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Methods

Preparation of the anodes. To prepare the CuS electrode for the Na–CuS half-cells, 

polyacrylic acid (PAA, average Mv of ca. 450,000, Sigma-Aldrich) was first dissolved in a 

deionized water. The commercial CuS particles (hexagonal, −100 mesh, Sigma-Aldrich) and 

conductive additive of multi-walled carbon nanotubes (MWCNT, AM90, ACN Co.) were then 

mixed with the PAA solution at a weight ratio of 80:10:10 using a planetary ball mill 

(Pulverizette 7, Fritsch GmbH) for 3 h at 300 rpm. For a comparative study, Sn and Pb 

electrodes were also prepared using commercial Sn (tetragonal, −100 mesh, Sigma-Aldrich) 

and Pb (cubic, −325 mesh, Sigma-Aldrich) particles and the same procedures. The slurry 

mixtures were coated on the Cu current collector and dried at 80 ℃ in vacuum for 24 h. The 

mass loading of the active materials on the dried electrodes was 1.2 mg cm−2 for Sn, Pb, and 

CuS anodes.

Preparation of the half-cells. The CuS working electrode and Na metal counterpart/reference 

electrode were assembled in an air-tight Ar-filled globe box to fabricate Swagelok-type cells. 

A polypropylene nano-porous membrane (25 m, Celgard 2400) and glass-fibre filter (670 m, 

GF/D, WhatmanTM) were used as CuS- and Na-side separator membranes, respectively. 1 M 

NaPF6 (98%, Sigma-Aldrich) in DME (99.5%, Sigma-Aldrich) was used as the liquid 

electrolyte. To analyse the effects of the different electrolytes on the coalescence reaction 

between CuS nanoparticles, counterpart cells with different solvent types were assembled using 

1 M of NaPF6 dissolved in a 1:1 vol% mixture of EC (99.5%, Sigma-Aldrich) and DEC 

(99.5%, Sigma-Aldrich) solvents. For a comparative study, Na–Sn and Na–Pb half-cells were 

also prepared using the same procedures.

Electrochemical tests. The charge(desodiation)/discharge(sodiation) tests were performed 

using a galvanostat (WBCS 3000, WonA Tech Co.) in a constant-current mode by varying the 



potential in the range of 0.01–3.0 V for Na–CuS half-cells and 0.001–1.0 V for Na–Sn and Na–

Pb half-cells at 24 °C. All measurements were performed after running the first cycle at 0.1C 

for electrical stabilization. Electrochemical cycling tests were performed at the charging rates 

of 0.1–100C for Na–Sn (1C = 847 mAg-1), Na–Pb (1C = 485 mAg-1), and Na–CuS (1C = 560 

mAg-1) systems. The impedance spectra (or Nyquist plots) were measured using 

electrochemical impedance spectroscopy (EIS, VSP-300, Bio-logic) in the frequency range of 

7 MHz to 100 mHz at 30 mV and at 25℃.

Material characterization. The crystal structures of bulk CuS, Sn, and Pb were confirmed by 

X-ray diffraction (XRD, MAX-2500V, Rigaku). X-ray photoelectron spectroscopy (XPS, X-

TOOL, ULVAC-PHI) was conducted to confirm the oxidation state of CuS particles. Scanning 

electron microscopy (SEM, S-4800, Hitachi) was employed to trace the morphological 

evolution sequence of bulk Sn, Pb, and CuS particles associated with battery cycling. 

Cross-sectional milling and chemical analyses. To identify the composition of the anodes 

subjected to sodiation, the cross-sections of Sn, Pb, and CuS anodes were prepared from the 

respective cells subjected to sodiation at 30C using an Ar ion milling machine (Hitachi High-

Tech Inc., ArBlade 5000) at an operating voltage of 4 kV, a milling angle of 40˚, a swing rate 

of 5 rpm, and a milling time of 2 h. The samples were then transferred to an SEM device using 

a vacuum holder to prevent contamination by air and moisture. The compositions were 

measured for all possible elements (Na, Sn, Pb, Cu, S, P, F, C, and O) comprising the samples 

using energy dispersive X-ray spectroscopy (EDS, Oxford, ULTIM MAX 170). The electric 

current applied by SEM and EDS was controlled to be lower than usual (5 keV and 37 pA for 

SEM and 5 keV, 3.9 nA for EDS) to minimize electron beam damage on the target materials.

Structure analyses. Prior to sample preparation, the surface of the fully sodiated CuS anode 

was coated with epoxy to avoid Ga-ion implantation or possible sample damage. The target 



region was milled with a Ga ion beam at 30 kV to prepare a few-µm-thick section. The prepared 

section was picked up from the bulk specimen and fixed onto a Mo grid for further thinning. 

The fixed specimen was milled with a Ga ion beam at 5 kV to prepare a thin section of a 

thickness < 100 nm. The sample was then transferred to a transmission electron microscopy 

(TEM, TECNAI, Thermofisher) device using an airtight sample transfer device to observe the 

microstructures and selected area electron diffraction patterns at 200 kV.

Diffusivity measurement of the intermediate phases. The galvanostatic intermittent titration 

technique (GITT) tests were performed using a galvanostat (WBCS 3000, WonA Tech Co.). 

The cell was discharged with a current impulse with the current density of 0.1C for an interval 

( ) of 600 s followed by a rest process for 3600 s without a current impulse. The Na diffusivities 𝜏

( ) of the intermediate phases (i) in the Sn, Pb, and CuS anodes were determined using GITT 𝐷𝑖

data according to equation (1):
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where , , , , and  are the active material mass in the electrode, molecular weight of Sn, 𝑚 𝑀 𝑉 𝐴 𝐿

Pb, and CuS, molar volume of Sn, Pb, and CuS, electrode surface area, and thickness of the 

electrode.  is the change of the steady-state potential after a discharge pulse and rest ∆𝐸𝑠

process, while  is the voltage change during a discharge pulse.∆𝐸𝜏

Interfacial interaction calculations. We used the Quantum Espresso software package1 with 

norm-conserving pseudopotentials2 to calculate the interactions between CuS nanoparticles 

(NPs) and three solvent molecules (EC, DEC, and DME). Prior to simulating the NP surface 

interactions, CuS slabs and the three solvent molecules were modeled. During sodiation in Na-

CuS systems, Na is inserted in the <010> direction (with respect to CuS)3. Furthermore, solvent 



molecules within the electrolyte tend to react with the (010) surface of CuS due to its high 

surface energy (Figure S22). Therefore, we evaluated the interaction between the CuS slab 

(010) surface and the solvent molecules (EC, DEC, and DME). To prevent the periodic image 

of the CuS slab, an additional vacuum layer was added to the free-surface side of the CuS slab 

for each model structure. The geometry of the CuS NP/electrolyte interfaces was optimized in 

the canonical (NVT) ensemble using a conjugate-gradient algorithm. The CuS slab was set to 

a positively charged (+3) state to replicate the positively charged CuS NPs. A plane-wave 

expansion cut-off energy of 30 Ry and Monkhorst–pack scheme with a k-point mesh of 2 × 2 

× 1 were used for Brillouin zone sampling. Energy convergence was achieved down to 0.2 

Ry/unit cell. 

Adsorption energy calculations. The adhesion tendencies of EC, DEC, and DME solvents to 

the CuS NP were quantitatively determined by calculating their adsorption energies. To do so, 

we first optimized the geometries of the CuS NP/electrolyte interface, CuS slab, and individual 

molecules comprising the electrolytes and calculated their total energies. The adsorption 

energies (∆Eads) of the individual solvent molecules were then determined using the following 

equation:

ads = (slab + molecule)  slab molecule, (2)∆𝐸 𝐸 – 𝐸 – ∆𝐸

where slab, molecule, and (slab + molecule) represent the DFT total energies of the CuS slab, 𝐸 𝐸 𝐸

individual solute ion or solvent molecule, and adsorbed molecule on the CuS slab, respectively. 

A negative E value, denoting an exothermic process, signifies a stable adsorption. 

Resistivity calculations of the intermediate phases. The electrical resistivities of 14 phases 

formed in the Na–Sn, Na–Pb, and Na–CuS systems were evaluated by identifying their 

electronic structures using DFT calculations with a plane-wave basis set and norm-conserving 



pseudopotentials2, as implemented in Quantum Espresso1. The plane-wave cutoff energy was 

set to 50 Ry, and energy convergence was achieved at 0.2 Ry per unit cell. Brillouin zone 

sampling was performed using the Monkhorst–Pack scheme with a k-point mesh set to 8 × 8 × 

8. The computed electronic structures were converted to electrical resistivity values using the 

Boltzmann transport theory, as implemented in the Boltzmann Transport Properties 

(BoltzTraP) code4.



Figure S1. (a) Secondary electron image of the commercial micro-sized CuS powders, 

showing the morphologies of CuS particles. PXRD pattern of (b) CuS and XPS spectra of (c) 

Sulfur and (d) Copper recorded from the CuS particles. The peaks obtained from XRD are well 

matched to the hexagonal structure of CuS, whereas the XPS peaks at 162.6, 161.5, 931.6 and 

951.6 eV correspond to the binding energies of S 2P3/2, S 2P1/2, Cu 2P3/2 and Cu 2P1/2, 

respectively. The S 2p XPS data clearly confirms the presence of SS linkages in CuS 

(hexagonal). This phenomenon is primarily attributed to the existence of SS bonds along the 

<001> direction (c-axis) on the surface of hexagonal CuS5. Additionally, the formation of SS 

bonds is facilitated by the considerably lower formation energy of Cu vacancies within the 

(001) surface of CuS compared to the formation energy of S vacancies6.



Figure S2. Variations in the capacity of the Na–CuS half-cell with DME solvent measured as 

a function of the cycle. Cell tests were performed at 10C after running the first cycle at 0.1C 

for electrical stabilization. 



Figure S3. (a) Secondary electron image of the CuS particle extracted from the 50-times-

cycled Na–CuS half-cell with an electrolyte comprising 1M NaPF6 dissolved in EC/DEC 

solvent. (b) Magnified image of the region outlined by the rectangle in (a), showing the eroded 

surface by the fragmentation of CuS particles. 



Figure S4. (a) Variations in the specific capacity and (b) voltage-capacity profiles of the Na–

CuS half-cell with the DME solvent measured at 30C (16.8 A/g) for 1000 cycles, showing a 

superior cycling stability and reversibility of the CuS anode. Note that the specific capacity 

was measured after running the first cycle at 0.1C for electrical stabilization. 



Figure S5: Discharge/charge voltage profiles of the MWCNTs measured at various current 

rates.



Figure S6. Changes in the voltage-capacity profiles measured at various C-rates for the Na–

CuS half-cells with an electrolyte containing DME.



Figure S7. Secondary electron images recorded at (a) low and (b) high magnifications from 

the uncycled CuS anode, showing the surfaces of the CuS particles.



Figure S8. Secondary electron images of the cross sections prepared using FIB for the (a) 

uncycled and (b) 50-times-cycled CuS anode. (c) Magnified image recorded from the region 

similar to the rectangle denoted in (b), showing that separate CuS particles started to 

agglomerate after 50 cycles to form a loosely connected microscale structure. Note that all 

images were obtained from the cross sections of the CuS anodes along the thickness direction. 

The structure shown in (b) eventually transforms to a porous nanostructure with further cycling.



Figure S9. (a) Nyquist plots of the Na–CuS half-cells with the electrolyte containing DME 

solvents at various cycles. (b) Values of bulk resistance (Rb), SEI resistance (RSEI), and charge 

transfer resistance (Rct) deconvoluted from based on the Nyquist plots in Figure S9(a). An 

equivalent circuit model depicted in the inset was used for fitting, where “Q” means a constant 

phase element and “W” means Warburg resistance. EIS measurements were performed at 1C.



 

Figure S10. Optimized structures of the CuS/electrolyte interfaces obtained from DFT 
calculations, revealing the interactions between CuS and the electrolyte components: (a) EC, 
(b) DEC, and (c) DME. It is noteworthy that the molecular EC and DEC rotate so that their 
negatively charged ends are adsorbed to the CuS surface.



Figure S11. (a) Atomic configurations and (b) charge density distributions and (c) 
electrostatic potential of solvent molecules (EC, DEC, and DME) and active material (CuS) 
optimized using DFT calculations.



Figure S12. Changes in the voltage-capacity profiles measured at various C-rates for the (a) 

Na–Sn and (b) Na–Pb with an electrolyte containing DME.



Figure S13. (a) Secondary electron images and (b-g) EDS elemental maps recorded from the 

cross-section of the Sn anode subjected to sodiation at 30C.



Figure S14. (a) Secondary electron images and (b-g) EDS elemental maps recorded from the 

cross-section of the Pb anode subjected to sodiation at 30C.



Figure S15. (a) Secondary electron images and (b-f) EDS elemental maps recorded from the 

cross-section of the CuS anode subjected to sodiation at 30C.



Figure S16. (a) Cyclic voltammetry curves of CuS anodes measured at various scan rates and 

(b) discharge/charge voltage profiles of Na–CuS half-cell with DME solvent measured at 0.1C 

(56 mA/g).



Figure S17. Optimized structures between the Cu1.81S ( ) surface and electrolyte obtained 11̅0

from DFT calculations, revealing the interactions between Cu1.81S and the electrolyte 

components: (a) EC, (b) DEC, and (c) DME. It is noteworthy that the molecular EC and DEC 

rotate so that their negatively charged ends are adsorbed to the Cu1.81S ( ) surface.11̅0



Figure S18. Band structures calculated for the various intermediate phases formed in the (a-d) 

Na–Sn and (e-h) Na–Pb systems during discharging (or sodiation).



Figure S19. Band structures calculated for the various intermediate phases formed in the Na–

CuS system during discharging (or sodiation): (a) CuS, (b) NaCu5S3, (c) Na2Cu4S3, (d) 

Na4Cu2S3, (e) Na2S, and (f) Cu. The inset images are the corresponding crystal structures.



Table S1. The values of mass, crystal system, density, volume, and volume fraction of each 

phase involved in the conversion reaction of the Na–CuS system during the first cycle.

Reaction formula CuS + 2Na → Na2S + Cu

Mass (g) 95.61 45.98 78.05 63.55

Crystal system Hexagonal Cubic Cubic Cubic

Density (g/cm3) 4.64 1.05 1.83 8.89

Volume (cm3) 20.61 43.79 42.65 7.15

Volume fraction 0.32 0.68 0.86 0.14

Table S2. The values of mass, crystal system, density, volume, and volume fraction of each 

phase involved in the conversion reaction of the Na–CuS system after the fourth cycle.

Reaction formula Cu1.81S + 2Na ↔ Na2S + 1.81Cu

Mass (g) 147.08 45.98 78.05 115.02

Crystal system Triclinic Cubic Cubic Cubic

Density (g/cm3) 6.11 1.05 1.83 8.89

Volume (cm3) 24.07 43.79 42.65 12.94

Volume fraction 0.35 0.65 0.77 0.23

Table S3. The values of the electrical conductivity and volume fraction for each phase involved 

in the conversion reaction of the Na–CuS system during the first cycle.

Reaction formula CuS   +   2Na   ↔   Na2S   +   Cu

Parameters  (S/m)𝜎𝐶𝑢 𝑉𝐶𝑢  (S/m)
𝜎𝑁𝑎2𝑆 𝑉𝑁𝑎2𝑆

Value 1.51 × 107 0.14 7.83 × 101 0.86
d

Table S4. The values of the electrical conductivity and volume fraction for each phase involved 

in the conversion reaction of the Na–CuS system after the fourth cycle.

Reaction formula Cu1.81S   +   2Na   ↔   Na2S   +   1.81Cu

Parameters  (S/m)𝜎𝐶𝑢 𝑉𝐶𝑢  (S/m)
𝜎𝑁𝑎2𝑆 𝑉𝑁𝑎2𝑆

Value 1.51 × 107 0.23 7.83 × 101 0.77



Figure S20. (a) Bright-field image of the Na2S/Cu composite, showing the uniformly dispersed 

Cu nanoparticles (dark spots) embedded in the Na2S matrix (grey background). (b) Selected 

area diffraction pattern recorded from the Na2S/Cu composite and corresponding indices.



Figure S21. (a) High-resolution transmission electron microscopy image recorded from the 

Na2S/Cu composite. The FFT patterns of the dashed red square in (a), showing the presence of 

(b) Cu and (c) Na2S phases. 



Figure S22. Surface energies of (100), (010), and (001) of hexagonal CuS calculated using 
DFT calculations.
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