
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 2
1 

Ju
ne

 2
02

3.
 D

ow
nl

oa
de

d 
by

 K
or

ea
 U

ni
ve

rs
ity

 o
n 

7/
18

/2
02

3 
1:

11
:4

9 
A

M
. 

View Article Online
View Journal  | View Issue
3D-structured bi
aKU-KIST Graduate School of Converging S

145 Anam-ro, Seongbuk-gu, Seoul 02841, Re
bMaterials Architecturing Research Center, K

5, Hwarang-ro 14-gil, Seongbuk-gu, Seoul 0
cDepartment of Materials Science and Engi

Seongbuk-gu, Seoul 02841, Republic of Kore
dProgram in Environmental and Polymer Eng

Republic of Korea
eDepartment of Polymer Science and Engin

Republic of Korea
fDivision of Nanoscience and Technology,

Technology, 5, Hwarang-ro 14-gil, Seongbuk
gConvergence Research Center for Solutions

mobility, Korea Institute of Science and Tec

gu, Seoul 02792, Republic of Korea. E-mail:
hDepartment of Integrative Energy Engine

Seongbuk-gu, Seoul 02841, Republic of Kore

† Electronic supplementary informa
https://doi.org/10.1039/d3ta01840g

‡ These authors contributed equally to th

Cite this: J. Mater. Chem. A, 2023, 11,
14380

Received 28th March 2023
Accepted 1st June 2023

DOI: 10.1039/d3ta01840g

rsc.li/materials-a

14380 | J. Mater. Chem. A, 2023, 11,
functional MXene paper
electrodes for protection and activation of Al metal
anodes†
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Hyoung-Joon Jin, de Seon Joon Kim *bfg and Young Soo Yun *ah

Multivalent Al metal anodes (AMAs) can deliver high specific/volumetric capacities (2980 mA h g−1/8046

mA h cm−3) in chloroaluminate ionic liquid-based electrolytes (ILEs). However, strong corrosion of their

surfaces and poor charge transfer kinetics in acidic ILEs remain critical obstacles to realizing high-

performance AMAs. In this study, a 3D-structured bifunctional MXene paper electrode (3D-BMPE), which

has distinctive material properties, such as high electrical conductivity, high elastic modulus, a large

number of nanopores, and multitudinous oxygen functional groups, was fabricated to protect Al

deposition/dissolution reactions with improved redox kinetics. The 3D-BMPE obstructed Al corrosion

during the long rest time in the ILE and consecutive cycling process, resulting in a significantly stable

cycling performance of the 3D-BMPE-based AMA over 2000 cycles. Furthermore, Al nucleation and

growth reactions were catalyzed in the nanoporous structure surrounded by the highly functionalized

MXene surfaces, which reduced overpotentials by one-sixth, resulting in highly improved coulombic

efficiencies of ∼99.9%. Moreover, the excellent electrochemical performance of the 3D-BMPE-based

AMA was confirmed in Al-based dual-ion battery full cells, demonstrating the significant role played by

3D-BMPEs for AMAs.
Introduction

Rechargeable Al batteries (RABs) based on multivalent Al metal
anodes (AMAs) are promising next-generation energy storage
devices that can surpass current lithium-ion batteries in terms
of both electrochemical performance and mass scalability
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owing to their high specic and volumetric capacity
(2980 mA h g−1 and 8046 mA h cm−3, respectively) and the
abundance of Al resources.1–3 However, sluggish ionic transfer
on the surface of AMA caused by an oxide passivation layer has
substantially impeded the commercialization of RABs.4–9

Therefore, chloroaluminate ionic liquid-based electrolytes
(ILEs) with high electrochemical stabilities have attracted
considerable attention as an alternative for typical oxygen-
containing organic electrolyte systems.10,11 The ILE-based Al
redox reaction follows a distinctive reaction mechanism that is
based on anion redox chemistry, in which 4Al2Cl7

− can be
reversibly transformed with 3e− to Al3+ and 7AlCl4

− during the
charge/discharge process, as shown in eqn (1):

4Al2Cl7
− + 3e− / 7AlCl4

− + Al (1)

One of the key advantages of the ILE system is that the
product AlCl4

− can be intercalated into graphitic lattices at
a cathodic voltage range (∼2 V vs. Al3+/Al).12–17 Because of their
distinctive anion redox behavior, AMAs can be paired with
inexpensive and stable graphite-based cathode hosts to form
dual-ion redox systems.18–20 Intensive research efforts have been
devoted to developing Al-based dual ion batteries (Al-DIBs), with
several studies reporting their considerable potential in high
power density applications.15,18,21–27 However, the insufficient
This journal is © The Royal Society of Chemistry 2023
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reaction kinetics of AMAs retard the charge storage kinetics of
Al-DIBs, limiting their wide application prospects.28 The AMA
reaction kinetics are highly affected by the transfer rate of
Al2Cl7

− from the electrode surface because the local anion
concentration sharply increases with the Al3+ reduction reac-
tion.29 Therefore, a stereoscopic electrode design aimed at
a greater active surface area and improved product anion
transfer rate is key to developing high-performance AMAs.30,31

However, many challenges in using AMAs, such as large volume
change, unexpected dendritic metal growth, and severe
morphological changes caused by the Lewis acidic ILE, persist,
which signicantly deteriorates the electrochemical perfor-
mances of Al-DIBs.32–36 Particularly, the corrosive ILE seriously
deforms the surface of AMA, resulting in non-uniform
morphologies. No solution has yet been reported to prevent
the active Al metal surface from undergoing severe morpho-
logical change.

MXenes are two-dimensional (2D) transition metal carbides
and/or nitrides with the chemical formula Mn+1XnTx, where M is
an early transition metal, X is carbon and/or nitrogen, n is an
integer ranging from 1 to 4, and Tx represents surface func-
tional groups.41–43 MXenes can be a unique candidate as a cata-
lytic electrode material to facilitate reversible phase transition
reactions of Al ions owing to their high electrical conductivity
coexisting with high-density surface functional groups that
mainly comprise –OH, –O, and –F.44–46 The high-density func-
tional groups and the negatively charged surface have a high
affinity toward Al ions, which can facilitate uniform Al metal
nucleation and growth. Additionally, the excellent mechanical
properties of MXenes enable them to function as a protective
layer on the surface of AMAs by mitigating morphological
changes and unexpected dendritic growth. Moreover, MXenes
sheets can provide a signicantly high surface area for Al redox
reactions, owing to their high aspect ratio. However, 2D-like
MXene sheets are prone to form a densely stacked
morphology during assembly, leading to poor active surfaces,
sluggish ionic transport kinetics, and insufficient electrolyte
uptake ability. Thus, to effectively utilize catalytic MXene
surfaces, designing a well-developed 3D MXene structure is
essential; however, the development of a 3D-structured MXene
electrode to realize high-performance AMAs has not yet been
reported.

Herein, we synthesize a 3D-structured bifunctional MXene
paper electrode (3D-BMPE) to protect and activate AMAs during
Al deposition/dissolution cycles. The 3D-BMPE had a nano-
porous structure surrounded by catalytically active sites for Al
nucleation, in which Al redox reactions were induced without
volume expansion or dendritic metal growth. More importantly,
the 3D-BMPE served a protective function by signicantly
mitigating the galvanic-corrosion-induced degradation of elec-
trochemical performance during long-term consecutive Al
metal deposition/dissolution cycles, thus maintaining a high
coulombic efficiency (CE) of ∼99.9% and a highly stable cycling
performance even aer a long period of rest over several weeks.
This result is in stark contrast to the severely degraded elec-
trochemical performance of the reference AMA with no host
electrode under galvanic corrosion. In addition, the extensively
This journal is © The Royal Society of Chemistry 2023
expanded active surface area reduces the effective current
density, considerably improving the reaction kinetics of the
intrinsically sluggish anion-based Al metal redox reactions.
Furthermore, the signicance of the versatile 3D-BMPE in AMAs
was demonstrated through Al-DIB full-cell tests.
Experimental
Synthesis of Ti3C2Tx MXene

Ti3AlC2 MAX powder (#40 mm; Carbon-Ukraine) was used as
a precursor to synthesize Ti3C2Tx MXenes. Hydrochloric acid
(HCl; 37%; Daejung) and lithium uoride (LiF; 98.5%; Alfa
Aesar) were used to synthesize the MAX etching solutions.
Polystyrene nanospheres (PS NSs; 0.46 mm; Sigma-Aldrich) were
used to synthesize porous Ti3C2Tx MXene lms. Ti3C2Tx was
synthesized by selective removal of Al etching from Ti3AlC2

using the MILD method.47 First, 1.6 g of LiF was dissolved in
20mL of aqueous 9MHCl in a polypropylene bottle. Second, 1 g
of Ti3AlC2 was slowly added to the solution with stirring to avoid
an exothermic reaction. The etching process was carried out at
35 °C for 24 h. Aer the etching process was completed, the
solution was repeatedly washed with deionized water (DI) until
the pH reached 5–6. Finally, the delaminated Ti3C2Tx MXene
solution was obtained by performing centrifugation at
3500 rpm for 1 h and collecting the supernatant.
Synthesis of 3D-BMPE

First, 57.1 mL of 0.46 mm PS NSs and 50 mL of DI were mixed in
a vial. Subsequently, 40 mg of Ti3C2Tx was added to the solution
and stirred with a magnetic bar for 2 h at room temperature.
The aqueous solution was then vacuum-ltered to prepare the
compact Ti3C2Tx-PS composite lms. To obtain porous lms,
the composite lms were annealed at 450 °C for 1 h under an Ar
atmosphere to remove the PS NSs.
Characterization

The morphologies and microstructures of the samples were
observed using eld-emission scanning electron microscopy
(FE-SEM; S-4300SE, Hitachi, Japan) and eld-emission trans-
mission electron microscopy (FE-TEM; JEM2100F, JEOL, Japan).
The pore structure and specic surface areas of the samples
were characterized using nitrogen adsorption–desorption
isotherms (ASAP 2020, Micromeritics, USA) at −196 °C. The
electrical conductivity and mechanical properties of the
samples were characterized by conductometry (Loresta-GP
MCP-T600, Mitsubishi Chemical, Japan) and nanoindentation
(TI-950, Bruker), respectively. The microstructures of the
samples were further analyzed using X-ray diffraction (XRD)
patterns (D-max2500-PC, Rigaku, Japan; 40 kV, 200 mA, Cu Ka1
radiation, with l = 1.5406 Å) in the 2q range 3°–90°, with
a scanning step of 0.02° and a scan speed of 2° min−1, and
Raman spectra (LabRAM HR Evolution, Horiba) with a laser of
wavelength 785 nm. The surface chemical properties of the
samples were investigated using X-ray photoelectron spectros-
copy (XPS; PHI 5000 VersaProbe, ULVAC-PHI, Japan).
J. Mater. Chem. A, 2023, 11, 14380–14389 | 14381
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Electrochemical characterization

The electrochemical performance of 3D-BMPE was tested using
a CR2032-type coin cell with an automatic battery cycler
(WBCS3000, WonATech, South Korea). For the half-cell tests,
the working electrode was fabricated by puncturing a stainless
steel foil (10 mm; SS316L foil), 2D-MPE, and 3D-BMPE of
diameter 1/2 inch. Al foils (0.25 mm; 99.999%, Sigma-Aldrich)
were used as both counter and reference electrodes. The ILE
was synthesized by mixing aluminum chloride (AlCl3; 99.999%,
anhydrous, powder, Sigma-Aldrich) and 1-ethyl-3-
methylimidazolium chloride ([EMIM]Cl; $98%, across chem-
icals, previously heated in vacuum oven at 120 °C overnight,
Sigma-Aldrich) at a 1.3 : 1.0 ratio in an Ar atmosphere. A glass
microber lter (GF/F, Whatman) was used as a separator. The
coin-cell assembly process was implemented in a glove box l-
led with Ar gas. For the symmetric cell tests, aluminummetal of
2 mA h cm−2 was electrochemically deposited on half-inch 2D-
MPEs or 3D-BMPEs at 1 mA cm−2, and then, two same Al/2D-
MPEs or Al/3D-BMPEs were used as electrodes for the
symmetric cells. For the Al-DIB full-cell tests, the cathode was
prepared by mixing 90 wt% of commercial graphite powder (<20
mm, Sigma-Aldrich) and 10 wt% of polyvinylidene uoride as
active material and binder, respectively, through a slurry
method, followed by coating on molybdenum foil (25 mm,
99.9%, Sigma-Aldrich) at a loading density of 3.5 mg cm−2. Al
metal was pre-deposited in different electrode systems of the
AMA through half-cell systems with Al foil, and their Al-DIBs
were assembled for full-cell tests. Electrochemical impedance
spectroscopy (EIS) analysis was conducted in a frequency range
from 0.1 Hz to 100 kHz using an iMPEdance analyzer (ZIVE SP2,
WonATech, South Korea).
Results and discussion

A self-supporting 3D-BMPE was prepared through a simple
template method using Ti3C2Tx MXene and PS NSs via vacuum
ltration, followed by thermal treatment (Fig. 1a and S1†). The
FE-SEM images conrmed that it had a at and uniform
thickness of ∼25 mm and multitudinous nanopores that were
well dispersed in the stereoscopic MXene matrix (Fig. 1b and c).
To compare the effects of the 3D nanoporous structure on Al
metal storage behavior, a non-porous MXene paper electrode
(2D-MPE) was used as a control sample. It was fabricated in
a similar way as the study samples but without using PS NSs. FE-
SEM observation conrmed a densely packed MXene structure
with poor nanopores (Fig. S2†). This indicates that the template
method is effective for constructing nanoporous 3D-BMPEs.
The nitrogen adsorption–desorption isotherm curves reveal
a mesoporous structure of the 3D-BMPE, corresponding to
IUPAC Type IV with an H3 hysteresis loop (Fig. 1d). The H3 pore
is a slit-shaped mesopore that originates from the spaces
between 2D-like MXene sheets. During the thermal treatment
process, the PS NSs were emitted as ue gas upon decomposi-
tion. Rapid gas release can generate a broad range of mesopores
in the 3D-BMPE structure. A similar mesoporous structure with
an H3 hysteresis loop was also observed for the 2D-MPE.
14382 | J. Mater. Chem. A, 2023, 11, 14380–14389
However, the specic pore volume of the 3D-BMPE (∼0.03
cm3 g−1) was 25 times higher than that of the 2D-MPE (∼0.0012
cm3 g−1). The negligible mesopore volume implies a more
densely stacked microstructure of the 2D-MPE. For the macro-
pores as observed in Fig. 1c, the macropore size distribution
was analyzed by directly measuring the size of individual pores
in multiple cross-sectional SEM images (Fig. S3†). The mean
pore size was 0.46 mm, which corresponds to the PS NS that was
initially added (Fig. S4†). The total pore volume was analyzed by
calculating the difference in the lm volume of 2D-MPE and 3D-
BMPE, as it is reasonable to assume that the increased volume
in 3D-BMPE is attributed to pores when the same amount of
MXene is included. As a result, the pore volume of 3D-BMPE
measured was 0.325 cm3 g−1.

The presence of a large number of nanopores can result in an
enhanced active electrochemical surface area (ECSA) for the Al
redox reaction, which was conrmed through the cyclic vol-
tammetry test conducted in the voltage range 0.01–0.7 V vs. Al3+/
Al (Fig. S5†). The ECSA of the 3D-BMPE calculated from the
cyclic voltammogram was approximately 15 and 160 times that
of the 2D-MPE and stainless steel foil electrode (SSE), respec-
tively. Along with the positive effect on the active surface area,
the nanopores had a slight negative effect on the electrical
conductivity and mechanical properties. A four-probe-electrode
measurement result revealed that the 3D-BMPE had a relatively
lower electrical conductivity of ∼3.3 × 103 S cm−1 than the 2D-
MPE (∼7.8 × 103 S cm−1) owing to voids induced by the
numerous nanopores (Fig. 1e). Nevertheless, the electrical
conductivity of the order of 103 S cm−1 is still very high,
exceeding that of commercial conducting agents, such as
carbon black (∼102 S cm−1) and carbon nanotubes
(∼102 S cm−1).37–40 A nanoindentation technique was employed
to measure the mechanical properties of the MXene lms. The
elastic moduli of the 3D-BMPE and 2D-MPE were calculated to
be 3.8 and 3.5 GPa, respectively, indicating that they both had
good mechanical properties (Fig. 1e). The 3D-BMPE had slightly
lower mechanical strength than the 2D-MPE owing to the
presence of pores; however, they were at a comparable level.

XRD analysis was further conducted to investigate the
interlayer structure of MXene layers. A sharp (002) peak at 8.14°,
corresponding to a d-spacing of 1.09 nm, was mainly observed
in the XRD pattern of the 3D-BMPE (Fig. 1f). The peak shapes
and d-spacing values were similar to those of the 2D-MPE.
Raman spectroscopy was conducted to conrm the surface
terminations of the MXene building blocks (Fig. 1g). The
Raman spectra of both 3D-BMPE and 2D-MPE show similar
peaks at 119.7, 201.5, and 723.1 cm−1, which coincide with
those previously reported for Ti3C2Tx functionalized with –OH, –
O, and –F.48 This result indicates that the MXene building
blocks are of high quality with no oxidized species such as TiO2.
Moreover, the MXene building blocks of the 3D-BMPE have
large numbers of O and F heteroatoms with high electronega-
tivities, which was conrmed through XPS analysis (Fig. 1h–k).
The Ti 2p region shows doublets of ve deconvoluted peaks,
with the 2p3/2 peaks centered at 455.0 eV (C–Ti+–Tx), 456.0 eV
(C–Ti2+–Tx), 457.4 eV (C–Ti3+–Tx), 458.9 eV (TiO2), and 460.1 eV
(C–Ti–F) (Fig. 1h).44 The low-intensity peak of TiO2 indicates
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Material properties of 3D-BMPE. (a) Optical and (b, c) FE-SEM images of 3D-BMPE at different magnifications; (d) nitrogen adsorption–
desorption isotherm curves; (e) electric conductivity and elastic modulus; and (f) XRD patterns of 3D-BMPE and 2D-MPE. (g) Raman analyses of
3D-BMPE and 2D-MPE using a laser wavelength of 785 nm. Deconvoluted XPS (h) Ti 2p, (i) C 1s, (j) O 1s, and (k) F 1s spectra of 3D-BMPE.
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a negligible degree of oxidation during the synthesis of 3D-
BMPE, and the Ti–C peak arises from the conductive bonds
within Ti3C2Tx (Fig. 1i). The remaining peaks arise from cova-
lent bonds that lead to the formation of surface functional
groups. The O 1s region clearly shows the presence of oxygen
functional groups with major deconvoluted peaks centered at
532.2 eV (C–Ti–(OH)x) and 531.1 eV (C–Ti–Ox) (Fig. 1j).44

Furthermore, the F 1s region shows the presence of uorine
functionalities in the form of Ti–F bonds at 685.1 eV (Fig. 1k).44

The XPS peaks of the 3D-BMPE are highly similar to those of the
2D-MPE (Fig. S6†), indicating that the pore-synthesizing
processes have a negligible inuence on the surface proper-
ties of the MXene building blocks. The heteroatoms not only
increased the electrolyte wettability and uptake ability, but also
improved the Al nucleation kinetics, leading to preferential Al
metal deposition/dissolution cycles in the nanopores. Hence,
the 3D-BMPE possesses multiple properties that are key to
activating and protecting Al redox reactions, such as extensive
ECSA, multiple functional groups, well-developed nanopores,
high electrical conductivity, and excellent mechanical
properties.

The protective function of the 3D-BMPE was rst conrmed
through corrosive tests and electrochemical characterizations
using both half and full cells (Fig. 2 and S7–S10†). The bare Al
foil and 3D-BMPE with Al metal of 3 mA h cm−2 were immersed
in the ILE solution for four weeks (referred to as “4-ILE”), and
the changes in their morphologies and chemical properties
This journal is © The Royal Society of Chemistry 2023
were observed using FE-SEM and XPS, respectively. As shown in
Fig. 2a and b, the at surface of the bare Al foil became highly
rough and messy. The optical images show a darkening of the
bright bare Al surface (Fig. S7a and b†). The deconvoluted XPS
Al 2p spectra reveal that the morphological change is related to
the large increase in aluminum oxide because the relative peak
ratio of Al–O bonding centered at ∼74.8 eV to Al metal is
signicantly increased aer four weeks in the ILE (Fig. 2g and
S8a†).49,50 The deconvoluted XPS O 1s spectra also reveal an
increase in the relative intensity ratio of the aluminum oxide
(∼530.8 eV) to aluminum hydroxide (∼531.8 eV) peaks
(Fig. S9†).50,51 These results indicate that the surface of the Al
foil was corroded by the acidic ILE. Furthermore, aer the 100th
galvanostatic Al deposition/dissolution cycle of the Al foil that
had been immersed in the ILE for four weeks (referred to as
“100th-ILE”), the surface topologies were much more severely
roughened (Fig. 2c and S7c†). Accordingly, the Al metal peak in
the corresponding deconvoluted XPS Al 2p spectra almost
completely disappeared aer the cycling process (Fig. 2g). In
contrast, the initial topology of the Al/3D-BMPE surface was well
maintained aer four weeks in the ILE (Fig. 2d, e, S7d and e†).
The deconvoluted XPS Al 2p spectra indicate a larger Al metal to
oxide peak ratio of Al/3D-BMPE aer the long rest time in the
ILE (Fig. 2h and S8b†). Although the surface topology of the Al/
3D-BMPE was slightly changed aer the 100th galvanostatic
cycle, the degree of alteration was insignicant compared with
that of the bare Al foil (Fig. 2f). The deconvoluted XPS Al 2p
J. Mater. Chem. A, 2023, 11, 14380–14389 | 14383
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Fig. 2 Protective function of 3D-BMPE for AMA in the Lewis acidic ILE: FE-SEM images of (a) pristine Al foil, (b) Al foil after four weeks in ILE, (c) Al
foil after 100th cycle, (d) pristine 3D-BMPE, (e) 3D-BMPE after four weeks in ILE, and (f) 3D-BMPE after 100th cycle; scale bar is 50 mm.
Deconvoluted XPS Al 2p spectra of (g) Al foil and (h) 3D-BMPE and EIS profiles of (i) Al foil and (j) 3D-BMPE (inset of equivalent circuit model) at
different experimental conditions.
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spectra also show the presence of a clear Al metal peak aer
cycling, corroborating the result that Al metal corrosion is
signicantly mitigated by the 3D-structured MXene host struc-
ture (Fig. 2h). The deconvoluted XPS O 1s spectra reveal a slight
change in the relative intensity ratio of the aluminum oxide to
aluminum hydroxide peaks (Fig. S10†). Additionally, the
protective effect of the 3D-BMPE was assessed using EIS (Fig. 2i
and j). In the EIS proles, a semicircle was observed in the high-
frequency region, which represents a combination of the
surface lm resistance (Rf) and charge transfer resistance (Rct).
The semicircle of the bare Al foil corresponds to ∼6 U, and
14384 | J. Mater. Chem. A, 2023, 11, 14380–14389
a moderate upturn of ∼15 U was observed aer four weeks in
the ILE (Fig. 2i). Aer the 100th cycle, the semicircle was split
into two large semicircles, representing Rf and Rct, which had
multiple high values of >900 U (Fig. 2i). This means that most of
the active surfaces were severely passivated by the aluminum
oxide layers, and consequently, the Al redox reaction was
signicantly obstructed. In contrast, the semicircle in the EIS
prole of the Al/3D-BMPE did not undergo any distinctive
change (6–17 U) even aer the 100th cycle, reaffirming the
signicant protective function of the MXene-based host struc-
ture (Fig. 2j). Hence, these results provide clear evidence that
This journal is © The Royal Society of Chemistry 2023
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3D-BMPEs can preserve AMAs from ILE-based galvanic corro-
sion during long rest times as well as the cycling process.

The electrochemical performance of the 3D-BMPE-based
AMA was investigated at a cut-off capacity of 1 mA h cm−2 in
the ILE at different areal current densities and compared with
that of the 2D-MPE- and SSE-based AMAs. The half-cell tests
were conducted using a handmade coin cell covered by a poly-
mer sealing tape, except for a center hole where the working
electrode is xed (Fig. S11†). In the galvanostatic Al metal
deposition process on the SSE at 0.1 mA cm−2, a sharp negative
voltage peak over −200 mV vs. Al3+/Al was observed, and the
voltage prole plateaued at −70 mV (Fig. 3a). The voltage gap
between the peak point and plateau voltage is known as the
nucleation overpotential (hn), as shown in Fig. 3b. The large hn

value of ∼130 mV of the SSE can be decreased with catalytic
electrode materials by reducing the free energy required for the
phase-transition reaction (Fig. 3c). When the 2D-MPE was used
for the Al metal nucleation reaction, hn is signicantly reduced
by ∼19 mV (Fig. 3a). This result indicates the excellent catalytic
effect of the functionalizedMXene surfaces. Aluminum ions can
be more strongly bound on the oxygen functional groups,
leading to the lower hn value. The catalytic effect is more
pronounced in the 3D-BMPE, where hn was further reduced by
∼14 mV (Fig. 3a). The hn value of the 3D-BMPE is even lower
than that in an aqueous electrolyte system.52 In addition, the
ohmic overpotential (ho), which can be characterized by the
voltage drop of the plateau section from the redox potential
(Fig. S12†), was signicantly reduced in the MXene-based
substrate (Fig. 3a and b). The slight high ho value of the 3D-
BMPE is due to the reduction of electrical conductivity in the
pore-generation process.

Another key observation from the Al deposition proles for
different electrode materials is the large gap in the concentra-
tion overpotential (hc). hc can be obtained from the plateau
voltage variation at different states of charge (SoCs) (Fig. S12†).
At different areal current densities from 0.1 to 2.0 mA cm−2, the
galvanostatic Al metal deposition/dissolution proles show
a gradual drop in voltage with increasing SoCs, which is more
conspicuous at the higher areal current densities and SoCs
(Fig. 3d–f). Particularly, at the areal current densities of 1.5 and
2.0 mA cm−2, a dramatic decrease in voltage was conrmed at
the higher SoCs for the SSE (Fig. 3d). Although the voltage drop
is highly mitigated, it is still considerably large at higher areal
current densities in the 2D-MPE (Fig. 3e). In contrast, the drop
in voltage was signicantly lower in the 3D-BMPE (Fig. 3f).
These trends are claried by the bar graphs depicting the total
overpotentials (ht) observed in the different electrode systems
(Fig. 3g–i). The overpotentials of the SSE and 2D-MPE were
approximately 600% and 200% higher than those of the 3D-
BMPE, showing a sharp increase at the higher SoCs. In
contrast, only a slight change in the overpotentials of the 3D-
BMPE was observed even at higher areal current densities and
SoCs, demonstrating the good charge transport performance of
the 3D-BMPE. A close relationship between the total over-
potentials and the average CE values was conrmed through
cycling tests at different areal current densities (Fig. 3j). The
high CE value (∼98.5%) of the SSE-based AMA at 0.5 mA cm−2
This journal is © The Royal Society of Chemistry 2023
decreased signicantly to 98.4, 97.5, and 95.2 with increasing
areal current densities of 1.0, 1.5, and 2.0 mA cm−2, respec-
tively, whereas the CE of the 3D-BMPE-based AMAs was not only
well maintained at the different areal current densities, but
much higher on average (∼99.9%) at 1.5 and 2.0 mA cm−2. In
addition, the 3D-BMPE provided greater cycling stability and
longer cycle life than the 2D-MPE and SSE (Fig. 3k). In galva-
nostatic Al metal deposition/dissolution cycles at 2.0 mA cm−2,
the 3D-BMPE-based AMA maintained stable discharge/charge
cycling over 2000 cycles. In contrast, the SSE- and 2D-MPE-
based AMAs showed poor cycling stabilities with large CE vari-
ations, with the cycling processes suddenly ending aer just the
15th and 250th cycles for the SSE- and 2D-MPE-based AMAs,
respectively. The cycling stabilities of the 2D-MPE- and 3D-
BMPE-based AMAs were conrmed through symmetric cell
tests (Fig. 3l). The galvanostatic prole of the 3D-BMPE-based
AMA exhibited more stability and lower overpotentials over
2000 cycles, affirming its excellent cycling performance. The
superior electrochemical performances of the 3D-BMPE-based
AMAs compared with the previously reported results can be
conrmed in Table S1.† The 3D-BMPE shows a relatively high
CE value and better cycling stability. Moreover, the superiority
of the 3D-BMPE-based AMA in cycling performances has been
conrmed through a comparison cycling test in the similar
electrochemical system with those of a redox-active multifunc-
tional reduced graphene oxide-based AMA (Fig. S13†). The great
electrochemical performances of the 3D-BMPE-based AMA are
due to the versatile materials properties of the 3D-BMPE such as
high electrical conductivity, high elastic modulus, a large
number of nanopores, and multitudinous oxygen functional
groups. Thus, the 3D-BMPE can be well-tted as a host electrode
for other multivalent metal storage such as magnesium, zinc,
and calcium.

To demonstrate the feasibility of utilizing the high-
performance 3D-BMPE-based AMA in Al-DIBs, full-cell tests
were conducted using the Al/3D-BMPE anode with Al metal of
1 mA h cm−2 capacity and a commercial graphite cathode in the
ILE system (Fig. S14†). The electrochemical performances of the
Al/3D-BMPE//C6 cells were compared with those of the reference
full cells based on Al/SSE//C6 and Al/2D-MPE//C6. Handmade
coin cells coated with a polymer sealing tape, except for the
center hole, were used for the full-cell tests (Fig. S11†), and a Mo
substrate was used as the cathode. In the Al/SSE//C6 Al-DIBs,
a reversible capacity of ∼41 mA h g−1 was obtained at
0.1 A g−1 (Fig. 4a). The reversible capacity was signicantly
decreased by <10 mA h g−1 on increasing the current density to
$0.3 A g−1, indicating their poor rate capabilities. This could be
attributed to the large overpotentials of the SSE-based AMA
induced by surface corrosion and sluggish Al redox kinetic
performance. When the 2D-MPE was introduced in the AMA,
the reversible capacity of the Al/2D-MPE//C6 cells increased to
∼74mA h g−1 at 0.1 A g−1. At higher current densities of 0.3, 0.5,
0.8, and 1.0 A g−1, they showed much better capacity retention,
corresponding to 67, 54, 46, and 40 mA h g−1, respectively
(Fig. 4b). In comparison, the 3D-BMPE-based AMA in the Al/3D-
BMPE//C6 cells led to a further increase in the reversible
capacity to∼79mA h g−1 and higher rate capabilities than those
J. Mater. Chem. A, 2023, 11, 14380–14389 | 14385
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Fig. 3 Electrochemical performances of SSE, 2D-MPE, and 3D-BMPE: (a) galvanostatic aluminum deposition profiles at 0.1 mA cm−2; plots
showing (b) nucleation overpotential and (c) catalytic effect for aluminum nucleation reaction. Galvanostatic aluminum deposition/dissolution
profiles at different areal current densities on (d) SSE, (e) 2D-MPE, and (f) 3D-BMPE. Bar graphs showing the total overpotentials of (g) SSE, (h) 2D-
MPE, and (i) 3D-BMPE at different SoCs. (j) CE values at different areal current densities. Cycling performances of (k) SSE, 2D-MPE, and 3D-BMPE
at half-cell configurations, and (l) 2D-MPE and 3D-BMPE at symmetric cell configurations.
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of the 2D-MPE-based AMA (Fig. 4c). Even at 1.0 A g−1, the Al-
DIBs based on Al/3D-BMPE//C6 retained a capacity of ∼64 m
A h g−1. These results suggest that the SSE-based AMA is a rate-
determining factor for Al/SSE//C6 cells, and the electrochemical
performance of Al-DIBs can be signicantly improved by
introducing a 3D-structured catalytic electrode material. In
14386 | J. Mater. Chem. A, 2023, 11, 14380–14389
addition to offering better kinetics, the 2D- and 3D-BMPE-based
Al-DIB systems fully recovered to their respective initial capac-
ities when the current density returned to its initial value aer
100 consecutive cycles, demonstrating their good reversibility
(Fig. 4d). Even in the 2D-MPE-based Al-DIBs, the higher
reversible capacity similar to that of 3D-BMPE-based Al-DIBs
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Electrochemical performances of the different Al-DIBs, namely
Al/SSE//C6, Al/2D-MPE//C6, and Al/3D-BMPE//C6: galvanostatic
aluminum deposition/dissolution profiles of (a) Al/SSE//C6, (b) Al/2D-
MPE//C6, and (c) Al/3D-BMPE//C6 at different areal current densities;
(d) rate capabilities, (e) Ragone plots, and (f) cycling performances of
the Al-DIBs.
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was achieved aer 100 cycles at different current densities. This
capacity improvement is due to a gradual increase of active
surface area with a repetitive cycling process in the well-stacked
MXene electrode. Ragone plots showed the specic energy and
power relationships of the different Al-DIB full cells (Fig. 4e).
Although the same Al active anode materials are used for Al-
DIBs, the energy and power densities are substantially
affected by the catalytic host electrodes. The Al/SSE//C6 cells had
an energy density of ∼3.4 W h kg−1 at ∼1128.3 W kg−1, whereas
the Al/2D-MPE//C6 and Al/3D-BMPE//C6 cells had energy
densities of ∼63.3 W h kg−1 at ∼1599.5 W kg−1 and
∼115.7 W h kg−1 at ∼1797.2 W kg−1, respectively. The tenfold
higher energy density of the Al/3D-BMPE//C6 cells at the higher
power density indicates the benet of using 3D-structured
catalytic electrode materials in AMAs. Considering densities of
Al/3D-BMPE and C6, the volumetric energy density of Al/3D-
BMPE//C6 cells is ∼264.79 W h L−1. This value is much higher
than those of the previously reported aluminum-based energy
storage devices.12,53,54 Moreover, the cycling stabilities of the Al/
2D-MPE//C6 and Al/3D-BMPE//C6 cells were well maintained
over 500 cycles, whereas the Al/SSE//C6 cells showed a drastic
capacity drop aer a few cycles (Fig. 4f). The initial capacity
decay could be attributed mainly to the surface corrosion of
AMA in the acidic ILE system. The contrasting cycling
This journal is © The Royal Society of Chemistry 2023
performance revealed that the host structure composed of rigid
MXene building blocks successfully protected the AMA during
the long cycling process, leading to a feasible cycling perfor-
mance. Hence, despite using the same Al active anode material,
large differences in electrochemical performances were
observed according to the host electrode materials in Al-DIBs,
which clearly indicates that the protective Al redox strategy
using catalytic 3D-BMPEs is invaluable for Al-DIBs.
Conclusions

Existing AMAs in ILE-based Al-DIBs show inadequate electro-
chemical performance because of surface corrosion and large
overpotentials, leading to poor cycling and rate performances.
This obstacle can be overcome by introducing a 3D catalytic
host electrode based on functionalized MXene building blocks.
A 3D-BMPE with distinctive mechanical, electrical, and chem-
ical properties can activate and protect Al redox reactions in the
nanoporous structure, leading to highly stable and long cycling
over 2000 cycles and excellent rate capabilities with high
average CE values of 99.9% at 2.0 mA cm−2. In addition, the 3D-
BMPE-based Al-DIB exhibited >10 times higher energy density
(∼1797.2 W h kg−1) and more stable cycling performance over
500 cycles than the one based on the 2D-MPE. This result
suggests that a catalytic host electrode for an AMA is key to
achieving high-performance Al-DIBs and that 3D-BMPE can be
a suitable candidate.
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