphere glovebox ([O,] <0.1 ppm, [H,0] <0.1 ppm).
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The mixing process must be slow, and continuous stir-
ring is required to avoid a violent exothermal reaction;
then, a light-yellow and transparent IL is obtained, which
is called the original ionic liquid (IL-O) electrolyte. The
treated ionic liquid (IL-T) electrolyte is obtained by
treatment of the IL-O electrolyte with one high-purity Al
pellet at 60°C for 24 h until it is nearly colorless.

2.3 | Materials’ preparation and battery
tests
2.3.1 | Preparation of electro-deposited Al

on a carbon cloth (Al-X/CC) electrode

The carbon cloth (CC) current collectors are assembled
against bare Al to prepare the deposited 3D Al electrode
using the IL-O or IL-T electrolyte. The batteries dis-
charge at 0.5 mA cm ™2 with different discharge times to
obtain different areal capacity depositions of Al on CC
as a 3D Al anode.

2.3.2 | Preparation of the symmetric cells
and Mo | | Al cells

For the symmetric cells, the Al-X/CC or bare Al as one
electrode is assembled against another bare Al with an IL-O
or IL-T electrolyte. Then, the symmetric cells are cycled at
current densities of 0.25, 0.5, and 1 mA cm™2 for rate per-
formance and at 0.5mAcm > for plating and stripping
performances. To test the CE, Al is plated on a Mo substrate
at 0.5mAcm > with 1mAhcm™ and stripped away by
charging with a cut-off voltage of 0.5V in the Mo Il Al cells.

233 |
batteries

Preparation of the graphite/Al full

In a typical process, the cathode is prepared by mixing a
slurry with 80% graphite, 10% acetylene black, and 10%
polyvinylidene difluoride in an NMP solvent. After that, the
slurry is coated on a Mo current collector and dried at 80°C
for 12 h in a vacuum. Ultimately, the areal loading of active
materials is about 1.5 mg cm ™. The batteries are assembled
with a graphite cathode and Al-X/CC or a bare Al anode.
The full batteries are tested at a voltage window between
0.3 and 2.35V for long cycling and rate performance at
different rates of 100, 200, 500, and 1000 mA g_l.

All the Al-X/CC electrodes and batteries are prepared
in soft-package cells with ~500 uL of electrolyte injected
for each and tested by a multichannel battery tester
(Neware BTS-53).

CARBON ENERGY-W1 LEy—L2

2.4 | Electrochemical measurements

The corrosion test is conducted in a three-electrode tank
with Al-X/CC, CC, or an Al foil (width: 10 mm) as the
working electrode and two Pt foils (widths: 10 and 20 mm)
as the reference electrode and counter electrode, respec-
tively, which are immersed into an IL-O or IL-T electrolyte.
The Tafel plots are fitted in the electrochemical work-
station. The cyclic voltammetry (CV) of Al plating/stripping
and the overpotential curve are investigated with the Al-X/
CC, CC, or Al foil (width: 10 mm) as the working electrode
and two Al foils (widths: 5 and 15mm) as the reference
electrode and counter electrode. At the same time, all
electrodes are immersed at 5 mm depth. For full batteries,
the CVs of full batteries are tested at different scan rates
over the range of 0.25-2.45V. Also, electrochemical im-
pedance spectra are recorded at a frequency range from 10°
to 0.1 Hz. All the electrochemical measurements are carried
on a BioLogic VMP-300 electrochemical workstation.

2.5 | Characterization techniques

The IL-O and IL-T electrolytes are inserted into a quartz
capillary tube in the glovebox. Raman spectra are ob-
tained (200-700cm™') using a micro-Raman system
(LABHRev-UV; Horiba). The morphologies are char-
acterized by field emission scanning electron microscopy
(FESEM; Zeiss Sigma). The surface of the carbon cloth is
obtained from N, adsorption/desorption curves by a
surface characterization analyzer (3Flex; Micromeritics).
X-ray diffraction (XRD; Rigaku SmartLab) with Cu Ka
radiation is used to determine the phase structure.

3 | RESULTS AND DISCUSSION
3.1 | Properties of the treated
AIClL;/[Emim]Cl IL electrolyte

An IL electrolyte with optimal Lewis acidity and high
reactivity is necessary to achieve the cycle stability and
anticorrosion of the anode.””’ For the preparation of the
optimized IL electrolyte, we mix the anhydrous AICl;
and [EMIm]CIl at a molar ratio of 1.3:1 to obtain an
original IL electrolyte (referred to as the “IL-O” electro-
lyte), followed by treatment with a high-purity Al pellet
to obtain a colorless electrolyte (referred to as the “IL-T”
electrolyte) (Figure 1A). The surface of the Al pellet is
etched after treatment in an IL-O electrolyte (Figure S1).
This condition is attributed to the reaction of Al with
trace amounts of H,O and HCI that probably arise from
slight moisture contamination from the glovebox or the
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FIGURE 1 (A) Optical images and (B) Raman spectra of IL-O and IL-T electrolytes. (C) Potentiodynamic polarization curves using a

three-electrode configuration (metallic Al foil, CC, and Al-4/CC as working electrodes, and Pt plate as counter and reference electrodes with

IL-O and IL-T electrolytes) showing the corrosion of different electrodes. The SEM and elemental mapping images of 1 mAhcm™2 Al

deposits with an Al foil as a substrate in (D) IL-O and (e) IL-T electrolytes. CC, current collector; IL-O, original ionic liquid; IL-T, treated

ionic liquid; SEM, scanning electron microscopy

chemicals (HCI and AIOCI,” or AIOHCI, are produced
through the reaction of H,0 and AlCl).”* The evolution
of AICl,~ and Al,Cl,™ is investigated by Raman spectra
in different stages (Figure 1B). After the treatment of the
IL-O electrolyte, all the peaks become considerably
stronger, and an Al,Cl,” peak appears at 431 cm ™. This
occurs due to the reaction of Al with HCI to again gen-
erate AICl; via the following reaction:

Al + 3HCI - AICL + 1/2H,(g). 1)

In addition, AICI; further combines with Cl™ to pro-
duce AICl, ", and then a portion of Al,Cl,” can be formed
from further acid-based reactions via the following
reactions:

AlCl; + CI- - AICl,, 2)

A1C13 + A1C14_ d A12C17_. (3)

The corrosion of the Al metal foil is analyzed by a
potentiodynamic polarization test in IL-O and IL-T
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electrolytes (Figure 1C, blue colors, and Table S1).
Compared with the IL-O electrolyte, the corrosion po-
tential of the Al foil increases from —1.813 to —1.490V,
and the corrosion current reduces from 0.257 to
0.162 mA. This finding indicates that the IL-T electrolyte
has a lower tendency to form a corrosion reaction to yield
H, and a lower corrosion rate.”””” Thus, the strong cor-
rosivity of chloroaluminate-based IL is ameliorated, and
the metallic Al anode becomes stable in the presence of
the IL-T electrolyte.

The Al foil electrodes with 1 mAh cm™2 loading are
examined through scanning electron microscopy
(SEM) and optical observations to gain insight into the
different influences of the IL-O and IL-T electrolytes
on Al plating. In Figure 1D, the edge position (P;) of
the Al foil in the IL-O electrolyte is overgrown with
numerous sharp compounds, and the surface position
(P,) forms macroscopic aggregates with a rough sur-
face caused by the irregular bulk stack. In contrast,
with the IL-T electrolyte, the Al deposits on the edge
(P3) and surface (P,) display a spherical stack with a
smooth surface (Figure 1E). The chemical composition
of Al deposits is analyzed through elemental mapping
and X-ray spectroscopy. This process reveals the pre-
sence of Al, O, and ClI elements, and the Al elements in
the IL-O electrolyte and IL-T electrolyte are 95.32 at%
and 97.93 at%, respectively (Figures 1D,E, and S2). The
high proportion of Al indicates a high quality of the
deposited Al. However, the Al deposits show over-
growth preferentially at the edges due to the con-
centrated electric field and the convection of
electrolyte flow. The Al deposits also show a non-
adherent agglomerate at the 2D surface because the
Al,O3-passivated surface film hinders the Al ion
transfer at the electrode-electrolyte interphase
(Figure $3).'**°

The behavior of Al deposition is monitored via in
situ optical microscopy to visually track the dynamic
morphology evolution of Al deposits on an Al foil. The
Al deposits in the presence of the IL-O electrolyte are
heterogeneous with black spots after plating for 3 min
at the cross-section (Figure S4). After 30 min of elec-
trodeposition, a crowd of visible bulges appear and
continue to grow into dendritic and mossy Al. By
contrast, in the presence of the IL-T electrolyte, a
number of small crystal grains form at the cross-section
after 3 min of electrodeposition. The Al deposits stack
up into fluffy dendritic Al on the surface of the Al foil
after 120 min of electrodeposition (Figure S5). The re-
sults indicate that the Al deposits in the IL-T electrolyte
can sustainably eliminate the problem of dendrite for-
mation. However, the features of all depositions on Al
foil substrates, such as protuberant dendritic Al and

CARBON ENERGY-W1 LEy—L*

incompact connection with the substrate, demonstrate
the unsolved dendrite formation issue in the Al metal
anode, causing the short circuits and reducing the CE
in aluminum-metal batteries.'**

3.2 | Structural characterization of a 3D
Al anode

As mentioned previously, the Al anode with IL-O
electrolyte faces severe dendrite problems and corro-
sion during the electrochemical process. Although the
IL-T electrolyte helps to decrease the corrosion and
increase the quality of deposition, the Al anode still
suffers from the problem of dendrite formation due to
the inherent characteristics of the 2D metal foil with
low active nucleation sites and low mobility of surface
atoms (Figure 2A).”"’" Here, the 3D Al anodes are used
in Al electrodeposition with different capacities on the
3D carbon fiber of the carbon cloth (referred to as “Al-
X/CC” electrodes, X=2, 4, 6 mAh cm™?). This condi-
tion suppresses Al dendrite formation by reducing the
local current density with high effective surface areas
per footprint area (Figure S6) and enhances the rever-
sibility of Al metal during the electrochemical cycling
by accommodating the volume change in the IL-T
electrolyte (Figure 2A).

The corrosion of the Al-4/CC anode is shown in
Figure 1C. It is clear that the Al-4/CC anode has a higher
corrosion potential of —1.275V and a lower corrosion
current of 0.385 mA in the IL-T electrolyte compared with
that of —1.452V and 0.493 mA in the IL-O electrolyte.
This finding is in good agreement with the results of Al
anodes showing that the IL-T electrolyte has superior
characteristics. From Table S1, it is clear that the 3D Al-4/
CC anode always has a higher corrosion potential than the
2D Al foil anode in both IL-O and IL-T electrolytes. This
situation is benefited from the anticorrosion effect of the
carbon cloth in the IL electrolyte. The corrosion current of
the planar Al foil anode is lower due to the protection of
the passivating oxide layer."” The integration of fresh Al
deposits with an anticorrosion CC substrate provides ef-
fective surface areas and conductive networks to increase
the ionic and electronic conductivities and improve the
activity of the electrochemical process. The 3D Al-4/CC
anode is characterized by SEM to investigate the mor-
phology of the Al deposits on carbon cloth. As shown on
the top, in the presence of the IL-O electrolyte, the Al
deposits form two structures: a grain stack and agglom-
erate with ~2 pm size (P5) and a sharp convex dendrite
with a smaller grain (P6) on the carbon fiber surface
(Figure 2B). By contrast, in the presence of the
IL-T electrolyte, the Al deposits show a smooth, compact
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capacity of 4 mAh cm™? after Al deposition in (B) IL-O and (C) IL-T electrolytes. CC, current collector; IL-O, original ionic liquid; IL-T,

treated ionic liquid; SEM, scanning electron microscopy

and uniform coating on the carbon fiber surface with an
~1um grain size (Figure 2C). With the increase in the
deposition capacity, the Al deposits expand along
the carbon fiber surface and form a stable bond with the
substrate (Figure S7).”**’ Hence, in the presence of the
IL-T electrolyte, the integrated 3D Al anode with superior
Al deposits and uniform morphology can show better
performance in aluminum-metal batteries than a 2D
planar Al foil.

3.3 | Symmetric cell performance with a
3D Al anode

The electrochemical performance of the Al foil and Al-4/
CC anodes is investigated in a symmetrical cell at

0.5mA cm™? using IL-O and IL-T electrolytes to evaluate
the feasibility of the 3D Al anode (Figure 3A). The Al-4/
CC symmetrical cell with the IL-T electrolyte shows a
stable voltage profile with a lower voltage hysteresis of
~170 mV for 450 h and shows relatively flat voltage pla-
teaus compared with Al foil anodes at the 5th, 50th, and
100th cycles (Figure 3A, inset). In comparison, in the Al
symmetric cell with the IL-O electrolyte, a sudden drop
in the voltage occurs after 84 h, recovers to normal at the
24th and 28th cycles, and subsequently drops again. This
condition corresponds to the dendrite-induced short cir-
cuit of the cell. In the Al symmetric cell with the IL-T
electrolyte, the voltage profile displays a massive fluc-
tuation for 350 h until a complete loss of voltage occurs
due to the destructive plating and stripping of Al.** At

the different deposition capacities of 2 and 6 mAh cm™,
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the electrochemical performance is inferior to that of the
Al-4/CC anode due to the larger voltage hysteresis
(Figure S8). The rate performance of different anodes is
compared at a series of current densities, where the Al-4/
CC anode shows lower voltage hysteresis compared with
the Al anode using IL-O and IL-T electrolytes. When the
current density increases from 0.25 to 1 mA cm™2, the
voltage hysteresis shows a steady growth of 100, 157, and
280 mV and remains unchanged when the current den-
sity is switched to 0.5 mA cm™2. This finding suggests the
low polarization and high stability of the Al-4/CC anode
(Figures 3B and S9).

The Mo || Al and Mo | | Al-4/CC cells are further as-
sembled to elucidate the cycling reversibility of Al plat-
ing/stripping. The CE of Al plating/stripping can be
calculated from the ratio of Al removed from the Mo
substrate to that deposited during the same cycle. As
shown in Figure 3C, the CE of Al anode with the IL-O
electrolyte shows a strong fluctuation in the first eight
cycles and is <90% until battery failure occurs after 26
cycles. The CE of the Al anode with the IL-T electrolyte
starts to increase during the first five cycles and then
fluctuates, exceeding 100%, which might be due to the
residual Al in the former cycles. The CE remains stable at
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~99.7% after 25 cycles. The CE of the Al-4/CC anode with
the IL-T electrolyte is 95% at the beginning and then
increases to ~99.7% after more than 35 cycles without
attenuation. The high and stable CE reveals the en-
hanced reversibility of Al plating/stripping with the
Al-4/CC anode. The charge-discharge voltage profiles
are presented with different cycles at 0.5mAcm 2
(Figure 3D). The Al anode with the IL-O electrolyte has
higher voltage hysteresis at around 460 mV at the first
cycle than that of the Al anode with the IL-T electrolyte
at around 270 mV and lacks a stable discharge voltage
plateau. However, the voltage hysteresis of the Al-4/CC
anode with the IL-T electrolyte is only around 120 mV at
the first cycle and maintains the same value without a
polarization effect, which is lower than that of the Al
anode with the IL-T electrolyte at 140 mV. The results
comprehensively demonstrate the validity of the IL-T
electrolyte and the 3D Al-4/CC anode for reversibility
and stability during Al plating/stripping.

The Al nucleation overpotentials (the magnitude of
the voltage spike at the onset of Al deposition) are sig-
nificant parameters to identify the Al plating process for
understanding the course of dendrite formation.’” *’
Figure 4A shows the characteristic voltage profiles dur-
ing Al deposition on different anodes. The Al foil anodes
using IL-O and IL-T electrolytes show a voltage dip at the
beginning of Al deposition. The nucleation overpotential
using the IL-T electrolyte is as high as 1133 mV, which is
higher than that using the IL-O electrolyte (783 mV).
This condition is due to the difficult consumption of
Al,0; oxide layer on the Al surface in IL-T electrolyte. By
contrast, the nucleation overpotential of CC is 178 mV,
which is smaller than those of 2D Al anodes. The lower
resistance of Al nucleation can be attributed to the in-
creased surface area, which reduces the local current
density and yields more nucleation sites, thereby sup-
pressing Al dendrite formation.””** The Al-4/CC anode
with 4mAhcm™ predeposits tends to induce post-
nucleation growth without a sharp voltage spike, pro-
viding stable and favorable conditions for the deposition
of Al,Cl,”. Similarly, the Al-2/CC anode has a small
nucleation overpotential due to the few Al deposits on
the CC surface. In this case, the Al-6/CC anode shows a
quick response for nucleation growth with a less bare
surface of CC, which is in accordance with Al and
Al-4/CC anodes (Figure S10). The reduced nucleation
barrier is crucial for facilitating smooth deposition and
achieving high-rate performance.

Figure 4B shows the CV curves of symmetrical cells with
different anodes in the second cycle. The curves of the Al
anode using IL-O and IL-T electrolytes form a loop during
the plating of bulk Al electrodeposition (the reduction re-
action); this condition is attributed to the high overpotential

necessary to form the first nuclei and the growth of metallic
aluminum on the Al anode.””"’ During the stripping pro-
cess, the oxidation peak (Category B) current is 9 mA, which
is the same as the reduction peak (Category C), suggesting
the reversible Al stripping/plating process with the Al anode
using IL-O and IL-T electrolytes. The CC results in a rela-
tively high-peak current due to the porous structure for Al
stripping/plating on the carbonaceous surface. The curve of
the Al-4/CC anode has an additional oxidation peak
(Category A) that arises from the stripping of Al from the
bulk Al on the CC surface.”” The sharp redox peak and the
high current density of the Al-4/CC anode indicate better ion
diffusion kinetics and superior Al plating/stripping
reversibility.

Figures 4C and 4D show the changes in the
morphologies of the Al foil and Al-4/CC anodes from the
combination of SEM and optical images after 10 cycles in
the presence of the IL-T electrolyte. The Al foil anode is
consumed and pulverized with enormous pits and cracks
(the red dotted lines in Figure 4C) due to uncontrolled
plating/stripping. The consumption and pulverization
gradually destroy the metallic Al anode, leading to ca-
pacity degradation and breakage of the battery. By con-
trast, the Al-4/CC anode retains the original structure
from the optical image (Figure 4D). The grain sizes of the
uniformly distributed Al deposits change and cover large
areas of the surface of the carbon fiber. Some Al deposits
aggregate into microscale Al crystals and form a con-
formal Al coating layer in some areas (Figure 4D). These
results confirm that the 3D Al-4/CC anode can accom-
modate the volume change in Al deposits during plating/
stripping due to the large space between the carbon fibers
and strong bonding between Al deposits and the CC
substrate.”’ The phase evolution of the Al-4/CC anode is
verified on the basis of the XRD data where only metallic
Al peaks can be observed without any purities, except for
the carbon peak in the CC substrate (Figure 4E). After
several cycles, the XRD pattern show some peaks be-
longing to Al oxide or other components due to repeated
plating/stripping. However, these peaks mainly origi-
nated from the metallic Al peaks. These results confirm
that the 2D Al anode is highly irreversible with con-
tinuous consumption and dendrite growth during cy-
cling. However, the Al-4/CC anode with a conductive
substrate can effectively enhance Al plating and strip-
ping, thereby improving cycling stability and reversibility
(Figure 4F).

3.4 | High-performance full battery

Graphite is used as the cathode to couple with Al and
Al-4/CC anodes in presence of the IL-T electrolyte to
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fabricate aluminum-graphite batteries (Figure 5A). This
process is performed to demonstrate the effectiveness
and practicability of our strategy in a full battery. The full
battery with the Al-4/CC anode has high cycling stability
with an initial discharge capacity of 94 mAh g™ and re-
tains a discharge capacity of 76 mAh g~ after 200 cycles,
corresponding to a capacity retention of 80%. By contrast,

the battery with the Al anode shows a 60% capacity re-
tention with 92mAh g™ initial discharge capacity and
60mAh g™ initial discharge capacity after 200 cycles,
confirming the superior durability and high-capacity
performance of the Al-4/CC anode. The CE of the
Al-4/CC anode is slightly lower in the full battery than
that of the Al anode; this is ascribed to adverse side
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reactions due to the higher surface area of the anode.””
For the rate capacity test, the reversible capacity using
the Al-4/CC anode maintains 50 mAh g™" discharge ca-
pacity at a high current density of 1000mA g~' and re-
tains 88 mAh g™ discharge capacity when the current
density returns to 100 mA g~ (Figure 5B). The obvious
inferior result with the Al anode is clear from the dis-
charge capacities of 18 and 52mAhg™" obtained for a
current density in the range of 1000-100 mA g~'. The
corresponding charge-discharge profiles at different
current densities are shown in Figure 5C,D. The battery

with the Al-4/CC anode shows a clear discharge voltage
plateau in the range of 1.5-2.0 V and smaller polarization
than that with the Al anode. This indicates that the Al
plating/stripping process is promoted by the use of the
3D structure anode, which is in agreement with the in-
creased redox peak in the CV measurement (Figure 4B).
This excellent rate performance of the graphite | | Al-4/
CC battery is ascribed to the small charge-transfer re-
sistance and superior kinetics due to the high specific
surface area and good electric conductivity. Electro-
chemical impedance spectroscopy is performed for the
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full batteries (Figure S11). The charge-transfer resistance
of the full battery with the Al-4/CC anode is smaller than
that with the Al anode, indicating the fast charge-transfer
kinetics due to the 3D conductive network and the high
reaction area. The full battery shows long-term cycling
stability with Al and Al-4/CC anodes (Figure 5E). The
graphite | | Al-4/CC battery delivers a high initial dis-
charge capacity of 89mAhg™' and stabilizes at
54mAh g™ after 800 cycles, with a high CE of 97% at
1000 mA g~ . Also, the battery can easily power a digital
thermometer and hygrometer (Figure SE, inset). After
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cycling, the discharge capacity of the graphite | | Al bat-
tery drops to 43 mAh g~! with a high CE of 99% from the
low initial discharge capacity of 50 mAh g~'. These re-
sults reveal the infinite potential of the Al-4/CC anode
for full battery applications.

CV measurements are performed to evaluate the
battery storage behavior and kinetics at various scan
rates from 0.4 to 1.0 mV s™'. This process is conducted to
analyze the excellent rate performance of the full battery.
As shown in Figure 6A,B, the reduction peaks shift to a
lower potential with the increase in the scan rate,
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whereas the oxidation peaks shift to a higher potential
due to capacitive-controlled behavior.

The relationship between peak currents (i) and scan
rates (v) can reflect the capacity contribution by diffusion
and capacitive behavior as follows:

i = avb, 4)

log (i) = b log (v) + log (a), 5)

where a and b are adjustable constants. The diffusion-
controlled process dominates the electrochemical reaction
when the b value is approximately 0.5. When the b value is
close to 1, the electrochemical reaction is a capacitive-
controlled process. The corresponding b values of 12 peaks
are 0.81, 0.97, 0.82, 0.99, 0.95, 0.92, 0.72, 0.93, 0.88, 0.80, 0.79,
and 0.72, respectively, for the Al-4/CC anode. This finding
indicates that the capacity distribution of the capacitive-
controlled process plays a major role in the performance of
the full battery (Figure 6C).”> Combined with those values
from Al anode (Figure 6D), a considerable capacitive-
controlled portion takes part in the aluminum-graphite
battery causing the fast ion diffusion kinetics. As shown in
Figure 6E, the capacitive-controlled contribution reaches up
to0 93.7% of the total capacity at 0.4 mV s~ with the Al-4/CC
anode, which is higher than that with the Al anode (79.6%,
Figure 6F). The capacity contribution increases with the
increase in the scan rate from 93.7% to 98.7% using the Al-4/
CC anode and from 79.6% to 86.7% using the Al anode
(Figure S12). The superior rate performance of the
graphite | | Al-4/CC battery is due to the high ratio of the
capacitive-controlled behavior and fast ion transfer kinetics.

4 | CONCLUSION

In this study, we demonstrate a novel electrodeposition
strategy to prepare an optimized 3D Al anode, such as
Al-4/CC. The prepared anode suppresses Al dendrite
formation, accommodates volume change, and provides
a fast kinetic electron reaction with the IL-T electrolyte.
The CC substrate for the 3D Al anode provides a high
specific surface area and conductivity to lower the local
current density and nucleation overpotential. The Al-4/
CC anode delivers a 450 h lifespan and high reversibility
of 99.7% CE during Al plating/stripping. The full battery
with a graphite cathode shows a much-improved capa-
city of 54 mAh g™" at 1000mA g~ after 800 cycles com-
pared with the planar Al anode under the same tested
conditions. This study highlights the importance of a
rational design principle of a 3D Al anode for the prac-
tical application of aluminum-metal batteries.
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