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S1 GITT Measurement 

During the GITT measurement, the cell was discharged or charged at 100 mA g-1 for 10 min 

and then rested for 60 min to reach the steady-state voltage (Es). The Na ion diffusivity DGITT 

can be obtained via the formula [S1]. 
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where τ denotes the constant current pulse time, mA, MA, and Vm are the mass, molar weight, 

and molar volume of CuS@PANI, respectively, S is the area of the electrode-electrolyte 

interface, ΔEs is the change of Es obtained by subtracting the original voltage (E0) from the 

steady-state voltage (Es), and ΔEτ is the total change of cell voltage during a constant current 

pulse τ excluding the IR-drop, and L (cm) is the diffusion length. 

S2 Density Functional theory (DFT) Calculation Methods 

The adsorption energies (Eads) of Na2Sx on PANI were calculated using the DMol3 package[S2]. 

To fully optimize the finite molecular models, the standard Perdew-Burke-Ernzerhof (PBE) 

generalized gradient approximation (GGA)[S3] with Grimme’s long-range dispersion 

correction was used for the exchange-correlation functional. All geometry optimizations and 

energy calculations were performed on a plane-wave basis sets with an energy cutoff of 400 

eV. The double numeric plus polarization (DNP) basis sets were employed for all calculations. 

The convergence tolerance of the energy was set to 10-5 Hartree (1 Hartree = 27.21 eV), and the 

maximal allowed displacement and force were 0.005 Å and 0.002 hartree/Å, respectively. In 

addition, the models of PANI were composed of four monomers. 

The Eads values of Na2Sx on PANI were calculated by: 

http://springer.com/40820
mailto:zlming1212@126.com
mailto:mingfang@zzuli.edu.cn
mailto:yanyumse@ustc.edu.cn


Nano-Micro Letters 
 

 

S2/S12 

Eads=Esys−ENa2Sx −EPANI               (S2) 

Esys, ENa2Sx, and EPANI are the total energies of the adsorption systems, the adsorbate of 

Na2Sx, and the PANI, respectively. 

Table S1 A comparison of the electrochemical performance of our PANI@CuS with other 

metal sulfides anodes for SIBs 

Materials Rate capability Cyclic stability Refs. 

This work 
231.1493 mAh g-1  

at 40 A g-1 

258.3444 mAhg-1 at 20 A g-1 

(after 7576cycles) 
This work 

VS4-rGO 
192.2 mAh g-1  

at 0.8 A g-1 

240.8 mAh g-1 at 0.1 A g-1 

 (after 50 cycles) [S4] 

SnS-C 
145 mAh g-1  

at 1 A g-1 

260 mAh g-1 at 0.1 A g-1 

(after 300 cycles) 
[S5] 

SnS-MWCNT 
410 mAh g-1  

at 500 mA g-1 

391 mAh g-1 at 0.1 A g-1 

(after 50 cycles) 
[S6] 

CoMoS3 
349 mAh g -1  

at 10 A g -1 

411 mAh g-1 at 2 A g-1 (after 300 

cycles) 
[S7] 

FeS/N-C 
260 mAh g-1  

at 4 A g-1 

511 mAh g-1 at 0.2 A g-1 

 (after 100 cycles) 
[S8] 

CoS2@N,Sdoped carbon 
288 mAh g-1  

at 2 A g-1 

510 mAh g-1 at 0.1 A g-1  

(after 100 cycles) 
[S9] 

MoS2 nanoflowers on N‐

doped graphene 

201 mAh g−1  

at 50 A g−1 

390 mAh g−1 at 1 A g−1 

(after 1000 cycles) 
[S10] 

Hierarchical MoS2 Hollow 

Architectures 

226 mAh g−1  

at 5 A g−1 

267 mA h g–1 at 1 A g–1 

(after 125 cycles) 
[S11] 

MoS2/C-MWCNT 
324 mA h g−1  

at 20 A g−1 

416 mA h g–1 at 2 A g–1 

(after 1000 cycles) 
[S12] 

MoS2/Graphene 
201 mA h g−1  

at 50 A g−1 

421 mA h g–1 at 0.3 A g–1 

(after 250 cycles) 
[S13] 

MoS2 Nanosheets 

/Nitrogen-Doped 

Graphene 

141 mA h g−1  

at 12.8 A g−1 

198 mAh g−1 at 1 A g−1 

(after 1000 cycles) 
[S14] 

ANDC/MoS2 
409 mA h g−1  

at 5 A g−1 

496 mAh g−1 at 1 A g−1 

(after 1000 cycles) 
[S15] 

Nb2CTx@MoS2@C 
260 mA h g−1  

at 40 A g−1 

403 mAh g−1 at 1 A g−1 

(after 2000 cycles) 
[S16] 

MoS2/SnS@C 
325 mA h g−1  

at 15 A g−1 

292 mAh g−1 at 5 A g−1 

(after 2000 cycles) 
[S17] 

TiO-1T-MoS2 NFs 
288 mA h g−1  

at 20 A g−1 

501 mAh g−1 at 1 A g−1 

(after 700 cycles) 
[S18] 

 P-MoS2@C/CNTP 
150 mA h g−1  

at 5 A g−1 

249 mAh g−1 at 1 A g−1 

(after 1200 cycles) 
[S19] 

(H-WS2@NC 
254 mA h g−1  

at 8 A g−1 

375 mAh g−1 at 1 A g−1 

(after 1000 cycles) 
[S20] 

NGQDs-WS2/3DCF 
211.4 mA h g−1 

at 5 A g−1 

392.1 mAh g-1 at 0.2 A g-1 

(after 1000 cycles) 
[S21] 

WS2/CNT-rGO ordered 

3D aerogel 

47.2 mA h g−1  

at 10 A g−1 

252.9 mAh g-1 at 0.2 A g-1 

(after 100 cycles) 
[S22] 

WS2 nanosheets/N-doped 

carbon 

258 mA h g−1  

at 1 A g−1 

~200 mAh g-1 at 0.1 A g-1 

(after 100 cycles) 
[S23] 

WS2@NC 
151 mA h g−1  

at 5 A g−1 

70 mAh g-1 at 5 Ag-1 

(after 500 cycles) 
[S24] 

WS2/C 
81 mA h g−1  

at 5 A g−1 
219 mAh g-1 at 0.5 A g-1 

(after 300 cycles)  
[S25] 

WS2@graphene 
94 mAh g-1 

at 0.64 A g-1 

94 mAh g-1 at 0.64 A g-1 

(after 500 cycles) 
[S26] 
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WS2-3D RGO 
287 mAh g-1 

at 0.9 A g-1 

334 mAh g-1 at 0.2 A g-1 

(after 200 cycles) 
[S27] 

 SnS2 NP/TiO2@C 
305.2 mAh g-1 

at 5 A g-1 

338.2 mAh g-1 at 5 A g-1 

(after 600 cycles) 
[S28] 

SnS2/C Nanospheres 
360h mAh g-1 

at 1A g-1 

600 mAh g-1 at 0.05 A g-1 

(after 100 cycles) 
[S29] 

2D SnS2 nanosheets 
435 mAh g-1 

at 2 A g-1 

647 mAh g-1 at 0.1 A g-1 

(after 50 cycles) 
[S30] 

SnS2/rGO 
337 mAh g-1 

at 12.8 A g-1 

400 mAh g-1 at 0.8 A g-1 

(after 1000 cycles) 
[S31] 

S3 Supplementary Figures 

 

Fig. S1 Schematic illustration of the in-situ XRD cell structure 

 
Fig. S2 The SEM image and XRD pattern of obtained samples in 40 min 

In the initial stage of reaction, the Tu would coordinate with Cu2+ to produce 

[Cu(Tu)n(EG)m]2+ complexes [S32], and then the complex would decompose to form nuclei in 

a further solvothermal process of over one hour. The chemical reactions can be expressed as 

follow: 

Cu2++nTu + mEG → [Cu(Tu)n(EG)m]2+ 

[Cu(Tu)n(EG)m]2+ → CuS 
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Fig. S3 (a-f) SEM images of CuS intermediates obtained by the different reaction time and 

(h) the corresponding XRD patterns and the evaluation of SIBs performance at 5 A g-1 (i) 

 

Fig. S4 (a-c) SEM images, XRD patterns (d), and cycling performance at 5 A g-1 of CuS 

samples obtained at different reaction temperatures (e) 

It is worth noting that the CuS microspheres can not be obtained at a reaction temperature 

lower than 140 °C. And the product CuS-140 °C get a lower crystallinity of 72.9% at the 2θ of 

32.7° (006) plane referring to layer thickness calculated via Jade 6.0 software (here CuS-160 °C 

and CuS-180 °C is 85.5% and 86.3%, respectively). The results indicate the nanosheets of CuS-

140 °C get a thinner thickness, which agrees well with the SEM observation. 
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Fig. S5 FT-IR spectra of pure PANI and CuS@PANI 

The pure PANI sample shows a series of characteristic peaks at 1135, 1294, 1491, and 1577 

cm−1. The absorption peaks at 1577 and 1491 cm−1 were associated with the C=C stretching 

vibrations in the quinonoid and benzenoid rings. The peaks at 1294 and 1135 cm−1 were 

attributed to C-N stretching of secondary amines and N=Q=N (Q: quinonoid structure) 

respectively. The characteristic peaks above are in agreement with the previous reports of PANI. 

The obvious redshift in the characteristic bands of PANI@CuS can be attributed to the 

interaction between PANI and CuS, which leads to weaken N-H, C-N, and N-Q-N bonds [S33]. 

 

Fig. S6 SEM images of CuS@PANI microspheres with different amounts of ANI: (a) 10 μL, 

(b) 40 μL, (c) 60 μL, and (d) 80 μL. (e) The corresponding XRD patterns and the initial 100 

cycling performance at 5 A g-1 
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Fig. S7 (a) CV and (b) GCD curves of pure CuS microspheres during the first five cycles 

 

Fig. S8 Ex-situ images of the bare CuS microspheres after decay 

 

Fig. S9 Capacitive, diffusion contribution and corresponding b value calculated based on the 

CV curves for pure CuS microsphere 

 

Fig. S10 An individual GITT curve of the CuS@PANI during the discharge process 
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Fig. S11 Electrochemical impedance spectra for CuS@PANI and CuS (a) before the 

galvanostatic charge/discharge (GCD) and (b) after the GCD tests. Frequency range: 0.01Hz to 

100 kHz. The inset in (a, b) is the equivalent circuit used for fitting the EIS data. Rs: electrolyte 

resistance. Rct: charge transfer resistance. W: Warburg impedance. CPE: constant phase 

element 

It can be seen that at the high frequencies range, the CuS@PANI with a smaller semicircle 

diameter before/after galvanostatic charge-discharge (GCD), indicating the CuS@PANI has a 

lower Rct (32 and 13 Ω) than that of CuS electrode 38 and 24 Ω) before/after GCD. Meanwhile, 

the Cu2S with a lower band gap of 1.21 eV than CuS (2.42 eV) has a higher conductivity [S34].  

 

Fig. S12 a HRTEM image of the sodiation CuS electrode. b, c The corresponding FFT pattern 

and IFFT image based on (108) plane. d GPA strain distributions of (108) plane along ɛxx. (The 

color from green to dark blue represents the compressive strain, while the color from red to 

bright yellow represents the tensile strain). The GPA is realized by applying a plugin script 

installed in GATAN Digital Micrograph Software [S35] 

The fast Fourier transform (FFT) patterns and inverse fast Fourier transform (IFFT) images 

of HRTEM lattice images were performed, as shown in Fig. S12a-c, respectively. That clearly 

reveals the formation of crystallographic defects of edge and screw dislocation after 

intercalating Na+ ion, which inducing substantial strain into electrode materials. Figure 12d 

shows the GPA strain distributions of (108) plane along ɛxx (in-plane). The pink represents the 

maximum tensile strain, and the light green represents the maximum compressive strain. The 

evenly distributed color indicates the tensile and compressive stress is fairly uniform. 
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Fig. S13 SEM images of the CuS@PANI nanosheet arrays after 100 cycles 

 

Fig. S14 The swelling experiment and the thickness changing of PANI were measured using a 

digital thickness gauge 

The measurement results show the original PANI film with a thickness of 191 μm. After 

the PANI film was immersed in electrolyte for 3h, the thickness has been increased to 230 μm. 

Additionally, the swollen PANI were carried out a recovering experiment in vacuum drying 

environment. After 2 h, the thickness of PANI film back to 206 μm. With increasing drying 

time to 12 h, the PANI film returns to 197 μm, which is close to the original thickness of PANI 

 

Fig. S15 (a) The CV curves of CuS@PANI//AC hybrid sodium-ion capacitors (SIC) at different 

current density. (b) The GCD curves and corresponding rate capacities of the SIC at rates 

ranging from 0.2 to 10 A g-1 (c). (d) Ragone plots of the CuS@PANI//AC compared to 

previously reported. (e) Cycling performance at a current density of 5 A g-1 
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Figure S15a show the typical CV curves of CuS@PANI//AC SIC. The CV profile retained 

the quasi-rectangular shape at the scan rate from 5 to 100 mV s-1, indicating high reversibility. 

Fig. S15b shows the nearly linear GCD curves of the CuS@PANI//AC SIC from 0.2 to 10 A g-

1. The corresponding rate capacities at different current densities are shown in Fig. S15c. The 

energy density (E) and power density (P) were calculated based on the following equations: E 

= P × t, P = ΔV × I/m, and ΔV = (Vmax + Vmin)/2, where t is the discharge time (s), I is the 

discharge current (A), m is the mass of the active materials in both electrodes (kg), Vmax is the 

voltage at the beginning of discharge after the IR drop, and Vmin is the voltage at the end of 

discharge [S36]. As shown in Fig. S15d, the Ragone plot of CuS@PANI//AC present a high 

energy density of 50 Wh kg-1 at a power density of 140 W kg-1, and ultrathin high-power output 

of 6250 W kg-1 at an impressive energy density of 23 Wh kg-1. It can be clearly seen that the 

CuS@PANI//AC delivers an excellent rate performance, which can be attributed to the 

synergistic effect of the high rate pseudocapacitive process in CuS@PANI anode and fast 

electrical double layer capacitor (EDLC) in the AC cathode. The excellent energy/power 

density of CuS@PANI//AC are superior to previously reported sodium ion hybrid capacitors, 

such as SMGA (sulfur-doped Ti3C2Tx/RGO)//AC (41 Wh kg-1 at 197 W kg-1 and 25 Wh kg-1 at 

2473 W kg-1) [S37], Bi-stacked MXene//AC (40 Wh kg-1 at 38 W kg-1) [S38], NiCo2O4//AC 

(23.5 Wh kg-1 at 36 W kg-1) [S39], and Na-TNT (sodium titanate nanotubes)//AC (33.6 Wh kg-

1 at 120 W kg-1) [S40]. The cyclic performance of CuS@PANI//AC with a capacity retention 

of 98.7% for 200 cycles and 80.1% for 1000 cycles and high coulombic efficiency above 99.6% 

at 5 A g-1 demonstrates the competitive electrochemical stability of the SIC devices (as shown 

in Fig. S15e). 
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