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1. Synthesis scheme and structure characterization of AHP

Figure S1. Synthesis scheme and structure of AHP.

Figure S2. (a) The FT-IR spectra and (b) 1H NMR spectra of AHP.

Figure S2a shows main absorption peaks include 3279 cm-1 (s, N-H), 2932 cm-1 and 

2846 cm-1 (s, C-H), 1647 cm-1 (s, C=O), and 1563 cm-1 (b, C-N). Figure S2b shows 

chemical shifts include 8.62-7.37 ppm (m, 1H, -CONH-), 3.60 ppm (s, 2H, -

NHCH2CH2NH-), 3.27 ppm (s, 2H, -COCH2CH2-), 2.6 ppm (ddt, 4H, -NCH2CH2N-), 

2.3 ppm (s, 2H, -COCH2CH2-), and 1.8 ppm (s, 2H, -NH2).



2. Thermogravimetric (TG) analysis of AHP, Cu9S5-AHP and Cu9S5 NP

Figure S3. TGA curves of (a) Cu9S5 NP and Cu9S5-AHP-1.5, (b) AHP, Cu9S5-AHP-

0.5 and Cu9S5-AHP-2 in N2 atmosphere at a heating rate of 10 °C min-1

3. FT-IR and Raman characterization of Cu9S5-AHP-1.5

Figure S4. FT-IR (a) and Raman (b) spectra of Cu9S5-AHP-1.5 and AHP.

The presence of AHP is confirmed by IR peaks at 2932, 2846, and 1647 cm-1, and 

Raman bands at ~1350 and ~1500 cm-1.



4. ICP-OES analysis of Cu9S5-AHP-1.5 sample

Table S1 The results of ICP-OES analysis of Cu9S5-AHP-1.5 sample.

Element Concentration (mg L‒1)       

Cu

S

57.26

17.98

atomic ratio of Cu/S = 1.59:1

5. Na-storage performances of Cu9S5 NP, Cu9S5-AHP and AHP electrodes. 

Figure S5. Coulombic efficiency in 1 M NaPF6 + DOL-DME (1:4 by volume) at 100 

mA g-1
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Figure S6 Charge/discharge curves of (a) AHP and Super P (1:1), (b) Super P and 

cycling performance (c) at 100 mA g-1. 

The specific capacities are calculated based on the mass of Super P only to 

illustrate the contribution of AHP. The AHP and Super P (1:1) electrode delivers a 

reversible capacity of ~120 mAh g-1, while the that for Super P electrode is ~110 mAh 

g-1. Therefore, the capacity of AHP is estimated to be about 20 mAh g-1. 

Figure S7. Charge/discharge curves of (a) Cu9S5 NP and (b) Cu9S5-AHP-1.5 at 

various current densities.
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Figure S8. Discharge/charge profiles of Cu9S5-AHP-1.5 at 1000 mA g-1.

6. The morphologies of Cu9S5-AHP-1.5 and Cu9S5 NP electrodes before and 

after cycling

Figure S9. TEM images of Cu9S5-AHP-1.5 (a) at initial state, (b) after 300 cycles and 

Cu9S5 NP (c) at initial state, (d) after 300 cycles at 100 mA g-1.



7. Comparison of the results in this study with those of previously reported in 

the literatures.

Table S2 Comparison of the results in this study with those of previously reported in 

the literatures.

Materials electrolyte
Voltage range

(V)

Current 
density

 (mA g-1)

Initial                                                                                                                    
capacity 

(mAh g-1)

Cycles/ Retained 
capacity

(mAh g-1)
ref

Cu9S5-AHP-1.5 NaPF6-DOL/DME 0.01~3.0 100 459.5 200/412.9 This work
1000 445.9 1000/365.6

Cu1.8S NaCF3SO3-DEGDME 0.1~2.2 84 ~330 50/~250 1

   0.5~2.2 84 ~200 50/~260 1
0.7~2.2 84 ~110 50/~130 1
0.5~2.2 840 ~150 1000/~240 1

Cu9S5 NaClO4-EC/PC 0.01~3.0 100 412 200/344.3 2
CuS NaPF6- DME 1.0~3.0 31 348.6 100/41.8 3

CuS(S48) NaClO4- DME 0.3~2.2 5000 132.6 5000/132 4
Cu2S NaCF3SO3-TEGDME 0.4~2.6 50 294 20/261 5

CuS-NDs NaPF6- DEGDME 0.01~2.7 100 610 500/300 6

CuS NaClO4-TEGDME 0.1~3.0 50 ~475 50/~5 7
0.6~3.0 50 ~410 50/~170 7
0.7~3.0 50 ~200 50/~80 7

NaClO4-EC/DEC 0.6~3.0 50 ~360 50/~0 7

CuS
NaCF3SO3- 
DEGDME

0.4~2.6 100 400 50/311.8 8

CuS-RGO-1
NaCF3SO3- 
DEGDME

0.4~2.6 100 494.2 50/381.7 8

1000 345.7 450/~340 8

CuS-RGO-2
NaCF3SO3- 
DEGDME

0.4~2.6 100 509.1 50/392.9 8

CuS-RGO-3
NaCF3SO3- 
DEGDME

0.4~2.6 100 432.5 50/328.9 8

Cu2S NaPF6-DME 0.01~2.5 5000 317 5000/~280 9



8. Electrochemical impedance spectra (EIS) analysis of Cu9S5-AHP-1.5 and 

Cu9S5 NP at initial state and the full charge state after 100 cycles

Table S3 Simulation results of the EIS using the equivalent circuit.

Cu9S5 NP              Cu9S5-AHP-1.5    

Cycle     RSEI(Ω)        Rct (Ω)        RSEI (Ω)       Rct (Ω)

Before          26.49          334.5            8.7         113.9

100th Cycle       0.657          1078            0.01         3.2

RSEI and Rct are the resistances of solid electrolyte interface (SEI) film and charge 

transfer, respectively. 

9. Cyclic voltammetry analysis of Cu9S5 electrodes and relationship of peak 

current (ip) with square root of scan rate (v1/2) and scan rate (v), respectively

Figure S10. Log(i) vs log(v) plots for different redox peaks of Cu9S5-AHP-1.5 

electrode.



Figure S11. (a) CV curves at different scan rates, (b) linear relationship between peak 

current (ip) and square root of scan rate (v1/2), (c) Log(i) vs log(v) plots for different 

redox peaks of Cu9S5 NP electrode.



10.  Calculation of Na+ diffusion coefficient of Cu9S5-AHP-1.5 and Cu9S5 NP 

from CV

Table S4 The results of diffusion coefficient of Na+ calculated by CV.

Cu9S5-AHP Cu9S5

peak ip/v1/2 D（×10-9 cm2 s-1） ip/v1/2 D（×10-10 cm2 s-1）

C1 0.0401 1.602 0.0361 6.707

C2 0.0714 0.2956 0.0624 1.078

A1 0.0342 0.2170 0.0347 0.8515

A2 0.0698 5.730 0.0406 6.183

The diffusion coefficient of Na+ is calculated by the following equation (S1):10,11

ip=2.69×105n3/2AD1/2ν1/2C0                (1)

where ip is the peak current (A), n is the number of electrons per molecule during the 

reaction, A is the contact area between the electrode and electrolyte, D is the diffusion 

coefficient of Na+ (cm2 s−1), C0 is the concentration of Na+ ion in the electrode 

material, and v is the scan rate (V s−1). 



11. A single GITT titration and the corresponding linear behavior of E vs. τ1/2 

relationship

Figure S12. A single GITT titration and the corresponding linear behavior of E vs. 

τ1/2 relationship: (a, b) Cu9S5-AHP-1.5 during discharge processes; (c, d) Cu9S5-AHP-

1.5 during charge processes; (e, f) Cu9S5 NP during discharge processes; (g, h) Cu9S5 

NP during charge processes.



12. N2 adsorption–desorption isotherm of Cu9S5-AHP-1.5 and Cu9S5 NP

Figure S13. N2 adsorption-desorption isotherm curves of Cu9S5-AHP-1.5 and Cu9S5 

NP. The specific surface areas of Cu9S5-AHP-1.5 and Cu9S5 NP are 5.73 and 1.58 m2 

g-1, respectively.

13. Calculation of Na+ diffusion coefficient of Cu9S5-AHP-1.5 and Cu9S5 NP from 

CV and GITT

Table S5 The results of diffusion coefficient of Na+ calculated by CV and GITT

Cu9S5-AEHPA

（×10-9 cm2 s-1）

Cu9S5

（×10-10 cm2 s-1）

C1 C2 A1 A2 C1 C2 A1 A2

CV 1.602 0.2956 0.2170 5.730 6.707 1.078 0.8515 6.183

GITT 1.647 0.4136 0.7737 1.381 5.354 1.476 0.2665 2.867
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