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bled by cross-stacking of porous
nanosheets enables a high-performance
aluminum-ion battery†

Huanyu Liang,‡a Yongshuai Liu,‡a Fengkai Zuo,a Cunliang Zhang, *b Li Yang,a

Linyi Zhao,a Yuhao Li,a Yifei Xu,a Tiansheng Wang,a Xia Hua,a Yue Zhu*c

and Hongsen Li *a

Rechargeable aluminum-ion batteries have attracted increasing attention owing to the advantageous

multivalent ion storage mechanism thus high theoretical capacity as well as inherent safety and low cost

of using aluminum. However, their development has been largely impeded by the lack of suitable

positive electrodes to provide both sufficient energy density and satisfactory rate capability. Here we

report a candidate positive electrode based on ternary metal oxides, Fe2(MoO4)3, which was assembled

by cross-stacking of porous nanosheets, featuring superior rate performance and cycle stability, and

most importantly a well-defined discharge voltage plateau near 1.9 V. Specifically, the positive electrode

is able to deliver reversible capacities of 239.3 mA h g−1 at 0.2 A g−1 and 73.4 mA h g−1 at 8.0 A g−1, and

retains 126.5 mA h g−1 at 1.0 A g−1 impressively, after 2000 cycles. Furthermore, the aluminum-storage

mechanism operating on Al3+ intercalation in this positive electrode is demonstrated for the first time via

combined in situ and ex situ characterization studies and density functional theory calculations. This

work not only explores potential positive electrodes for aluminum-based batteries but also sheds light

on the fundamental charge storage mechanism within the electrode.
Introduction

The rapid consumption of fossil fuels, together with severe
threats posed by global warming, has boosted the demand for
new rechargeable battery technologies.1 As the current prevail-
ing energy storage device, lithium-ion batteries (LIBs) have been
extensively studied mainly as they enable high density energy
storage.2 Despite a high energy density value of 250 W h kg−1,
the large-scale application of LIBs to meet the ever increasing
demand is still challenging.3 The typical issues include the
scarcity of lithium sources, safety problems as well as high cost.4

To address these issues, considerable attention has been paid to
aluminum-ion batteries (AIBs) that use aluminum (Al) metal as
the negative electrode, which can theoretically deliver an
extremely high gravimetric capacity by taking advantage of the
trivalent charge carrier.5 These favorable features promise AIBs
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-mail: hsli@qdu.edu.cn

ering, Henan Engineering Center of New

oratory of Bimolecular Recognition and

gqiu, Henan 476000, P. R. China

ch, Heisenbergstraße 1, 70569 Stuttgart,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
to be one of the most outstanding next-generation electro-
chemical storage technologies.5a,6

Despite the afore-mentioned benets of an Al negative
electrode, AIBs have major obstacles on the positive electrode
side, such as electrode material disintegration and slow charge
transport kinetics inside electrode material.3,7 The performance
of AIBs thus critically depends on the rational design and
construction of a positive electrode structure to solve the
problems mentioned above. Previous efforts in searching for
suitable AIB positive electrode have included carbon materials,8

metal suldes,9 and tellurium.10 Research has shown that
although carbon-related materials can achieve high voltage
plateaus of about 2 V, they usually suffer from a low specic
capacity.11 On the other hand, metal suldes and tellurium are
host materials with better charge transport dynamics, but the
low discharge plateaus near 1 V hinder their practical applica-
tions.10b,12 So far, these challenges have not been fully addressed
and the development of these materials in AIBs has been
limited. Thereupon, there is an urgent need for continuously
exploring positive electrode materials that can simultaneously
realize large specic capacity and high voltage plateaus.5c,13

Recently, ternary metal oxide Fe2(MoO4)3 has emerged as
a potential candidate in alkali-ion batteries as it was found to
possess high electrochemical reactivity and robust structural
stability.14 For example, Im et al. reported that the as-synthesized
Fe2(MoO4)3 nanosheets achieve an ultrahigh lithium storage
Chem. Sci., 2022, 13, 14191–14197 | 14191
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Fig. 1 (a) Schematic illustration of the P-FMO fabrication process. (b)
FESEM image of the P-FMO precursor. (c) FESEM image, (d and e) TEM
image, (f) HRTEM image and (g) SAED pattern of the P-FMO product.
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capacity of 1983.6 mA h g−1 at a current density of 100 mA g−1

aer cycling 400 times.14a Mai et al. developed a facile one-step
water-bath method to synthesize graphene oxide-decorated
Fe2(MoO4)3 microowers, which exhibit a reversible discharge
capacity of 107.0 mA h g−1 at 10 A g−1 as a negative electrode for
sodium ion batteries.15 Our group also previously reported
a uniform assembly of layered Fe2(MoO4)3 which achieves an
excellent Na storage capability of 504 mA h g−1 at 0.1 A g−1.14b

Hitherto, there have still been no efforts to investigate the
electrochemical properties of this ternary metal oxide as the
electrode material in AIBs. In particular, insights into regulating
microscopic morphology and uncovering the aluminum storage
mechanism to achieve high performance AIBs are lacking in the
literature.

Herein, for the rst time, Fe2(MoO4)3 (hereaer expressed as
FMO) assembled by cross-stacking of porous nanosheets is
being presented as a positive electrode material for AIBs,
highlighting a high operating potential (∼1.9 V) along with
many excellent electrochemical properties. Remarkably, FMO
assembled by cross-stacking of porous nanosheets (denoted as
P-FMO) provides abundant active sites for Al3+ storage, hence
achieving large discharge capacity (239.3 mA h g−1 at 0.2 A g−1).
In the meantime, the intrinsically holey architecture enables
highly reversible cycling (78.8% capacity retention aer 2000
cycles at 1.0 A g−1). Not only that, a deep understanding of the Al
storage mechanism was acquired by means of ex situ X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
high-resolution transmission electron microscopy (HRTEM),
and in situ Raman spectroscopy techniques, and density func-
tional theory (DFT), revealing that the positive electrode
undergoes intriguing Al3+ intercalation/extraction processes
during cycling. This work manifests that multicomponent
material, for instance the ternary metal oxide shown here,
represents a promising platform on which AIB positive elec-
trodes overcoming current limitations can be widely explored.

Results and discussion

As depicted in Fig. 1a, the synthesis was carried out by mixing
ferric nitrate (Fe(NO3)3$9H2O) and sodium molybdate (Na2-
MoO4$2H2O) in ethylene glycol and subsequently, heating at
200 °C for 15 h in an autoclave. The resulting thin-sheet stacked
P-FMO precursor was then annealed to induce pyrolysis and
formation of the nal crystalline FMO nanoparticles, which
interconnected chemically to retain the original two-
dimensional morphology but with substantial porosity (for
details, see the Experimental section).

According to X-ray diffraction (XRD) analysis (Fig. S1†),
a highly crystalized pure FMO phase was obtained in accor-
dance with the reported JCPDS data (PDF#72-0935). All
diffraction peaks could be well indexed on the basis of
monoclinic FMO with a space group P21 (4) and the lattice
parameters a = 15.693(3) Å, b = 9.235(1) Å, and c = 18.218(4) Å.
The monoclinic phase of Fe2(MoO4)3 has an open
three-dimensional framework, which has many interstitial
empty sites and diffusion channels for guest ions and allows for
minimized volume expansion when redox reaction occurs.14a In
14192 | Chem. Sci., 2022, 13, 14191–14197
terms of morphology, the low magnication eld scanning
electronmicroscopy (FESEM) image (Fig. S2†) shows that the FMO
precursors are assembled by cross-stacking of nanosheets. A
zoomed-in FESEM image (Fig. 1b) signies that numerous
nanosheets, with a typical size of about 1 mm in width and 2 mm in
length, are stacked to form the precursor. The typical FESEM
images (Fig. S3a, b† and 1c) of the nal product aer
high-temperature calcination indicate that the morphology stayed
almost intact. Nevertheless, the stacked nanosheets have been
transformed from a dense structure with smooth surfaces (Fig. 1b)
into porous nanosheets (Fig. 1c). The as-obtained porous
nanosheets made of numerous nanoparticles show good
uniformity in the lateral size of about 2 mm. As depicted in Fig. S3c,
d† and 1d, the transmission electron microscopy (TEM) image
conrms that as-prepared P-FMOpossesses a porous structure and
is constructed by the agglomeration of numerous nanoparticles.
The TEM image at a higher magnication (Fig. 1e) reveals that the
nanoparticles are uniform in size of about∼12 nm, consistent with
the FESEM results (Fig. 1c). This rational design of a hierarchical
architecture allows Fe2(MoO4)3 to tolerate the dimensional strains
and to providemore active sites, whichwill benet the stability and
performance gains.

The high-resolution TEM (HRTEM) image of the product P-
FMO is shown in Fig. 1f. Lattice fringe distances of 0.25 and
0.31 nm in accordance with the (6�02) and (3�24) planes of FMO
can be identied based on the monoclinic P1211 structure. The
selected area electron diffraction (SAED) pattern shows a series
of diffraction rings (Fig. 1g), which can be assigned to the (�324),
(204), and (412) planes of FMO, and also reects the poly-
crystalline nature of the product. The XPS spectrum of P-FMO
(Fig. S4†) displays elemental signals of Fe, Mo and O. In addi-
tion, the energy dispersion spectroscopy (EDS) mapping reveals
that Fe, Mo and O elements are evenly distributed in the ob-
tained P-FMO (Fig. S5†), conrming the successful preparation
of the target material. The nitrogen adsorption–desorption
isotherms were obtained to analyze the specic surface area
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and porous characteristics of P-FMO. As shown in Fig. S6,†
a specic surface area of 40.7m2 g−1 can be calculated as per the
Brunauer–Emmett–Teller method. Moreover, according to the
nonlocal density functional theory analyses from the inset of
Fig. S6,† it can be concluded that P-FMO is indeed highly
porous in nature, and the abundant pores are a result of the
interspaces among numerous nanoparticles. As has been
proven by previous research, this type of hierarchical porous
structure is usually benecial for the storage of metal ions,
meanwhile accelerating their migration rate.16

To evaluate the feasibility of the P-FMO electrode for
aluminum ion storage, a Swagelok cell was assembled with
metallic aluminum foil as the counter electrode and the cell was
tested within a potential window of 0.01–2.2 V. As shown in
Fig. 2a, the electrochemical processes could be unveiled by
using the typical cyclic voltametric (CV) curves at a scan rate of
0.5 mV s−1, showing a multistep intercalation process. In the
rst cathodic scan, three reduction peaks located at 1.9, 1.14,
and 0.35 V can be plainly observed (Fig. 2a). The two well-
dened peaks situated at 1.9 and 1.14 V can be ascribed to
the formation of Al3+-intercalated compounds, while the broad
reduction peaks centered at z0.01–0.7 V can be attributed to
the formation of metallic Fe and a stable SEI layer on the elec-
trode surface. During the following anodic scan, multiple
anodic peaks between 0.5 and 2.15 V can be found, which is
attributed to the extraction of Al3+ in the sample. The sequent
Fig. 2 (a) CV profiles for the P-FMO electrode at a scan rate of
0.5 mV s−1. (b) Charge–discharge curves at different current densities.
(c) Long cycling stability at a current density of 1.0 A g−1. (d)
Comparison of cycling performance of P-FMO with previously
reported electrode materials for AIBs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
CV curves of P-FMO are distinct from the initial one, which is
ascribed to the enhanced reaction dynamics and the efficient
utilization of active materials resulting from the microstructure
change during the rst cycle. Meanwhile, the CV proles except
for the rst scan are overlapped, demonstrating an excellent
reversibility of the P-FMO electrode. It is worth noting that there
are a pair of obvious redox peaks located at around 1.9/2.14 V vs.
Al3+/Al, which is in conformity with the working plateaus of the
charge–discharge proles shown in Fig. 2b. In an ionic liquid
electrolyte, the P-FMO positive electrode delivers a large
discharge capacity of∼239.3 mA h g−1 at a small current density
of 0.2 A g−1, and displays a relatively high discharge voltage
plateau of 1.9 V (vs. Al3+/Al) (Fig. 2b). Besides, the P-FMO elec-
trode exhibits superior rate capability, delivering capacities
as high as 239.3, 186.4, 166.4, 129.9, 106.1, 93.1, 82.0 and
73.4 mA h g−1 at current densities of 0.2, 0.3, 0.5, 1.0, 2.0, 3.0,
5.0 and 8.0 A g−1, respectively (Fig. S7†). Moreover, the long
cycling performance of P-FMO is demonstrated at 1.0 A g−1 for
2000 cycles (pre-conditioned for ve cycles at 0.2 A g−1), as
plotted and shown in Fig. 2c. A highly reversible capacity of
126.5 mA h g−1 with an extremely low 0.0106% capacity loss per
cycle has been achieved. In addition, ex situ electrochemical
impedance spectroscopy (EIS) analyses of the P-FMO electrode
were carried out aer various cycles to assess the transport
kinetics within the electrode (Fig. S8†). The resulting curves
comprise of a semicircle at a medium high frequency related to
charge-transfer resistance and an inclined line at a low
frequency related to diffusion of aluminum ions.17 As the cycle
number increases, the charge-transfer resistance is nearly at the
same level, while the sloped line gradually steepens, indicating
a lowering resistance for the diffusion of aluminum ions. It
should be pointed out that P-FMO exhibits ultralow charge
transfer resistances (z6 U) within 100 cycles, manifesting its
outstanding electrochemical kinetics and possibly contributing
to its ultra-high cycling stability. To highlight the latter point,
the cycling stability of the P-FMO positive electrode is compared
with those reported for metal selenide,18 sulde,6a,9,12a,19 phos-
phide20 and oxide positive electrodes,21 as plotted and shown in
Fig. 2d and Table S1.† More importantly, a relatively high
operating voltage has been achieved in P-FMO (Fig. S9†), which
is denitely benecial to improve the overall energy density of
AIBs.13,22

EIS of the electrode aer 50/100 cycles was also analyzed
quantitively to further understand the electrochemical kinetics
during cycling. Generally, Warburg impedance is directly asso-
ciated with diffusion resistance. The Warburg factor (s) can be
obtained as the slope of Z′ f w−1/2 plots as shown in Fig. S10†
and is determined to be 699.1, 373.2 and 283.1 for the initial
electrode, and aer 50 cycles and 100 cycles, respectively.
Subsequently, the diffusion coefficient DAl3+ can be calculated by
using:23

DAl3+ = R2T2/(2A2n4CAl3+
2s2)

Here, R is the gas constant, T is the absolute temperature, A is
the area of electrodes, n is the number of charge transfers, and
CAl3+ is the concentration of Al3+. The difference between the P-
Chem. Sci., 2022, 13, 14191–14197 | 14193
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Fig. 3 (a and b) Ex situ XPS Fe 2p and Mo 3d at different discharge/
charge states. (c and d) In situ Raman spectra of a P-FMO positive
electrode in an AIB.
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FMO electrode before and aer cycling indicates that the elec-
trode attains a smaller s value as the cycle progresses, corre-
sponding to a higher Al3+ diffusion coefficient (100th, 5.2 ×

10−15 cm2 s−1 and 50th, 3.0 × 10−15 cm2 s−1), in comparison
with the initial P-FMO electrode (8.6 × 10−16 cm2 s−1). This
signies that the electrochemical reactivity is increasing upon
cycling, which is in accordance with the long and stable cycles.
It is believed that the initial cycling process can facilitate the
electrolyte to fully inltrate the electrode, signicantly
enhancing the ability of transferring Al3+. Apparently,
the diffusion coefficient of Al3+ in P-FMO is in the range of 10−15

to 10−16 cm2 s−1, which is 2–5 orders of magnitude higher than
that of transition metal suldes (10−18 to 10−20 cm2 s−1),12a

verifying that FMO could function as a promising positive
electrode material for AIBs.

To evaluate the charge storage behavior for the P-FMO
electrode, detailed kinetic analyses based on a current/sweep
rate correlation were carried out.24 Fig. S11† shows CV proles
with an increasing scan rate from 0.1 to 2.0 mV s−1. The
equation (i= avb)25 was applied to identify the storage process of
Al3+ in the P-FMO positive electrode material, where a and b are
constants.26 The b values of the cathodic and anodic peaks were
obtained as the slope of log(i) vs. log(v). It would be 0.5 for
a diffusion-controlled insertion process, and 1 for a surface
capacitive behavior. As a general rule, a b value between 0.5 and
1.0 signies a mixed kinetics process.27 As displayed in
Fig. S12,† by plotting the log(i)–log(v) curves, the corresponding
b values of the cathodic and anodic peaks were calculated to be
0.69 and 0.55, respectively, reecting that the electrochemical
reaction in the FMO positive electrode is dominated by ion
diffusion and capacitance concomitantly.28

To gainmechanistic insights into the Al storagemechanisms
in FMO, a series of ex situ and in situ measurements were per-
formed at the selected states of the rst discharge/charge cycles.
The collected ex situ X-ray photoelectron spectroscopy (XPS)
spectra are presented in Fig. 3a, b, S12a and b.† As shown in
Fig. 3a, the Fe 2p core level peak of the pristine electrode can be
deconvoluted into two characteristic peaks centered at z724.3
and z711.1 eV, corresponding to the 2p1/2 and 2p3/2 peaks of
Fe3+. In contrast, the appearance of Fe2+ (Fe 2p3/2 at 709.8 eV
and Fe 2p1/2 at 722.9 eV) and Fe0 (Fe 2p3/2 at 707.4 eV and
Fe 2p1/2 at 720.6 eV) upon discharge indicates the reduction of
Fe3+ to Fe2+ and Fe0, on account of the incorporation of Al3+ into
the FMO phase.29 Nevertheless, the high-resolution Fe 2p
spectrum of P-FMO in the fully charged state shows paired
deconvoluted peaks corresponding to both Fe2+ and Fe3+. The
presence of a small fraction of Fe2+ can be attributed to part of
the Fe0 being oxidized to Fe2+. Fig. 3b exhibits the high-
resolution Mo 3d core level XPS spectra. It shows that the
Mo peaks of the pristine electrode can be assigned to Mo6+

(Mo 3d3/2 at 235.4 eV and Mo 3d5/2 at 232.2 eV).14b,30 Upon being
fully discharged, the spectrum in the Mo 3d region shows
evidence of Mo4+ (at 228.5 and 229.6 eV). When fully charged,
the peaks of Mo4+ decrease signicantly, indicating partially
reversible oxidation of Mo4+ during the redox reaction process.
It is well known that Al3+, AlCl4

− and AlCl2
+ can all be used as

charge carriers for AIBs.31 As far as we know, however, the
14194 | Chem. Sci., 2022, 13, 14191–14197
charge storage of AlCl2
+ intercalation prefers to take place in the

organic electrode.32 The XPS spectra of Al 2p and Cl 2p at
different electrochemical states are oen used to determine the
types of charge carriers in an Al//inorganic electrode system.3,29a

It is worth mentioning that the intensity of Al 2p (Fig. S13a†) at
the fully discharged state (0.01 V) is signicantly stronger than
that in the fully charged state (2.2 V), whereas the intensity of Cl
2p (Fig. S13b†) remains relatively unchanged, suggesting that
the carriers are most likely to be Al3+.10b,23a

To probe the electrochemical storage mechanism in the
FMO material, ex situ HRTEM analyses were carried out at its
discharged and charged states. The HRTEM image details the
information about the products generated by the incorporation
of aluminum ions. As depicted in Fig. S14a,† a lattice spacing of
0.21 nm is recognizable aer discharging to 0.01 V, which can
be assigned to the (100) plane of Fe0. Also, a few expanded
lattice fringes of 0.51 nm are detectable owing to Al3+ insertion,
indicating that the conversion reaction is incomplete.3,33 The
collected results signify that Fe3+ in FMO can transfer to zero-
valent Fe during the insertion of Al3+, which is in accordance
with the XPS results. When the electrode is charged back to
2.2 V, the lattice fringes of Fe0 disappear and those of FMO
reappear, indicating the highly reversible nature of the
conversion reaction (Fig. S14b†). Moreover, although still
present in the charge state, the lattice fringes of AlxFe2(MoO4)3
shrink substantially, illustrating the clear existence of an
extraction process of Al3+. From the XPS and TEM analyses, it
can be concluded that the FMO material undergoes a mixed
electrochemical process with synergistic conversion and Al-ion
(de)intercalation reactions, positively contributing to its excel-
lent cycle stability without sacricing its high specic capacity.

To further conrm the Al3+ storage mechanism of the FMO
material, an in situ Raman test was conducted during cycling. As
shown in Fig. 3c, several noticeable characteristic spectral
© 2022 The Author(s). Published by the Royal Society of Chemistry
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features which lie in the range of 900–700 cm−1, 500–280 cm−1

and below 280 cm−1 are identied, belonging to the anti-
symmetric stretching modes, bending modes and lattice modes,
respectively.34 An enlarged view of Fig. 3c shows the evolution of
FMO in the black-box range (Fig. 3d), and it can be clearly
observed that the intensity becomes weaker during the discharge
process, providing strong evidence for the insertion of Al3+.3

When charging back to 2.2 V, the intensity gradually recovers
owing to the incomplete extraction of Al3+. Additionally, the
insertion mechanism and the high reversibility during the
discharge/charge processes were also proved by ex situ XRD
(Fig. S15†). Apparently, the (122) and (�224) diffraction peaks of
FMO shi towards lower angles during the discharge process,
corroborating the Al3+ insertion which causes lattice expansion.
During the charging process, Al3+ extraction from FMO restores
the (122) and (�224) diffraction peaks to their original positions,
again illustrating the reversibility of the proposed intercalation
mechanism.

Altogether, from the combined ex situ XPS, HRTEM, XRD
and in situ Raman analyses of the electrodes at different states,
it can be concluded that FMO as an AIB positive electrode
undergoes the following stepwise intercalation-conversion
process:

For the positive electrode:
Discharge process:

Fe2(MoO4)3 + xAl3+ + 3xe− / AlxFe2(MoO4)3

AlxFe2(MoO4)3 / AlxFen(MoO4)3 + (2 − n)Fe0(0 < n < 2)

Charge process:

AlxFen(MoO4)3 + (2 − n)Fe0 / AlxFe2(MoO4)3 (0 < n < 2)

AlxFe2(MoO4)3 / xAl3+ + 3xe− + Fe2(MoO4)3

For the negative electrode:

Al + 7AlCl−4 4 4Al2Cl7
− + 3e−

Based on the above understanding, the phase evolution
mechanism of FMO in AIBs is schematically depicted in Fig. 4.
Fig. 4 Schematics of the aluminum reaction mechanisms in P-FMO.

© 2022 The Author(s). Published by the Royal Society of Chemistry
At rst, Al3+ is incorporated into the FMO phase to initially form
AlxFe2(MoO4)3, which is attributed to a pure intercalation
reaction. With more Al3+ incorporated, the decomposition of
AlxFe2(MoO4)3 starts to take place, leading to the formation of
metallic Fe. In the charging process, undecomposed AlxFen(-
MoO4)3 reacts with metallic Fe to transform into AlxFe2(MoO4)3
and the subsequent Al3+ extraction converts it back into
Fe2(MoO4)3.

To understand the origin of the outstanding Al storage
performance of the P-FMO better, DFT calculations were
carried out to elucidate the reaction process and electronic
transport properties of the FMO material. The high operating
voltage and superior capacity of the Al/P-FMO battery possibly
originates from the distinctive electronic structure of FMO,
which can be inferred from its density of state (DOS). As
shown in Fig. 5a, the electronic state near the Femi level
composed of Fe-3d, Mo-4d and O-2p orbitals demonstrates
that the electrons accompanied by Al3+ insertion in the
discharge process of FMO are well accommodated by Fe, V,
and O sites. Meanwhile, with merits of high electronic
conductivity provided by its metallic properties,35 which is
benecial for the cation host to accommodate electrical eld
changes during Al3+ insertion, FMO is thus a very suitable
positive electrode material for AIBs. To verify thermodynam-
ically the soundness of the proposed storage mechanism, the
formation energy (Eb) of the insertion of Al (complex) ions
(e.g. Al3+ or AlCl4

−) is taken into account according to the
equation, E(b) = E(Total) − E{Fe2(MoO4)3} − E(ion), where
E(Total) and E{Fe2(MoO4)3} are the total energies of the
Fe2(MoO4)3 monoclinic crystals with/without an inserted ion,
Fig. 5 (a) Total DOS and partial DOS of Fe 3d, Mo 4d andO 2p orbitals.
The calculated formation energies of (b) Al3+ and (c) AlCl4

− in the
monoclinic structure of FMO. (d) The formation energy of Al3+ and
AlCl4

−. Top view (e) and side view (f) of diffusion paths for Al3+. (g) The
Al-ion diffusion energy barrier of FMO.
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respectively (Fig. 5b and c). E(ion) is the total energy of the
Al3+ ions in the reservoir. According to the computational
results of E(b), Al3+ displays a more negative value (−2.859 eV,
Fig. 5d and Table S2†), accentuating that the insertion reac-
tion is highly plausible in theory.21b Most notably, because of
the positive E(b) of AlCl4

− (1.08 eV > 0, Fig. 5d), the anion
cannot exist as intercalated ions inside the FMO crystal.6a On
the basis of this conclusion, the Al3+ diffusion process within
the FMO structure can be readily simulated and displayed, as
shown in the illustration of Fig. 5e and f. Finally, Fig. 5g
shows an Al3+ diffusion barrier of about 0.285 eV, which is
considerably small and favorable for diffusion kinetics,
thus contributing to the superior electrochemical capability
of FMO.

Conclusions

To summarize, we report the fabrication of a P-FMO material
by a facile solvothermal method with a post-annealing
procedure, and its outstanding performance as a positive
electrode for AIBs. Such a uniformly nanosized FMO
assembly can provide desired compatibility with AIBs during
Al3+ (de)insertion, substantially accelerating diffusion
kinetics and achieving excellent electrochemical capability.
Specically, the as-fabricated electrode features a high oper-
ating potential (∼1.9 V), superior high-rate discharge capacity
(73.4 mA h g−1 at 8.0 A g−1), and excellent cyclability (2000
cycles at 1.0 A g−1). Beyond device performance, the under-
lying reaction mechanism of Al3+ cation insertion into FMO
was rst systematically corroborated by in situ Raman spec-
troscopy, DFT calculations, as well as ex situ XPS, TEM and
XRD characterization. Electrochemical kinetic analyses
coupled with rst principles calculations suggest that the
high diffusion coefficients and low diffusion barrier of Al3+

are the key to its superior electrochemical properties. This
work demonstrates the potential of utilizing ternary metal
oxides as the positive electrode for aluminum storage, and
provides mechanistic insights towards the realization of high
performance and stable AIBs.
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