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Abstract  

Construction of hybrid architectures for electrode materials has been demonstrated as an efficient 

strategy to boost the sodium storage properties because of the synergetic effect from each component. 

However, the fabrication of hybrid nanostructures with rational structure and desired composition for 

decent sodium storage is still challenging. Herein, an integrated nanostructure composed of Cu-

substituted CoS2@CuxS double-shelled nanoboxes (denoted as Cu-CoS2@CuxS DSNBs) is 

synthesized through a rational metal-organic framework (MOF)-based templating strategy. The 

unique shell configuration and complex composition endow the Cu-CoS2@CuxS DSNBs with 

enhanced electrochemical performance in terms of superior rate capability and stable cyclability. 
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Because of the low cost and large reserves of sodium resources, sodium-ion batteries (SIBs) have 

been regarded as a promising candidate for efficient and economical energy storage.[1-6] Enormous 

efforts have been devoted to pursuing suitable anode materials for sodium storage, among which 

metal sulfides come into the spotlight in view of their high capacity and decent electrochemical 

reversibility.[7-9] However, most of the metal sulfides exhibit inferior rate performance and rapid 

capacity degradation due to the poor electric conductivity and severe volume change during sodium 

uptake and removal.[10, 11] Decoration by carbon species and nanostructuring are two typical efficient 

methods to address these issues. For example, we have synthesized hierarchical microboxes 

composed of carbon-coated SnS nanoplates with enhanced rate capability.[12] 

Hierarchical hollow nanostructures assembled from nanosized building blocks have been 

reported to show boosted sodium storage properties.[13-16] The nanoscale primary units can reduce the 

diffusion path for both Na+ ions and electrons, and the hollow configuration can accommodate strain 

during electrochemical reactions.[17] Emphatically, the integration of different active materials into 

one configuration has been reported to show improved physical/chemical properties with higher 

ionic/electric conductivity, electrochemical reactivity, and mechanical stability owing to the 

synergetic effects from each component.[18-22] For example, Guo and co-workers have reported the 

fabrication of SnS/SnO2 heterostructures with excellent rate capability and cycling stability for 

SIBs.[19] On the other hand, it has been demonstrated that metal substitution can greatly improve the 

electrochemical properties of electrode materials in terms of capacity delivery, cyclability, and rate 

capability.[23, 24] For example, Co-substituted FeS2 was reported to show enhanced cycling and rate 

performance.[25] Based on the aforementioned considerations, it would be of great interest by 

integrating these advantages into one alliance to optimize their potential for high-performance sodium 

storage. 

Herein, a facile multistep metal-organic framework (MOF)-based templating strategy is 

demonstrated for preparing double-shelled nanostructures with different shell compositions, namely, 
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Cu-substituted CoS2@CuxS double-shelled nanoboxes (denoted as Cu-CoS2@CuxS DSNBs). As 

schematically depicted in Figure 1, Co-based zeolitic imidazolate framework (ZIF-67) nanocubes 

are first coated with Zn-based zeolitic imidazolate framework (ZIF-8) to form the ZIF-67@ZIF-8 

polyhedrons through a seeded epitaxial growth process. Afterwards, the obtained ZIF-67@ZIF-8 

polyhedrons are converted into CoS2@ZnS DSNBs via a facile anion exchange process between the 

ZIF-67@ZIF-8 precursor and S2- ions. Lastly, the CoS2@ZnS DSNBs are further transformed into 

Cu-CoS2@CuxS DSNBs through the cation exchange reaction with copper ions. During the cation 

exchange process, the inner CoS2 layer is partly substituted with Cu2+ ions, whereas the outer ZnS 

layer is converted to CuxS simultaneously. Both the structure and composition of the desired Cu-

CoS2@CuxS DSNBs can be realized via the subtly developed recipe. Expectedly, the obtained Cu-

CoS2@CuxS DSNBs manifest remarkable sodium storage properties with superior rate capability and 

long cyclability. 

ZIF-67 nanocubes synthesized via a surfactant-assisted method are adopted as the starting 

material. The ZIF-67 particles show a cubic shape with an average size of approximately 650 nm 

(Figure 2a and Figure S1a,b, Supporting Information (SI)). Transmission electron microscopy (TEM) 

images further reveal their solid nature and smooth surface (Figure 2d and Figure S1c, SI). Given that 

ZIF-67 and ZIF-8 are isostructural,[26, 27] a well-defined core-shell ZIF-67@ZIF-8 composite can be 

formed through a seeded epitaxial growth process. The obtained ZIF-67 and ZIF-67@ZIF-8 show 

similar X-ray diffraction (XRD) patterns (Figure S2, SI), and energy-dispersive X-ray spectroscopy 

(EDX) analyses (Figure S3, SI) confirm the presence of Zn element in the obtained product after the 

seeded epitaxial growth process. The panoramic field‐emission scanning electron microscopy 

(FESEM) image (Figure S4a, SI) shows that the nanocube structure is well maintained. Closer 

FESEM examinations (Figure 2b and Figure S4b, c SI) clearly demonstrate that the edges of the 

nanocubes are replaced with faces, confirming the successful coating of ZIF-8 on the surface of ZIF-

https://onlinelibrary-wiley-com.ezlibproxy1.ntu.edu.sg/doi/full/10.1002/ange.201902583#ange201902583-fig-0002
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67 nanocubes. The well-defined polyhedral structure of the ZIF-67@ZIF-8 particles is further 

confirmed by TEM studies (Figure 2e and Figure S5, SI).  

We then perform the anion exchange process via the solvothermal sulfidation reaction of ZIF-

67@ZIF-8 polyhedrons with a thioacetamide solution. All the diffraction peaks in the XRD pattern 

of the as-formed product (Figure S6a, SI) can be identified as cubic CoS2 and cubic ZnS phases. The 

EDX result reveals that the CoS2@ZnS sample holds a Co/Zn atomic ratio of about 1.49:1 (Figure 

S6b, SI). The polyhedral morphology is well inherited by these CoS2@ZnS particles while the 

surfaces become rough (Figure 2c and Figure S7, SI). A well-defined inner cavity can be discerned 

unambiguously from the TEM and FESEM observations (Figure 2f, Figure S7c and S8, SI). The 

formation of the hollow configuration can be assigned to the diffusion-controlled ion exchange 

process. Specifically, at the initial stage, S2− ions react with Zn2+ ions to form a thin layer of ZnS on 

the surface of ZIF-67@ZIF-8 polyhedrons, which acts as a physical barrier to hinder the chemical 

reaction between outside S2− ions and inner Zn2+ and Co2+ ions. Owing to the smaller size of Zn2+ and 

Co2+ ions, the gradually outward diffusion of Zn2+ and Co2+ ions is dominant compared to the inward 

diffusion of S2− ions. Eventually, the CoS2@ZnS hollow particles are formed with the continuous 

dissolution of the ZIF-67@ZIF-8 cores and deposition of ZnS and CoS2 on the shells.[28-30] 

A cation exchange reaction is further implemented through the reaction of the as-formed 

CoS2@ZnS particles with copper cations. XRD analysis reveals that the crystallographic phase of the 

as-derived sample can be assigned to cubic CoS2 and hexagonal Cu8S5 (Figure S9a, SI). The EDX 

result (Figure S9b, SI) verifies the successful cation exchange process by the consequent presence of 

Cu signal and disappearance of Zn signal. This result is consistent with our previous study as ZnS 

can be completely converted to CuxS through a facile cation exchange reaction.[16] To further 

understand the reaction between the CoS2 and copper cations, CoS2 single-shelled nanoboxes (SSNBs) 

are synthesized and their reaction with Cu2+ cations is conducted. CoS2 SSNBs are fabricated via the 

sulfidation reaction of ZIF-67 nanocubes with a thioacetamide solution (Figure S10 and S11, SI). 
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Then through a similar treatment in copper nitrate solution, the morphology and crystallographic 

phase of the CoS2 SSNBs are maintained (Figure S12a and S13, SI). EDX analysis (Figure S12b, SI) 

discloses the composition of Co, Cu, and S in the structure, demonstrating the successful substitution 

of copper ions into the CoS2 nanoboxes to form the Cu-substituted CoS2 (denoted as Cu-CoS2) SSNBs. 

Thus, the cation exchange reaction between Cu2+ cations with CoS2@ZnS nanoboxes should give rise 

to the formation of Cu-substituted CoS2@CuxS (Cu-CoS2@CuxS). 

As disclosed by FESEM and TEM images (Figure 3a-d and Figure S14, SI), the hollow nanobox 

structure is well maintained for the Cu-CoS2@CuxS DSNBs after the cation exchange reaction. A 

closer observation of the shell of a single nanobox (Figure 3e) reveals that no noticeable intershell 

gap can be observed, suggesting that the CuxS nanoparticles are sturdily attached on the Cu-CoS2 

inner shell. A high-resolution TEM (HRTEM) image (Figure 3f) reveals the well-aligned lattice 

fringes with an interlayer distance of 0.27 nm, corresponding to the (1010) plane of Cu8S5. Elemental 

mapping images of a single Cu-CoS2@CuxS nanobox show the even distribution of Co, Cu, and S 

elements in the hierarchical nanostructure (Figure 3g, h). The EDX linear scan across one Cu-

CoS2@CuxS nanobox demonstrates that there is a high content of Cu in the inner layer of the nanobox 

(Figure 3i), further proving the copper substitution into the inner CoS2 layer as expected. And the 

valence states of elements in the Cu-CoS2@CuxS DSNBs are determined by X-ray photoelectron 

spectroscopy (XPS) analysis (Figure S15, SI). 

The electrochemical sodium storage behavior of the Cu-CoS2@CuxS DSNBs is first studied by 

cyclic voltammetry (CV). The representative CV curves of the Cu-CoS2@CuxS DSNBs in a voltage 

window of 0.4-2.6 V are shown in Figure 4a. During the first cathodic scan, an inconspicuous peak 

at 1.68 V can be ascribed to the sodium insertion into the CuxS,[31, 32] while the distinct peak located 

at 1.21 V corresponds to sodium insertion into the CoS2.[33, 34] The broad peak at 0.8 V is assigned to 

the phase transformation of NaxCuS,[35, 36] the formation of a solid electrolyte interphase (SEI) film, 

and the conversion reaction of NaxCoS2 to Co and Na2S.[33, 37, 38] In the subsequent cathodic scans, 
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the main reduction peaks shift to 1.88 and 1.55 V, which are attributed to the intercalation of Na+ ions 

into CuSx and CoSx, respectively.[36, 39-41] In the anodic scans, two peaks at about 1.86 and 2.06 V are 

ascribed to the reverse conversion reaction from Na2S and Co to the CoSx,[34, 42] while the peak at 

2.16 V is assigned to the extraction of Na+ ions from the NaxCuS structure.[43, 44] The typical 

discharge-charge curves of the Cu-CoS2@CuxS DSNBs at 0.1 A g-1 are shown in Figure 4b. Notably, 

a stable reversible charge capacity of about 535 mAh g-1 can be achieved by the Cu-CoS2@CuxS 

DSNBs accompanied by almost overlapped discharge-charge curves from the 2nd to 5th cycles, which 

suggests the superb electrochemical reversibility and stability of the electrode. 

Figure 4c displays the rate capability of the Cu-CoS2@CuxS DSNBs cycled at various current 

densities. The Cu-CoS2@CuxS DSNBs can deliver average capacities of 515, 446, 411, 390, 368, 349, 

342 mAh g-1 at current densities of 0.1, 0.2, 0.3, 0.5, 1, 2, 3 A g-1, respectively. In particular, even a 

high current density of 5 A g-1 is implemented, a remarkable capacity of 333 mAh g-1 can still be 

achieved. On the contrary, the capacity of the CoS2 SSNBs drops rapidly with the increasing current 

density. It should be noted that the Cu-CoS2 SSNBs exhibit much better rate performance than the 

CoS2 SSNBs, indicating the facilitated electrochemical reaction via copper substitution. The 

discharge-charge curves at different current densities further confirm the outstanding rate capability 

of the Cu-CoS2@CuxS DSNBs (Figure 4d). Moreover, the Cu-CoS2@CuxS DSNBs electrode also 

exhibits a superior cycle life. Specifically, 76% of the initial capacity is preserved after 300 discharge-

charge cycles at 0.3 A g-1 (Figure 4e). The Coulombic efficiency of the electrode steadily maintains 

at approximately 100% during cycling. In huge contrast, the capacity of CoS2 SSNBs fades 

dramatically. The rate capability and cycling stability of Cu-CoS2@CuxS DSNBs are also superior to 

most of the reported CoxS-based electrodes.[34, 37, 41, 45, 46] Moreover, the nanobox structure of the Cu-

CoS2@CuxS DSNBs can still be well preserved after the prolonged cycling (Figure S16, SI). The 

outstanding electrochemical properties of these Cu-CoS2@CuxS DSNBs may be ascribed to the 

distinctive hollow configuration and the synergistic effect of the CuxS nanoparticles anchored on Cu-
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substituted CoS2 nanoboxes. More specifically, the primary nanoscale building units could accelerate 

the reaction kinetics with shortened electron/Na+ ion diffusion length. Both the hollow configuration 

and nanosized building blocks could efficiently accommodate the mechanical strain induced during 

the repeated discharge-charge cycling. The CuxS coating and Cu substitution can enhance the electric 

conductivity of the Cu-CoS2@CuxS DSNBs so as to effectively facilitate the charge transfer process 

(Figure S17, SI). And the heterogeneous structure is also favorable for accelerating electron/ion 

transport and rendering fast kinetics.[19] 

To gain some further insight into the sodium storage behavior of the Cu-CoS2@CuxS DSNBs, 

the mechanistic investigation based on the CV test is performed. The Cu-CoS2@CuxS DSNBs 

electrode shows well-defined redox peaks even at a high scan rate of 4.0 mV s-1 (Figure 5a). The 

peak current (i) and scan rate (v) obey the power law relationship: i = avb, where a b value of 0.5 

indicates totally diffusion-controlled electrochemical reaction, while a b value of 1.0 represents that 

the capacitive behavior is dominant. The b values of the four peaks are all larger than 0.75 (Figure 

5b), suggesting the features of capacitive kinetics. The capacitive contributions at various scan rates 

can be quantified by separating the capacitive portion from the total current response at each voltage 

in the CV curves. For example, about 71.9% of the overall charge is capacitive at a scan rate of 2.0 

mV s-1 based on the quantification (Figure 5c). The contribution ratios of two different components 

at other scan rates are also quantified (Figure 5d). The results indicate that the contribution ratio of 

the capacitive process gradually increases with the increasing scan rate and finally attains a maximum 

value of 78.3% at 4.0 mV s-1. Such a high fraction of the capacitive contribution should be responsible 

for the superior rate capability of the Cu-CoS2@CuxS DSNBs. 

In summary, a multistep metal-organic framework (MOF)-based templating strategy has been 

designed for the rational synthesis of Cu-substituted CoS2@CuxS double-shelled nanoboxes (Cu-

CoS2@CuxS DSNBs) for efficient sodium storage. ZIF-67@ZIF-8 polyhedrons are first synthesized 

via a seeded epitaxial growth process using ZIF-67 nanocubes as the starting material. Then the as-
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obtained ZIF-67@ZIF-8 polyhedrons are transformed to Cu-CoS2@CuxS DSNBs via the sequential 

ion exchange strategies by reacting with S2- and Cu2+ ions. With the unique shell architecture and 

complex composition, these Cu-CoS2@CuxS DSNBs exhibit boosted electrochemical sodium storage 

properties in terms of high capacity (535 mAh g-1 at 0.1 A g-1), superior rate capability (333 mAh g-1 

at 5 A g-1), as well as long cyclability (76% capacity retention over 300 cycles). The work may give 

a spark of inspiration for the design and fabrication of complex heterostructures for various 

applications. 
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Figures and Captions 

 

 

 

 

Figure 1. Schematic illustration of the synthetic process of the Cu-CoS2@CuxS DSNBs. 
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Figure 2. (a-c) FESEM images and (d-f) TEM images of the (a, d) ZIF-67 nanocubes, (b, e) ZIF-

67@ZIF-8 polyhedrons, and (c, f) CoS2@ZnS DSNBs. 
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Figure 3. (a, b) FESEM images, (c-e) TEM images, and (f) HRTEM image of Cu-CoS2@CuxS 

DSNBs. (g) High-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM), and (h) elemental mappings of a single Cu-CoS2@CuxS nanobox, (i) linear elemental 

distributions of Cu, Co, and S, corresponding to the red arrow in (g), respectively. 
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Figure 4.  (a) The 1st to 3rd cyclic voltammograms of the Cu-CoS2@CuxS DSNBs electrode at a scan 

rate of 0.1 mV s-1. (b) Typical discharge-charge curves of the Cu-CoS2@CuxS DSNBs electrode at a 

current density of 0.1 A g-1. (c) Rate performance of the Cu-CoS2@CuxS DSNBs, Cu-CoS2 SSNBs, 

and CoS2 SSNBs. (d) The corresponding discharge-charge curves of Cu-CoS2@CuxS DSNBs at 

various current densities. (e) Cycling performance of the Cu-CoS2@CuxS DSNBs, Cu-CoS2 SSNBs, 

and CoS2 SSNBs at a current density of 0.3 A g-1. 
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Figure 5. (a) The cyclic voltammograms of the Cu-CoS2@CuxS DSNBs electrode at various scan 

rates. (b) Determination of the b value using the relationship between the peak current and scan rate. 

(c) Separation of the capacitive and diffusion currents in the cyclic voltammogram of the Cu-

CoS2@CuxS DSNBs electrode at a scan rate of 2.0 mV s-1 with the capacitive fraction shown by the 

shaded grey region. (d) Contribution ratio of the capacitive and diffusion-controlled charge versus 

scan rate. 
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Cu-substituted CoS2@CuxS double-shelled nanoboxes are synthesized through a multistep metal-
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composition, these Cu-substituted CoS2@CuxS double-shelled nanoboxes exhibit enhanced sodium 

storage performance in terms of high reversible capacity, superior rate capability, and long cycle life. 


