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Abstract

Aluminum-ion batteries (AIBs) have been considered a low-cost, safe and high 

energy density candidate for large-scale electrochemical energy storage system. Here, 

we utilize the concept of interface engineering to synthesize a CoSe2/FeSe2 

heterostructure cathode through MOF-on-MOF heteroepitaxial growth. The presence 

of an internal electric field between the CoSe2 and FeSe2 phases induces a synergistic 

effect to achieve rapid charge transfer and ion diffusion, which enables facile 

conversion reaction based on Co2+/Co0 and Fe2+/Fe0. The CoSe2/FeSe2 heterostructure 

displays an initial discharge capacity of 356.9 mAh g−1 at 100 mA g−1. After 1600 

cycles at 200 mA g−1, the reversible capacity is 133.7 mA g−1. Theoretical calculation 

also demonstrates that the designed CoSe2/FeSe2 heterostructure can significantly 
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promote the directional electron transfer and reduce the aluminum-ions migration 

barrier energy. Therefore, the concept of heterostructure cathodes provides a strategy 

to develop long-cycle life AIBs.

1. Introduction

With the great demand of clean energy for social progress, the development of 

aluminum ion battery (AIB) system has attracted increasing attention 1-9. Aluminum 

anode has the superiority of excellent theoretical volumetric capacity (8046 mAh cm−3), 

crustal content abundance (8.2 wt.%), and high safety factor 10-15. AIBs are likely to be 

a replacement for lithium-ion batteries in applications such as large-scale grid energy 

storage, electric transportation, and electricity supply 16-20. However, the large size of 

chloroaluminate anions of the electrolyte and the high charge density of aluminum ions 

limit the fast reaction kinetics of aluminum-ion batteries and hinder their practical 

applications 21-25. 

Among the conversion-type cathode materials for AIBs, transition metal 

chalcogenides such as FeS2 
26, 27, CoSe2 28-31 and NiTe 32 have the advantages of high 

capacity and electronic conductivity. However, the key factors that seriously affect 

battery performance are the slow diffusion of aluminum ions and the pulverization of 

the material structure during cycling. 33-38. Therefore, the rational design of electrode 

materials is key in improvement of cycle life and energy density of AIBs. As previously 

reported, Bi2Te3/Sb2Te3 
39, ZnSe/SnSe2 

40, FeSe2/MoS2 41 and Co3Se4/ZnSe 42 

heterostructure materials have internal electric fields between the interfaces, enabling 

fast charge transfer and ion diffusion 43-49. Cathode materials can provide excellent 

performance for AIBs based on the conversion mechanism, but only the active material 

of one phase provides charge transfer and the other phase usually provides physical 

support to prevent the collapse during the cycle. Consequently, the construction of 

heterostructure active materials is crucially to accelerate the comprehensive 

performance of AIBs.

Here, we present a new strategy to design transition metal selenide heterostructure 

materials. The core-shell structure of ZIF-67/Co-Fe PBA was synthesized based on the 
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MOF-on-MOF heteroepitaxial growth strategy and the hollow CoSe2/FeSe2 nanocubes 

heterostructure were obtained from one-step annealing. The presence of an internal 

electric fields at the heterostructure interface can facilitate the reaction kinetics of the 

reversible redox reactions of Co2+/Co0 and Fe2+/Fe0 and provide excellent capacity 

performance. Additionally, the unique hollow nanostructure can alleviate the volume 

expansion, resulting in ultra-long cycle life. The CoSe2/FeSe2 heterostructure 

demonstrated excellent AIBs capability, maintaining a reversible capacity of 133.7 mA 

g−1 after 1600 cycles at 200 mA g−1.

2. Results and discussion

The scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), and element mapping were used to characterize the microstructure and 

composition of CoSe2/FeSe2 heterostructure. We first synthesized ZIF-67 nanocubes as 

a precursor (Fig. 1a), and prepared core-shell ZIF-67/Co-Fe PBA nanocubes with the 

anion exchange method. Fig. 1b, d and Fig. S1 shown the uniform distribution of ZIF-

67/Co-Fe PBA, and the element mapping indicated that [Fe(CN)6]3− was successfully 

exchanged into core-shell structure 50-54. Subsequently, ZIF-67/Co-Fe PBA core-shell 

nanocubes were uniformly mixed with selenium powder and converted to CoSe2/FeSe2 

by annealing in argon atmosphere. After selenization, the hollow structure was formed 

due to the different metal diffusion rate of Kirkendall effect 55-57, and CoSe2/FeSe2 

nanoparticles are evenly distributed within carbon nanocubes (Fig. 1c and 1e). The 

heterostructure boundary of CoSe2 and FeSe2 nanoparticles is clearly seen in the high-

resolution transmission electron microscopic (HRTEM) image in Fig. 1f, which are 

2.533 Å at (111) plane of CoSe2 and 2.397 Å at (200) plane of FeSe2. In addition, 

elemental mapping indicated that Co, Fe and Se were evenly distributed throughout the 

hollow structure (Fig. 1 g-i). The thermogravimetric analysis (TGA) indicates that the 

carbon content of CoSe2/FeSe2 is approximately 26.79 wt.% (Fig. S2).

The crystal composition of CoSe2/FeSe2 heterostructure was determined from the 

X-ray diffraction (XRD) patterns in Fig. 2a, where the observed diffraction peaks of 

the orthorhombic CoSe2 (JCPDS: 12-291) and orthorhombic FeSe2 (JCPDS: 53-449) 
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almost completely overlapped. X-ray photoelectron spectroscopy (XPS) was employed 

to evaluate the chemical information of CoSe2/FeSe2 heterostructure. The Co 2p 

spectrum in Fig. 2b displays Co 2p1/2 peaks at 797.90 eV and 793.46 eV and Co 2p3/2 

peaks at 779.03 eV and 778.19 eV, which proves the existence of Co2+ on the surface 

of CoSe2/FeSe2 heterostructure. The Fe 2p spectrum in Fig. 2c exhibits Fe 2p1/2 and Fe 

2p3/2 of the Fe3+ state located at 723.59 eV and 713.29 eV and 2p1/2 and 2p3/2 of the Fe2+ 

state at 719.56 eV and 710.60 eV, respectively. Therefore, the original valence state of 

Fe in the CoSe2/FeSe2 heterostructure is Fe2+ and Fe3+. The Se 3d spectrum in Fig. 2d 

shows the Se 3d3/2 peak at 55.68 eV and Se 3d5/2 peak at 54.78 eV, which are consistent 

with the Se2
2− diselenide anion. 

The electrochemical properties of the CoSe2/FeSe2 heterostructure are evaluated 

in the Swagelok cells with Al as the counter electrode. As a comparison, single-phase 

CoSe2 particles were prepared using ZIF-67 as the precursor. The characterizations of 

CoSe2 including TGA, XRD, SEM, TEM, and surface area analysis are in Fig. S2 to 

S6. The galvanostatic charge and discharge (GCD) curves of the CoSe2/FeSe2 

heterostructure in the first three cycles at a current density of 100 mA g−1 are shown in 

Fig. 3a. The first discharge and charge capacities of the CoSe2/FeSe2 heterostructure 

are 356.9 mAh g−1 and 438.6 mAh g−1, thus the initial coulombic efficiency (CE) is 

81.4%. The excess charge capacity may be due to the electro-oxidation of the Se2
2− 

anion, which is evidenced by the Se 3d XPS spectra after discharge and charge 

displayed in Fig. 4c. The single-phase CoSe2 only exhibits 241.5 mAh g−1 discharge 

capacity and 393.4 mAh g−1 charge capacity in the first cycle with a 61.4% initial CE 

(Fig. S7). Fig. 3b compares the cyclic stability between the CoSe2/FeSe2 

heterostructure and the single-phase CoSe2, after 100 cycles the discharge capacity of 

CoSe2/FeSe2 cathode remains at 162.5 mAh g−1, which almost two times higher than 

the 82.5 mAh g−1 of CoSe2. The CoSe2/FeSe2 heterostructure also demonstrates very 

good rate performance as shown in Fig. 3c. it is also noticeable that the CE increases 

when the current density increases from 100 to 500 mA g−1. The improved CE can be 

attributed to the kinetic limitation on the electro-oxidation of Se2
2− due to enhanced 

charging overpotential. Long-cycle performance of the CoSe2/FeSe2 heterostructure 
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was tested at 200 mA g−1 (Fig. 3d). The initial capacity of CoSe2/FeSe2 is 243.1 mAh 

g−1, which can be maintained at 133.7 mAh g−1 after 1600 cycles. A stable coulombic 

efficiency of 92% proves superior long-term operational durability, benefit to the 

hollow structure of CoSe2/FeSe2 heterostructure, the volume expansion during the long-

cycle can be efficiently alleviated. Electrochemical properties of CoSe2/FeSe2 cathode 

material and some representative transition metal chalcogenides and heterostructures 

are displayed in Table S1. The CoSe2/FeSe2 heterostructure has outstanding cycle life 

and capacity performance, as well as the best ultra-long recyclability of selenide 

heterojunction cathode materials reported to date. The cyclic voltammetry (CV) curves 

of the CoSe2/FeSe2 heterostructure at different scan rate (1, 2, 3, 4, and 5 mV s−1) are 

shown in Fig. 3e. The peak current (i) and scan rate (v) can be corelated by the equation 

of i = vb. 58 When the b-value = 0.5, the process can be considered a semi-infinite 

diffusion control process of ions in the electrode material (such as typical intercalation-

type martials); b-value = 1 indicates a surface-redox controlled process determined by 

the intrinsic reaction rate. The b-values of the oxidation and reduction of CoSe2/FeSe2 

were 0.844 and 0.856, respectively, shown in Fig. 3f. On the other hand, the b-values 

of the oxidation and reduction of the single-phase CoSe2 were 0.707 and 0.714 (Fig. 

S8). It is clear that the b-value of the heterostructure increased significantly, indicating 

that the heterostructure facilitates the reaction kinetics of electrochemical redox.

To shed some light on the mechanism of the electrochemical reaction of the 

CoSe2/FeSe2 heterostructure cathode and aluminum-ion, the cathodes were 

characterized with XPS after the first full discharge and the first full charge. According 

to Fig. 4a, the fully discharged Co 2p spectra show that the peak intensity of Co2+ 

decreases and Co0 peak appears at 778.59 eV, indicating that Co2+ is reduced to Co0 

during discharge. The spectrum of fully charged Co 2p shows the peak of 781.90eV is 

Co2+. The XPS spectra of Fe 2p after electrochemical reaction are shown in Fig. 4b.  

After full discharge, the XPS Fe 2p spectra can be distinguished as Fe0 peaks located at 

707.45 eV and 719.18 eV and Fe2+ peaks located at 710.49 eV and 723.15 eV. The Fe3+ 

peaks observed in the pristine CoSe2/FeSe2 heterostructure (Fig. 2c) completely 

disappear, indicating reduction of Fe3+. After charging, only Fe2+ peaks at 710.17 eV 
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and 723.29 eV were detected, indicating the redox reaction of iron is between Fe2+ and 

Fe0 by two-electron transfer, and the reduction of Fe3+ only occurs in the first discharge. 

This suggests that the electrochemical reaction process involves the redox reaction of 

Co2+/Co0 and Fe2+/Fe0. Fig. 4c reveals the Se 3d spectra after the first discharge and 

charge. The binding energy of the Se 3d XPS peaks after discharge is consistent with 

that of the pristine CoSe2/FeSe2 heterostructure (Fig. 2d). After charging, the binding 

energy of Se 3d becomes higher, indicating possible oxidation of the Se2
2− anion, which 

may explain the excess charge capacity of CoSe2/FeSe2 (Fig. 3a). Moreover, the content 

of Al increases after discharge, while the peak intensity of Al decreases with the 

electrochemical desorption after charging (Fig. 4d). The structure composition of the 

CoSe2/FeSe2 electrodes after 200 cycles were characterized with the HRTEM as 

displayed in Fig. S9. The CoSe2/FeSe2 electrode still maintains nanostructure after 

cycling. The lattice fringes detected after full discharge are Co0 (2.185 Å) and Fe0 

(2.063 Å); and the lattice fringes of CoSe2 (2.903 Å) and FeSe2 (3.022 Å) were detected 

after charging, which are consistent with the XPS results. 

According to the above results, the possible discharge-charge reactions of the 

CoSe2/FeSe2 cathode are proposed as follows:

                                    (1)𝐶𝑜𝑆𝑒2 + 2/3𝐴𝑙3 + + 2ⅇ ― ↔𝐴𝑙2/3𝑆𝑒2 +𝐶𝑜

                                    (2)𝐹𝑒𝑆𝑒2 + 2/3𝐴𝑙3 + + 2ⅇ ― ↔𝐴𝑙2/3𝑆𝑒2 +𝐹𝑒

The heterostructure properties of CoSe2/FeSe2 interface are studied with 

computational methods based on density functional theory (DFT). As displayed in Fig. 

5a, the density of states (DOS) of CoSe2/FeSe2 heterostructure near Fermi level is 

enhanced than CoSe2 and FeSe2, which means that the introduction of interface 

engineering leads to an enhanced conductivity. Fig. 5b shows the work function curves 

of the CoSe2, FeSe2 and CoSe2/FeSe2 heterostructure. The CoSe2 has a work function 

of 4.951 eV, which is lower than FeSe2 (5.015 eV). This indicates that the internal 

electric field leads to directed electron transport, demonstrating the path from CoSe2 to 

FeSe2. In the conventional P-N heterojunction, the transport of electrons and holes 

proceeds in opposite directions until equilibrium is reached at the Fermi level. FeSe2
59, 
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60 and CoSe2
61, 62 are typical p-type and n-type semiconductors, the internal electric 

field and electron flow direction constructed by the heterostructure interface was shown 

in Fig. 5c. The CoSe2 and FeSe2 of orthorhombic system have similar cell parameters, 

and the two surface lattices are well matched, resulting in a strong interaction at the 

interface. In Fig. 5d, the charge density contour plot in the plane proves the charge 

transfer and different distribution between interfaces. As shown in Fig. 5e and Fig. S10, 

the transition state search method was used to calculate the migration path and barrier 

energy of aluminum-ions on selenides. The CoSe2/FeSe2 heterostructure has a lower 

barrier of 0.26 eV compared to CoSe2 (0.30 eV) and FeSe2 (0.39 eV), indicating that 

the diffusion energy barrier of Al-ions can be reduced at the heterostructure interface 

and the reaction kinetics of AIBs can be accelerated. In Fig. 5f, the adsorption energy 

and electron difference density were calculated for the stable site of Al-ion at the 

electrodes interface. In comparison, the CoSe2/FeSe2 heterostructure has a greater 

adsorption energy (-1.41 eV) for aluminum-ions, indicating the structure is more stable 

during adsorption. During repeated electrochemical reactions, a more stable long-term 

performance may be achieved. As shown in Fig. S11, the electron density difference 

indicates an increase in charge transfer at the heterostructure interface, which enhances 

the charge transfer behavior and further improves the electrochemical performance. In 

conclusion, the DFT calculation further revealed the reason why CoSe2/FeSe2 

heterostructure facilitate the reaction kinetics of Al-ion batteries. 

3. Conclusion

In summary, based on the reasonable design of MOF-on-MOF, a hollow 

CoSe2/FeSe2 heterostructure was derived as the cathode of aluminum-ion batteries. 

Through heterogeneous interface engineering, the electrochemical kinetics of the 

conversion reaction has been greatly enhanced, and a favorable synergistic effect has 

been verified theoretically and experimentally. Therefore, the designed active electrode 

material is obviously strengthened, showing an ultra-long cycle life and excellent rate 

performance. Within the aluminum-ion battery system, the initial discharge capacity of 

CoSe2/FeSe2 electrode at 100 mA g−1 is 356.9 mAh g−1. Even after 1600 cycles at 200 
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mA g−1, the reversible capacity remains at 133.7 mAh g−1. In view of our innovative 

strategy, the constructed heterojunction interface is expected to be developed in the 

electrochemical energy storage materials with long cycle life, providing significant 

reference value for aluminum-ion batteries.
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Fig. 1 Morphological and structural characterization. (a) SEM image of ZIF-67, SEM 

and TEM images of (b, d) ZIF-67/Co-Fe PBA and (c, e) CoSe2/FeSe2 heterostructure; 

(f-i) HRTEM and element mapping (Co, Fe and Se) of CoSe2/FeSe2 heterostructure.
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Fig. 2 Structural and chemical information. (a) XRD patterns of CoSe2/FeSe2 

heterostructure. The XPS spectrum for CoSe2/FeSe2 heterostructure of (b) Co 2p, (c) 

Fe 2p and (d) Se 3d.
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Fig. 3 Electrochemical performances. (a) The first three cycles of the CoSe2/FeSe2 

heterostructure at a current density of 100 mA g−1. (b) The cycle stability comparison 

between the CoSe2/FeSe2 heterostructure and the single-phase CoSe2 at 100 mA g−1. 

(c) Rate performance of the CoSe2/FeSe2 heterostructure from 100 to 500 mA g−1. (d) 

Ultra-long cycle stability and CE of the CoSe2/FeSe2 heterostructure at 200 mA g−1. (e) 

The CV curves of the CoSe2/FeSe2 heterostructure at different scan rate, and (f) the 

corresponding ln(i) vs. ln(v) plots.
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Fig. 4 Chemical information after the 1st cycle. The XPS spectrum of CoSe2/FeSe2 

cathodes fully charged/discharged: (a) Co 2p, (b) Fe 2p, (c) Se 3d and (d) Al 2p.
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Fig. 5 DFT calculations. (a) DOS for CoSe2/FeSe2 heterostructure, FeSe2 and CoSe2. 

(b) The work function curves of CoSe2/FeSe2 heterostructure, FeSe2 and CoSe2. (c) 

Schematic for internal electric field and electron transfer of CoSe2/FeSe2 

heterostructure. (d) Contour plot of charge density in a plane of CoSe2/FeSe2 

heterostructure. The yellow and blue areas represent charge accumulation and 

consumption, respectively. (e) The barrier energy of CoSe2/FeSe2 heterostructure, 

CoSe2 and FeSe2. (f) The adsorption energy of aluminum-ions at the interface of 

CoSe2/FeSe2 heterostructure, CoSe2 and FeSe2.
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