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ABSTRACT: Rechargeable aluminum (Al) batteries have attracted H“or 1100
considerable interest as potential large-scale energy storage technol- 190 [5 . AR domorcaton I

ogies due to the abundance, high theoretical capacity, and high safety _ **°r% g ;:' 1%
of Al. We report here a highly reversible Al-MogSeg prototype cell with ° 1o} ii ntercalation zi o 2
low discharge—charge hysteresis (approximately SO mV under 30 mA E 1oof 3 : L 17z
g™' at 50 °C), ultraflat discharge plateau, and exceptional cycle § 9o 2 mmes L SONUR R PP -
stability: the reversible capacity retaining at a steady 77 mA h g™' after g eop s 5
more than 1800 cycles. The Al intercalation-extraction mechanism is £ 70 g 12 &
probed with ex situ and operando XRD techniques, revealing the & oot i IR 3
reversible intercalation reaction from MogSeg to Al ;MogSes. The s0fS 4 Coulombic Effiency

stable electrochemical performance and unambiguous intercalation 40 g - — - 20

mechanism of the Al-MogSeg system provide an alternative for beyond-

o i Cycle Number
lithium battery technologies.
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B INTRODUCTION

The reliance on fossil energy results in increasingly severe
environmental challenges, including global warming, drought,
water pollution, and so forth.' > Rechargeable batteries have
the advantage of high energy storage efficiency and, thus, can
play an important role to improve energy utilization.” Although
lithium-ion batteries (LIBs) have achieved successful commer-
cialization, low safety and high cost are challenges prohibiting
them from large-scale energy storage applications,” for which
rechargeable batteries based on multivalent ions are potentially
good candidates.””® Rechargeable aluminum batteries (RABs)
have received increasing attention due to the abundance, high
capacity, and high safety of AL°~'" The majority of reported
cathode materials for RABs are transition metal oxides and

enable the facile intercalation of AI**. Compared to sulfide,
selenium (Se) anions have lower electronegativity and higher
polarizability, thus in principle, Chevrel phase MogSe; may
enable faster AI’* ion insertion. Based on this hypothesis, we
report MogSeg as a cathode material for RABs for the first time.
The results indicate that MogSe; is a promising cathode
material for RABs with low discharge—charge voltage
hysteresis (approximately SO mV under 30 mA g ' at SO
°C), ultra-flat discharge voltage plateau, and excellent cycling
stability (retaining 77 mA h g' for >1800 cycles).

B EXPERIMENTAL METHODS

Synthesis of MogSeg. The ternary Chevrel phase Cu,Mo,Seg was
synthesized through solid state reaction by heating stoichiometric

chalcogenides (with the exception of graphite and graphitized
carbons),"”™"® which are convenient and rational selections
based on their utilizations in LIBs research. Metal oxide and
chalcogenide cathodes in RABs mostly follow electrochemical
conversion mechanism. The downsides of conversion mech-
anism include cathode materials disintegration (micro-phase
separation), slope-shaped voltage profile without plateaus, and
low cycle stability.'® On the other hand, intercalation-type
cathodes typically benefit from stable crystal structure
sustaining ion intercalation-extraction, flat voltage plateaus,
and excellent cycle stability. To date, the only known AI**
intercalation-type cathode for RABs is Chevrel phase
molybdenum sulfide (MogSg),"”"® of which the rich interstitial
sites and low electronegativity of the sulfide anionic framework
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mixture of Cu, MoSe,, Mo powders. The mixture was pressed into
pellets and heated in a tube furnace. The temperature was ramped up
to 1000 °C (5 °C min™") and held for 24 h and then cooled down to
room temperature naturally under hydrogen/argon (5/95 vol %) flow.
Subsequently, the prepared Cu,MosSe; were dispersed into a 6 M
HCI solution and stirred overnight to leach out Cu. After the reaction,
the obtained MogSeg powders were centrifuged and washed with
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Figure 1. Morphology and micro-structure of MogSeg: (a) XRD pattern; (b) schematic of the crystal structure from (101) plane; (c—e) SEM image
and elemental mapping; (f,g) TEM images at different magnification; and (h) FFT analysis.

deionized water until a neutral pH was reached. The product was
dried at 60 °C overnight under vacuum.

Materials Characterization. The crystal structure of Mo,Seg was
characterized with powder X-ray diffraction (XRD, Bruker D8) with
Cu Ka radiation (4 = 1.5406 A), 40 kV/40 mA. The morphology of
cathodes was characterized with field-emission scanning electron
microscopy (SEM, SU8010) and transmission electron microscopy
(TEM, JEM). The element analysis of pristine and Al intercalated
MogSeg with the inductively coupled plasma optical emission
spectroscopy (ICP-OES) was performed by Elemental Analysis, Inc.
(Lexington, KY).

Electrochemical Analysis. The Al-MogSe; batteries were
assembled in Swagelok cells (Figure S1 in Supporting Information).
Al foil was used as the anode; glass fiber paper GF/D was used as the
separator. The cathode was prepared by mixing MogSe; powder,
carbon black, and polystyrene (as binder) with weight ratio of 8:1:1 in
N-methylpyrrolidone. The slurry was coated on Mo foil and dried at
60 °C for 12 h under vacuum. The mass loading of MocSeg on the
cathode is approximately 1 mg cm™2 A chloroaluminate ionic liquid
composed of aluminum chloride (AICl;) and 1-ethyl-3-methylimida-
zolium chloride ([EMIm]CI) with a molar ratio of 1.3:1 was used as
electrolyte. The Swagelok cells were assembled in an argon-filled
glovebox with H,O and O, < 0.01 ppm. The galvanostatic charge—
discharge (GCD) tests were performed on a battery tester (LAND
CT2001A) at SO °C with a voltage window of 0.2—1.2 V. Cyclic
voltammetry (CV) was carried out using an electrochemical station
(CHI760E) in a voltage window from 0.2 to 1.2 V. Potentiostatic
discharge method was used to obtain the discharged cathode (Al-
intercalated Mo4Seg) for ICP-OES analysis by holding the Al-MogSe;
battery at 0.37 V for 10 h. The discharged MosSes was extracted
inside the argon-filled glovebox and washed with adequate amount
toluene. Operando XRD was performed to probe the crystal structure
change during discharge and charge of the Al-MogSeg system. The
operando cell (Figure S2 in Supporting Information) was assembled in
an argon-filled glovebox. Carbon paper was used as the current
collector with a current density of 30 mA g '. XRD data were
collected with Bruker D8 with Cu Ka radiation (4 = 1.5406 A), 40
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kV/40 mA. The diffraction patterns were recorded by a detector
covering a 26 range from 10 to 55°.

B RESULTS AND DISCUSSION

The crystal structure of the synthesized MogSeg was
characterized using powder XRD (Figure la). The sharp
diffraction peaks at 26 = 13.30, 26.91, 30.51, 32.51, 32.84,
40.04, and 45.11° correspond to the (101), (202), (113),
(300), (122), (131), and (223) diffraction planes, respectively.
All the characteristic peaks are in excellent agreement with the
standard card of MogSey (JCPDS Card no. 24-0772)."" The
Rietveld refinement (Figure S3 in Supporting Information)
demonstrates excellent fitting of the experimental XRD pattern
indicating 98.57% purity of MogSeg in the crystalline phase.
The energy-dispersive spectroscopy (EDS) shows 49.2 wt % of
Mo and 50.8 wt % of Se between these two elements (Figure
$3 in Supporting Information). This result agrees well with the
elemental analysis from ICP-OES (45.6 wt % of Mo and 50.1
wt % of Se in the entire sample), which is consistent with the
formula of Mo4Ses. Figure 1b depicts a schematic of the
Mo,Se; crystal structure from the (101) plane, which presents
a layered framework composed of Mo4Ses clusters. The SEM
image and EDS elemental mapping in Figure 1c—e show that
the particle size of the pristine Mo4Seg is in the range of 200—
1000 nm with uniform distribution of Mo and Se. Lattice
fringe from the edge of the bulk particle can be observed in the
TEM images (Figure 1fg). The fast Fourier transform (FFT)
analysis exhibits clear reflections with 0.66 nm as displayed in
Figure 1h, corresponding to the (101) lattice plane of Mo,Ses.

The CV curves of Al-MogSeg system were obtained within a
voltage window between 0.2 and 1.2 V versus Al with a scan
rate of 0.1 mV s7! at different temperatures, as temperature is
an important parameter for battery performance.”’ As
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Figure 2. (a) CV curves with a scan rate of 0.1 mV s™" and (b) GCD profiles under 30 mA g~' of Al-Mo,Ses cells at different temperatures.
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Figure 3. Electrochemical performance of MogSeg: (a) GCD profiles of the Al-MogSeg battery at representative cycles at 30 mA g™'; (b) discharge
and charge profiles of Al-MogSe; at the 50th cycle; (c) specific discharge capacity and CE vs cycle number at 30 mA g™'; and (d) rate capacity at

different current ranging from 15 to 90 mA g’l. All tests are at 50 °C.

displayed in Figure 2a, higher temperature leads to lower
voltage polarization of the redox peaks in CV. The anodic peak
shifts to lower potential and the cathodic peak shifts to higher
potential with increasing temperature. The peak current also
increases with increasing temperature, indicating faster
reaction kinetics.”' Multiple CV cycles at room temperature
can be found in Figure S4 in Supporting Information. The
GCD profiles at different temperatures in Figure 2b
demonstrate the same trend as the CV curves, therefore, the
remaining electrochemical tests are all performed at 50 °C to
achieve higher specific capacity and reduced voltage hysteresis.

34700

Figure 3a shows the voltage profiles of the 1st, 10th, and
S0th GCD cycles at 50 °C. In the Ist cycle, a discharge
capacity of 78 mA h g~' was achieved (88.6% of the theoretical
capacity corresponding to a 4-electron transfer).”” In the
1800th cycle, the discharge and charge capacity is 77 mAh g/,
and a 100% Coulombic efficiency (CE) is achieved. The
voltage profiles of the 10th and 50th cycles exhibit reduced
discharge—charge voltage hysteresis compared to the 1% cycle.
The GCD profile of the 50th cycle is replotted in Figure 3b,
which displays a very low voltage hysteresis of approximately
50 mV and a highly reversible electrochemical profile with

https://doi.org/10.1021/acsami.3c03231
ACS Appl. Mater. Interfaces 2023, 15, 34698—34703


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03231/suppl_file/am3c03231_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03231?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03231?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03231?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03231?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c03231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

well-defined plateaus in the discharging and charging
processes. The long-term cycling result in Figure 3c clearly
demonstrates stable capacity retention at 77 mA h g~ and
100% CE after 1800 cycles. The predicted maximum charge
transfer to MogSeg is 4e”/MoySeg, resulting in the maximal Al
intercalated format of Al,;MogSes.”” Elemental analysis
through ICP-OES indicates that the discharged MogSeg
cathode at 0.37 V is composed of 50.15 wt % of Se, 3.16 wt
% of Al, and 46.69 wt % of Mo, corresponding to a molecular
formula of Al; 30MogSe- g3, which agrees well with the predicted
Al,/3sMo4Seg Therefore, the discharge—charge reactions for Al-
MogSeg RABs is proposed as follows:

4Al + 28AICI, < 16AL,Cl; + 12e” (1)

12e” + 16Al,Cl; + 3MogSey <> 3Al, ,;Mo,Seg + 28AICI,
)

Figure 3d shows the rate performance of the Al-MogSes
battery. When the current density is increased from 15 to 90
mA g™, the specific capacity decreases slightly. The Al-MogSes
cell still delivers approximately 70 mA h g™" capacity at 90 mA
g~ current density. The discharge capacity is recovered when
the rate reduced back to the original value. The discharge-
change voltage hysteresis of MosSeg was tested under different
current (Figure SS and Table S1 in Supporting Information).
The voltage hysteresis only slightly increases from 53.3 to 68.8
mV when the current is increased from 15 to 90 mA g~', which
is significantly lower than that of most cathodes in RABs. This
result indicates that the highly reversible capacity, cycle
stability, and low voltage hysteresis of the Al-MogSe; battery
are among the best RABs (Table S2 in Supporting
Information).

To examine the crystal structure change of MogSeg during
the electrochemical process, operando XRD was performed
during the first galvanostatic discharge—charge cycle between
1.2 and 0.2 V. As shown in Figure 4a, when discharged from
open circuit voltage to 0.2 V, the intensity of the peaks at 13.5,
32.6, 33.0, 34.0, 40.2, 45.2, and 50.9°, which are corresponding
to the planes of (101), (300), (122), (104), (131), (223), and
(232) gradually decrease, which may be attributed to the
lattice disordering in these orientations. Simultaneously, new
peaks at 30, 40.5, and 46.7° appear and the origin of these
peaks are still under investigation. The crystal structure in the
subsequent charge process seems reversed back to the original
state: The intensity of the diffraction peaks of the (101), (300),
(122), (104), (131), (223), (042), and (232) planes of MogSeg
gradually reappear as the charge state is increasing, indicating
that the material undergoes reversible phase transition during
the first discharge and charge process. Figure 4b presents the
contour plots of the operando XRD patterns of the MogSeg
electrode at different discharge and charge time. It is noted that
the red color represents the high intensity and the blue color
represents the low intensity. Between 90 min (discharged to
0.3 V) and 200 min (charged to 0.5 V), the peaks are quite
inconspicuous, the poor crystallinity of cathode at lower
potential is still a challenge to index the peaks. Nevertheless,
the operando XRD demonstrates the reversible change of
crystal structure of Mo4Sey during Al intercalation and
extraction, proving the high reversibility of the Al-MogSeg
battery.

To confirm the stability of the MogSe; cathode after cycling
and the effect of long-term cycling on the crystal structure,
XRD pattern of the MogSes cathode was obtained after
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Figure 5. XRD patterns of the MogSeg cathode after different cycles.

cycles. This confirms that the crystal structure of MogSeg
sustains repeated Al intercalation-extraction during cycling.
Interestingly, the peak at 13.5° corresponding to the (101)
plan becomes less intensive during cycling using the rest of
XRD peaks as the reference, indicating the increased
disordering of (101) plan due to repeated Al intercalation
and extraction.
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B CONCLUSIONS

MogSey is synthesized in this study via high-temperature solid-
phase sintering. The obtained Mo4Seg is found to be promising
as a RAB cathode material, which may be suitable for land-
based, grid-scale electrical energy storage applications. The
RABs with MogSeg cathode and Al anode exhibit excellent
performances, including retaining a reversible specific dis-
charge capacity of 77 mA h g”" at 30 mA g~' for >1800 cycles.
Moreover, the Al-MogSe; batteries operate with very low
voltage hysteresis (~50 mV under 30 mA g~" at 50 °C) and an
ultra-flat discharge platform. The crystal structure of Mo4Seg
appears to experience reversible phase transition during Al
intercalation and extraction. It also appears that the
crystallinity at certain planes is decreased due to repeated Al
insertion. The details and the origin of the crystal structure
change will be investigated in our following study.
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