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ABSTRACT: We synthesize and characterize a rechargeable aluminum battery cathode
material composed of heterostructured Co;Se,/ZnSe embedded in a hollow carbon matrix.
This heterostructure is synthesized from a metal—organic framework composite, in which
ZIF-8 is grown on the surface of ZIF-67 cube. Both experimental and theoretical studies
indicate that the internal electric field across the heterostructure interface between Co;Se,
and ZnSe promotes the fast transport of electron and Al-ion diffusion. As a result, the
heterostructured Co;Se;/ZnSe demonstrates superior specific capacity and cycle stability
compared to the single-phase Co;Se, and ZnSe cathode materials.
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B INTRODUCTION

Rechargeable aluminum batteries (RABs) are a prospective
large-scale energy storage technology owing to their potential
low-cost and excellent safety.1_6 However, due to the complex
charge transfer mechanisms, the development of cathode
materials for RABs is still at the early stage.””'' With the
exception of Chevel Phase molybdenum sulfide (MogSg), >~ "
most transition-metal chalcogenides (TMCs) are considered
conversion-type electrodes for RABs.'®™** The conversion
electrodes often undergo microstructure transformation and
phase separation during cycling, which leads to the gradual
deterioration of the charge transfer kinetics.”* "> Previous
studies suggest that creating a heterostructure between two
semiconductors can generate an internal electric field, which
promotes the directional transfer of charges.”’~*’ This concept
of heterostructure has been adopted to develop electrode
materials for lithium, sodium, and potassium ion battery
systems,”’ ™" where the internal electric field in the
heterostructure can improve the electrochemical reaction
kinetics and ion diffusion.”> ™

Here, we demonstrate a design of heterostructured TMC
cathode materials for RABs. We synthesized cobalt selenide/
zinc selenide-carbon (Co;Se,/ZnSe@C) hollow nanocubes
from a metal—organic framework (MOF) heterostructure
composed of epitaxially grown ZIF-8 on ZIF-67. We
hypothesize that the internal electric field generated at the
Co;Se,/ZnSe interface can facilitate the transport of electrons
and AP* ion diffusion. Furthermore, the hollow carbon
framework of the heterostructure derived from the MOF-on-
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MOF precursor can further promote structural stability and
electrical conductivity. The synthesized Co;Se,/ZnSe@C
nanocubes demonstrate a capacity of 276 mA h ¢! at 100
mA g in the first discharge. The long-cycle capacity retention
is 117 mA h g™" after 500 cycles under a current density of 200
mA g~!, showing good electrochemical performance. This
work provides an important design principle to develop high
specific capacity and cycle stability cathode materials for RABs.

B EXPERIMENTAL METHODS

Synthesis of ZIF-67 and ZIF-8. ZIF-67 was prepared by the
surfactant control method. In a typical synthesis, 0.58 g of Co(NO;),
6H,0 and 0.01 g of cetrimonium bromide (CTAB) were added to 20
mL DI water and stirred for 15 min. The solution was added into 140
mL aqueous solution containing 9.08 g of 2-methylimidazole (2-
MeIM) and stirred for 30 min at room temperature. After 24 h, the
solid content from the reaction was separated with centrifugation and
dried at 60 °C overnight. In a typical synthesis of ZIF-8, 6.7 g of 2-
MeIM and 0.0048 g of CTAB were first dissolved in 30 mL of DI
water. Then, 30 mL DI water solution of 1.8 g of Zn(CH;COO),
2H,0 was added and aged for 2 h. The mixture was centrifuged and
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Figure 1. (a) Schematic illustration of the synthesis of Co;Se,/ZnSe@C nanocubes. Step I: ZIF-8 coating on ZIF-67, Step 1I: Etching ZIF-67/ZIF-
8 by tannic acid, Step III: carbonization in Ar to form H-Co/Zn, Step IV: selenization to form Co;Se,/ZnSe heterostructure. TEM images of (b)
ZIF-67/ZIF-8, (c) H-ZIF, and (d) H-Co/Zn. (e, f) TEM and HRTEM images of Co;Se,/ZnSe@C. (g) HRTEM image of lattice spacing and
interface boundary of the Co,Se,/ZnSe heterostructure. (h) TEM elemental mapping images of all elements contained.

washed with DI water and ethanol for several times to obtain the
white solid product, which is dried overnight at 60 °C.

Synthesis of ZIF-67/ZIF-8. Three hundred milligrams of the as-
prepared ZIF-67 powders were dispersed in 50 mL ethanol with
ultrasonication. Then, 100 mL DI water containing 200 mg of 2-
MeIM was added to the ZIF-67 purple suspension. Finally, 50 mg of
zinc nitrate (Zn(NO;),) and 10 mg of CTAB were dissolved into 10
mL DI water, which was added into the suspension, and stirred for 6
h. ZIF-67/ZIF-8 was obtained after centrifugal separation and dried
overnight.

Synthesis of Hollow ZIF-67/ZIF-8 (H-ZIF). The as-prepared
ZIF-67/ZIF-8 powder was dispersed in S0 mL alcohol. Then, 300 mL
of ethanol and DI water mixture (Vi1,0/Vehanol = 1:1) containing 300

mg of tannic acid (TA) was added and stirred for 30 min. The brown
solid was centrifuged, rinsed several times with DI water and alcohol,
and finally dried overnight.

Synthesis of Hollow Co/Zn (H-Co/Zn). The as-prepared H-ZIF
powder was annealed at 200 °C for 0.5 h and 600 °C for 2 h with a
ramp rate of 5 °C min~' under argon environment. The pure hollow
Co nanocubes and hollow Zn nanocubes were synthesized under
similar condition using ZIF-76 and ZIF-8 precursors, respectively.

Synthesis of Co;Se,/ZnSe@C. The as-prepared H-Co/Zn and
selenium powder are mixed at a mass ratio of 1:0.5 and heated at 650
°C for 2 h with a ramp rate of 5 °C min™ under argon environment.
Similarly, H-Co and H-Zn were heated with selenium to form
Co3Se,@C and ZnSe@C.

Material Characterization. The crystal structure is characterized
by X-ray diffraction (XRD; Bruker D8 focus Advance diffractometer
with Cu Ka radiation (4 = 1.5406 A), 40 kV/40 mA). The surface
chemical analysis was performed with an X-ray photoelectron
spectrometer (XPS; ThermoFischer, ESCALAB 250XI). All XPS
spectra are corrected with C 1s at 284.80 eV. The morphology and
structure of the materials were examined by a field emission scanning
electron microscope (FESEM; SU-8010) and a transmission electron
microscope (TEM; JEM). Thermogravimetric analysis (TGA) was
performed under airflow at 10 °C min™' using a TA Discovery
thermal analyzer.

Electrochemical Measurements. All RABs tests were carried
out with Swagelok cells using Al foil anode, one layer of glass fiber as
separator, and the mixture of aluminum chloride and I-ethyl-3-
methylimidazolium chloride (AICl,-[EMIm]CI, molar ratio = 1.3:1)
ionic liquid as electrolyte. All components were dried in a vacuum
oven to remove water. The prepared active material, carbon black, and
polystyrene (as binder) were mixed in N-methyl-2-pyrotanone with a
mass ratio of 6:3:1. The obtained slurry was coated on a Mo foil
current collector, and dried overnight in vacuum at 60 °C. The
Swagelok cells with an inner diameter of 12 mm were assembled in a
glove box filled with argon, and 100 ul electrolyte was added to fully
wet the separator. The galvanostatic charge—discharge tests were
performed on a LAND CT2001A battery test system from 1.85 to 0.1
V. Cyclic voltammetry (CV) was performed with an electrochemical
workstation (CHI 760E).

Theoretical Calculations. On the basis of density functional
theory, all calculations are performed for the optimization of
configuration atoms. The exchange-correlation potential is established
on the generalized gradient approximation (GGA) of the Perdew—
Burke—Ernzerhof (PBE) formula. The electron is considered self-
consistent when the energy change is less than 107 eV. The cutoff
energy is 350 eV, and the energy difference is less than 0.01 eV. The
geometry optimization is considered convergent when the energy
change is less than 0.03 eV A™". The 3 X 3 X 1 Monkhorst—Pack grid
k-points were used to integrate total energy in the Brillouin zone.

B RESULTS AND DISCUSSION

Figure la illustrates the preparation process of the hollow-
Co;Se,/ZnSe@C nanocubes. ZIF-67 nanocubes (Figure S1)
were first synthesized, followed by epitaxially growing ZIF-8 on
the ZIF-67 surface to form a core—shell structure (Figures 1b
and S2). Hollow-ZIF-67/ZIF-8 (H-ZIF) nanocubes (Figures
lc and S3) were generated using tannic acid as the etching
agent.””*” The obtained H-ZIF nanocubes were heat treated
under an inert environment to form Co/Zn@C nanocubes
composed of Co/Zn metal nanoparticles (approximately 10
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Figure 2. (a) XRD patterns of Co;Se,/ZnSe@C, Co;Se,@C, and ZnSe@C. XPS spectra of (b) Co 2p, (c) Zn 2p, and (d) Se 3d. (e) Schematic
diagram of the Co;Se,/ZnSe heterostructure interface and contour map of charge density on the corresponding planes. (f) Calculated density of
states (DOS) of the surfaces of Co;Se, and ZnSe and Co;Se,/ZnSe interface. (g) Al migration energy barriers and (h) energy distribution curves of

Co5Se,/ZnSe, Co;Se,, and ZnSe.

nm) embedded in hollow carbon shell (Figures 1d and S4).
Tannic acid functioned as both carbon precursor and reducing
agent in the heat treatment to enable the uniform formation of
Co/Zn nanoparticles. Selenization was achieved by heating the
mixture of hollow-Co/Zn@C nanocubes and selenium powder
under argon at 650 °C. The Co;Se,/ZnSe heterostructure was
induced by the Kirkendall effect in the obtained Co;Se,/
ZnSe@C nanocubes due to different diffusion rate of Co and
Zn.*"** The transmission electron microscopy (TEM) images
of the Co;Se,/ZnSe@C nanocubes at different magnifications
(Figure le,f) clearly reveal uniformly dispersed Co;Se,/ZnSe
nanoparticles (approximately 20 nm) and the heterostructure
interface between Co;Se, and ZnSe. A representative
heterostructure between ZnSe (111) plane (3.25 A) and
Co;Se, (111) plane (2.67 A) is shown in Figure 1g. Elemental
mapping (Figure 1h) demonstrates that the elements of C, Co,
Zn, and Se are uniformly distributed in the hollow nanocubes.

The X-ray diffraction (XRD) pattern of Co;Se,/ZnSe@C
nanocubes in Figure 2a confirms that the heterostructured
TMC is composed of crystalline Co;Se, (JCPDS: 74-4767)
and ZnSe (JCPDS: 70-777). The valence states of Co, Zn, and
Se in Co;Se,/ZnSe@C are analyzed and compared to those in
the single-selenide Co;Se,@C and ZnSe@C nanocubes
derived from ZIF-67 and ZIF-8 using the identical procedure
(TEM images in Figure SS). Figure S6 shows the carbon
content in Co3Se4/ZnSe@C, Co;Se,@C, and ZnSe@C
analyzed by TGA. As shown in Figure 2b, X-ray photoelectron
spectroscopy (XPS) detected two valence states of Co from
the Co;Se,/ZnSe heterostructure based on Co 2p spectra:
Co’* state indexed by the peaks located at 797.1 and 781.2 eV
and Co*" state at 793.8 and 778.7 eV. The Co 2p XPS spectra
also indicate that the Co valence state in the Co;Se,/ZnSe@C
heterostructure is identical to that in the single-phase Co;Se,@
C composite. On the other hand, the Zn 2p XPS peaks from
Co;Se,/ZnSe@C (Zn 2p,), located at 1045.2 eV, Zn 2p;,
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Figure 3. (a) Galvanostatic discharge—charge curves of Co;Se,/ZnSe@C at 100 mA g~' for different cycles. (b) Long cycling performance of
Co,Se,/ZnSe@C at 200 mA g™". (c) Cycling performance at 100 mA g™* of Co,Se,/ZnSe@C, Co,Se,@C, and ZnSe@C. (d) Rate performance of
Co,5e,/ZnSe@C, Co,Se,@C, and ZnSe@C ranges from 100 to 500 mA g~". (e) TEM elemental mapping images of Co;Se,/ZnSe@C electrode

after 100 cycles at a current density of 100 mA g~

located at 10222 eV) in Figure 2c demonstrate a 0.5 eV
positive shift compared with the single ZnSe@C composite
(Zn 2p, ), located at 1044.7 €V, Zn 2p;, located at 1021.7eV).
This increase in binding energy indicates the lower electron
density of the Zn?>' cation in the Co,;Se,/ZnSe@C
heterostructure.””~*> The Se 3d XPS spectra in Figure 2d
show that the valence state of Se in the Co;Se,/ZnSe@C
heterostructure is clearly different from that in pure Co;Se,@C
and ZnSe@C. The valence state of Se in Co;Se,/ZnSe@C
indicates the redistribution of interface charge in the
heterostructure induced by the lattice distortion between
Co;Se, and ZnSe. The heterostructure properties of the
Co;3Se,/ZnSe interface were calculated based on density
functional theory (DFT). Figure 2e displays the Co;Se,/
ZnSe heterostructure model and the schematic diagram of the
migration path of AI** ions and electrons. The contour diagram
of the charge density on the corresponding plane proves that
there is an internal electric field across the CosSe,/ZnSe
heterostructure interface, which promotes the directional
transport of electrons (red and blue represent positive charge
accumulation and negative charge loss, respectively). In Figure
2f, the calculated density of states (DOS) indicates that the
Co;Se,/ZnSe heterostructure interface causes band bending,
and the energy of the d-orbital is enhanced at the Fermi level,
showing a metallic state. The calculated Al diffusion barrier in
Co;Se,/ZnSe is 0.38 eV, significantly less than 1.14 eV in
Co;Se, and 1.07 eV in ZnSe (Figure 2g), which proves the
faster Al diffusion at the heterostructure interface. Further-
more, to compare the minimum energy barrier of electron

11909

transfer in different phases, we calculated the work function
(E,) of CosSe,/ZnSe, Co,Se,, and ZnSe according to eq 1,*
the corresponding energy distribution curves are shown in
Figure 2h, in which the blue and red dotted lines represent the
vacuum energy level (E,,.) and Fermi level (E;), respectively.

Ew = El/ac - Ef (1)

The lowest work function energy of Co;Se,/ZnSe (7.414 eV)
indicates the fastest electron transport at the heterostructure
interface. The E,, value of Co;Se, (9.683 eV) is higher than
that of ZnSe (8.477 eV), demonstrating that electrons can be
transferred from ZnSe to CosSe, at the interface, which
establishes the internal electric field inside the heterostructure.
Collectively, the DFT calculation indicates that the enhanced
electron transport by the heterostructure interface of Co;Se,/
ZnSe can significantly accelerate the kinetics of the AP*
reaction.

The performance of the Co;Se,/ZnSe@C cathode for RABs
is evaluated by the galvanostatic charge—discharge method.
The discharge—charge curves of Co;Se,/ZnSe@C (Figure 3a)
demonstrate a discharge platform at 0.9 V and a charge
platform at 1.2 V with 276 mA h g~' first discharge capacity
and 214 mA h g™' first charge capacity at 100 mA g~'. The
higher discharge capacity may be attributed to the dissolution
of the Al,O; layer on the Al anode and the formation of solid
electrolyte interphase (SEI).*”*® The consistent charge—
discharge curves at different cycles indicate excellent cycle
stability of Co;Se,/ZnSe@C. Figure 3b shows the long-term
cycling performance of the Co;Se,/ZnSe@C cathode at 200
mA g_l. The first discharge capacity is 207 mA h g_l, and it is
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Figure S. XPS spectra of (a) Co 2p, (b) Zn 2p, and (c) Se 3d for discharged and charged Co;Se,/ZnSe@C cathode after argon etching for 120 s.
(d) Ex situ XRD patterns of Co;Se;/ZnSe@C electrode at fully discharged state after 100 cycles at 100 mA g~".

retained at 116.8 mA h g™ after S00 cycles. The average ance comparison with the pure Co;Se,@C and ZnSe@C
capacity attenuation is 0.08% per cycle and the average cathodes as displayed in Figure 3c. Representative discharge—
Coulombic efficiency is 95%. The advantage of the Co;Se,/ charge curves of pure Co;Se,@C and ZnSe@C cathodes are
ZnSe heterostructure is clearly demonstrated by the perform- shown in Figure S7. This observation is strong evidence that
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the capacity of the Co;Se,/ZnSe@C heterostructure is higher
than the simple sum of that of pure Co;Se,@C and ZnSe@C.
This synergistic improvement of specific capacity can be
attributed to the facile conversion kinetics due to the high
electron conductivity and AI** ion diffusion at the hetero-
structure interface between Co;Se, and ZnSe, which also
improves the rate capability of the Co3Se,/ZnSe@C
heterostructure as demonstrated in Figure 3d. The TEM
images and elemental mappings of the Co;Se,/ZnSe@C
nanocubes after 100 cycles at 100 mA g~ are displayed in
Figure 3e. The nanocubes still maintain a stable hollow
structure, and Co, Zn, Al and Se elements are uniformly
dispersed in the carbon framework, proving excellent structural
stability.

To understand the facile kinetics of the conversion reaction
of the Co;Se,/ZnSe@C cathode, the capacity contributions
from the kinetics-limited and diffusion-limited processes were
calculated from the cyclic voltammogram (CV) analysis. Figure
4a illustrates CV curves measured at different scanning rate
from 1 to S mV s7', and the peak current (i) and scanning rate
(v) conform to the following formula'**

i= avb (2)
where a is a scaling factor and b is the exponent, the value of
which is conventionally used to characterize the kinetics of the
electrochemical reactions. If the reaction rate is controlled by
the diffusion of ions in solid-state electrode materials, b is equal
to 0.S. If the reaction rate is controlled by the intrinsic kinetics
of the reaction, b is equal to 1. A b value between 0.5 and 1
suggests a mixed reaction kinetics. The b value derived from
the log plot of i versus v in Figure 4b is 0.858 for reduction and
0.857 for oxidation, both of which are in excellent agreement
with each other and indicate that the redox of Co;Se,/ZnSe@
C is largely controlled by the intrinsic kinetics not by the AI**
ion diffusion. Under the same experimental condition, the b
values of pure Co;Se,@C with a similar surface area (surface
area analysis in Figure S8) are 0.775 for reduction and 0.764
for oxidation as shown in Figure 4d. The pure sample without
heterostructure shows inferior reaction kinetics, further
proving that the heterostructure promotes fast ion diffusion
and reaction kinetics.

To understand the conversion mechanism of the Co;Se,/
ZnSe@C in the electrochemical reaction with Al, the chemical
state of the electrode after full discharge and charge at 100 mA
¢! was analyzed with XPS. Figure 5a shows the Co 2p XPS
spectra after the electrode reaction, the spectrum at a fully
discharged state shows a relatively lower Co®" peak intensity
compared to the original state, which suggests that Co is
reduced during discharge. The Co 2p spectrum at a fully
charged state indicates that the relative intensity of the Co*"
peak increases, but is not back to the initial state. This
observation indicates that the redox reaction of Co®*/Co” is
involved in the discharge—charge of Co3Se,/ZnSe@C. On the
other hand, Figure 5b indicates that the Zn 2p spectra at fully
discharged/charged states are identical to that at the original
state. Therefore, Zn is inactive during the electrochemical
process. The Se 3d spectrum at a fully discharged state in
Figure Sc indicates relatively lowered Se’” peaks at 55.6 eV
(3d;/,) and 54.7 eV (3ds/,) and enhanced peaks at higher
binding energy, which is due to the formation of diselenide
(Se,*). After the charging process, the intensity of Se 3d peaks

index as Se?>~ was increased, indicating a reversible reaction.
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The conversion mechanism of Co;Se,/ZnSe@C was further
verified with the ex situ XRD pattern of the long-cycled
heterostructure electrode shown in Figure 5d. When dis-
charged to 0.1 V after the 100th cycle, the presence of CoSe,,
elemental Co, and Al,Se; was detected, confirming the
conversion mechanism from Co;Se, to CoSe, during
discharging, which is also consistent with the Co 2p XPS
spectrum. According to the XRD and XPS results, a possible
discharge—charge reaction of the Co;Se,/ZnSe@C hetero-
structure is proposed as follows.

4 - 2
Co;Se, + EAI3+ + 4e < CoSe, + §A125e3 + 2Co
(3)

B CONCLUSION

We demonstrate that the kinetics of the electrochemical
conversion can be enhanced by creating a heterostructure
between two transition-metal selenides. The theoretical and
experimental results both indicate that the internal electric field
generated by the heterostructure reduces the diffusion barrier
of AP** and optimizes the electron transfer. Therefore, the
designed Co;Se,/ZnSe@C electrode material demonstrates
improve specific capacity and cycle stability compared to
single-phase selenides. This innovative strategy to construct a
heterostructure interface can be used to develop electrode
materials to improve battery reaction kinetics.
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