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1. EDS pattern for CuCo2S4 NSs  

 

 
 

Fig. S1 The EDS pattern of the as-synthesized CuCo2S4 NSs. 
 
 
 
 
2. AFM image and height profile patterns for CuCo2S4 NSs 
 

 
 
Fig. S2 (A) AFM image for CuCo2S4 NSs. (B) The corresponding height profile patterns for 

the red and black lines indicated areas in (A), respectively. 
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3. Characterization of the samples obtained by using other metal precursors 
 

 
 
Fig. S3. (A-C) TEM image (inset: HRTEM), XRD pattern and Raman spectrum of the 

sample obtained by using metal acetates to replace acetylactonate complexes while keeping 

other conditions constant. (D-F) TEM image (inset: HRTEM), XRD pattern and Raman 

spectrum of the sample obtained by using metal nitrates to replace acetylactonate complexes 

while keeping other conditions constant. (G-I) TEM image (inset: HRTEM), XRD pattern 

and Raman spectrum of the sample obtained by using metal chlorides to replace 

acetylactonate complexes while keeping other conditions constant. 
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4. Characterization of the samples obtained by using other sulfur sources 

 

 
 
Fig. S4 (A, B) TEM image (inset: HRTEM) and XRD pattern of the sample obtained by 

using sulfur powder to replace DDT and keeping other conditions unchanged. (C, D) TEM 

image (inset: HRTEM) and XRD pattern of the sample obtained by using thioacetamide to 

replace DDT and keeping other conditions constant. 

 

 

 

 

5. Characterization of binary metal sulphides control catalysts 
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Fig. S5 (A, B) TEM image and XRD pattern of the Cu7S4 nanodisks. (C, D) TEM image and 

XRD pattern of the Co3S4 nanocrystals. (E, F) EDS pattern and Raman spectrum of Co3S4 

nanocrystals. It should be mentioned that the XRD pattern of Co3S4 nanocrystals is similar to 

that of CuCo2S4 NSs. To distinguish them, the EDS pattern of Co3S4 nanocrystals is given in 

(E), which is obtained by dispersing the sample on high-purity Al sheet. In addition, the 

Raman spectral of Co3S4 nanocrystals and CuCo2S4 NSs are placed together in (F) with the 

aim to highlight their differences. The peaks between 200-400 cm-1 originate from the 

vibration of Co-S bond (Angew. Chem. Int. Ed. 2015, 54, 11231) and the peaks between 

400-1200 cm-1 are attributed to the vibration of Cu-S bond. 
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6. Tafel plots of CuCo2S4 NSs and other control catalysts toward ORR 
 

 
Fig. S6 The Tafel plots of CuCo2S4 NSs (a), Cu7S4 nanodisks (b), Co3S4 nanocrystals (c), and 

commercial Pt/C (d) catalysts toward ORR, respectively. 

 
7. Characterization of CuCo2S4 NSs catalyst after cycling tests toward ORR 
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Fig. S7 A-B) TEM images of the CuCo2S4 NSs catalyst after cycling tests toward ORR. C-D) 

Corresponding Raman spectrum (C) and XRD pattern (D) for the CuCo2S4 NSs catalyst after 

cycling tests toward ORR. 

 

To tentatively understand the origin of ORR activity loss, the samples after ORR cycling tests 

have been collected by repeating the cycling tests for many times, whose structure and 

composition are characterized by TEM, Raman and XRD. The related TEM images, Raman 

spectrum and XRD pattern are shown in Fig. S7. The TEM analysis (Fig. S7A-B) reveals that 

there is a relatively large change on the morphology of the samples after cycling tests. The 

original large CuCo2S4 NSs are frustrated and broken apart into small fragments or debris, which 

are restacked and aggregated into lager particles. Additionally, a certain amount of cavities or 

pores can be observed from some debris (Fig. S7B). Corresponding Raman spectrum (Fig. S7C) 

and XRD analysis (Fig. S7D) demonstrate that the main component of the samples after ORR 

cycling tests is still CuCo2S4 (JCPDS-42-1450). But a small amount of Cu oxide species 

(JCPDS-3-879) may be formed on their surfaces, as evidenced from the related XRD pattern (Fig. 

S7D). That is to say, the samples after ORR cycling tests are only slightly oxidized to generate a 

small amount of Cu oxide species (JCPDS-3-879) on their surfaces, unlike the samples after OER 

cycling tests. Based on the above analysis, we conjecture that the ORR activity loss of CuCo2S4 

NSs may be attributed to the large morphology variation or frustration along with the slight 

oxidation to form small amount of Cu oxide species on their surfaces under long-term 

electrochemical cycling, which may reduce electronic conductivity of the catalyst and decrease 

the available active sites or crystal planes for ORR. 
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8. Characterization of CuCo2S4 NSs catalyst after cycling tests toward OER 
 

 
 
Fig. S8 A-B) TEM image (A) and XRD pattern (B) of the CuCo2S4 NSs catalyst after cycling 

tests toward OER. C-F) Corresponding Cu 2p (C), Co 2p (D), S 2p (E), and O 1s (F) fine 

XPS spectra for the CuCo2S4 NSs catalyst after cycling tests toward OER. 

 

To tentatively understand the origin of the instability of our CuCo2S4 NSs for OER, the 

enough samples after cycling tests are collected by repeating the cycling tests for many times, 
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whose structure and composition are characterized by TEM, XRD and XPS. The related TEM 

image, XRD and XPS patterns are shown in Fig. S8. From the TEM image (Fig. S8A), we 

can see that the sheet-like appearance of the initial CuCo2S4 NSs are reserved, but those NSs 

trend to fracture and re-stack or agglomerate, which may lead to decrease the available active 

surfaces and reduce the OER activity. The corresponding XRD pattern (Fig. S8B) only 

exhibits a large and broad peak, indicating that the initial crystallized CuCo2S4 NSs become 

amorphous after cycling tests. To further identify the component of the sample after cycling 

tests, XPS spectra are also carried out. Compared with that of initial CuCo2S4 NSs catalyst, 

the fine Cu 2p3/2 (934.4 eV) and 2p1/2 (953.9 eV) of the sample after cycling tests are shifted 

to high binding energies (BEs) direction (Fig. S8C). Additionally, two characteristic shakeup 

satellite peaks at the BEs of 942.5 and 962.3 eV that corresponding to Cu (II) ions are also 

observed, indicating that the surface Cu (I) ions of initial CuCo2S4 NSs are oxidized into Cu 

(II) ions after continuous electrochemical cycling. That is to say, the surface of initial 

CuCo2S4 NSs may be partially or fully oxidized after continuously working for 10 h. Further 

evidences come from Co 2p and S 2p fine XPS spectra after cycling tests. Similar to Cu 2p 

fine spectra, the fine Co 2p3/2 (780.6 eV) and 2p1/2 (795.5 eV) peaks of the sample after 

cycling tests are also shifted to high BEs direction (Fig. S8D). In addition, two small 

characteristic satellite peaks for Co (III) ions are also seen, revealing that the surface Co(II) 

ions in initial CuCo2S4 NSs catalyst may be oxidized into Co(III) ions. As for S 2p spectra 

(Fig. S8E), except for reserving the features of S 2p peaks in initial CuCo2S4 NSs at the BEs 

ranging from 165-155 eV, another strong and broad peak at the BEs of 172-165 eV region is 

observed in the sample after cycling tests. In previous reports, this peak is assigned to the 

oxidation of S element into the -SO3H or -SO4 forms. Here, this peak can’t be simply 

assigned to the oxidation of S element because the Nafion (containing -SO3H groups) is used 

to prepare the modified electrode for OER, which may be retained in the sample after cycling 

tests via ultrasonic exfoliation from the electrode surface. To assign exactly and considering 

the Cu and Co 2p spectra, we consider that this additional peak in S 2p spectra may has two 

origins. One is from the residual Nafion reagent, and the other is from the surface partial 

oxidation of S element of initial CuCo2S4 NSs during the electrochemical cycling. Further 
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evidence comes from the O 1s fine spectra (Fig. S8F). Based on TEM, XRD and XPS 

analysis, we think that our CuCo2S4 NSs are partially oxidized during the OER cycling to 

form amorphous oxides on their surfaces, which may be the origin for reducing the activity of 

CuCo2S4 NSs catalyst. Further work on alleviation or suppressing the surface oxidation and 

improve the electrocatalytic stability of CuCo2S4 NSs for OER is underway in our lab. 

 

9. Comparing bifunctional catalytic activity of CuCo2S4 NSs and binary metal sulfides 

nanostructures 

 
Fig. S9 Comparison of the bifunctional catalytic activity of the typical CuCo2S4 NSs (a) with 

that of Cu7S4 nanodisks (b) and Co3S4 nanocrystals (c). 

 

 
 
10. Comparing bifunctional catalytic activity of CuCo2S4 NSs and other reported 

bifunctional oxygen electrocatalysts 
 
Table S1. Comparison of the bifunctional catalytic activity of CuCo2S4 NSs with other 
reported bifunctional oxygen electrocatalysts 

Catalysts loading 
(mg cm-2) 

E1/2 
(V) 

E10 

 (V) 
∆E 
(V) Ref. 

20% Pt/C - 0.86 2.02 1.16 (1) 
Mn oxide - 0.73 1.77 1.04 (1) 
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Mn2O3 film 0.14 0.71 1.81 1.81 (2) 
α-MnO2-SF 
α-MnO2-HT 

Ni/α-MnO2-SF 
Amorphous MnOx 

ß-MnO2 
δ-MnO2 

0.204 

0.79 
0.81 
0.78 
0.69 
0.72 
0.68 

1.72 
1.72 
1.74 
1.82 
1.83 
1.97 

0.93 
0.91 
0.96 
1.13 
1.11 
1.29 

(3) 
(3) 
(3) 
(3) 
(3) 
(3) 

Co3O4/NBGHSs - 0.862 1.725 0.863 (4) 
CoxMn3-xO4 
(CoMnO-B) 
CoxMn3-xO4 
(CoMnO-P) 

- 

0.72 
 

0.77 

1.81a 
1.71b 
1.91a 
1.78b 

1.09a 
0.99b 
1.14a 
1.01b 

(5) 
 

(5) 

CoMn2O4/C 
MnCo2O4/C 

0.051 0.75 
0.70 

1.838 
1.748 

1.088 
1.048 

(6) 
(6) 

CoFe2O4 (crystalline) 
Amorphous Co-Fe-O 

0.051 0.65 
0.75 

1.72 
1.68 

1.07 
0.93 

(7) 
(7) 

LiCoO2 
Li0.5CoO2 

Li0.6CoO2 

Li0.8CoO2 

Co3O4 

0.25 

0.56 
0.68 
0.65 
0.62 
0.59 

1.64 
1.62 
1.625 
1.615 
1.66 

1.08 
0.94 
0.975 
0.995 
1.07 

(8) 
(8) 
(8) 
(8) 
(8) 

Co3O4/2.7Co2MnO4 0.14 0.71 1.77 1.06 (9) 
Ni0.4Co2.6O4 (2500rpm) - 0.75 1.74 0.99 (10) 

CCH2/C 0.18 0.84 1.735 0.895 (11) 
CoS2(400)/N,S-GO 
CoS2(500)/N,S-GO 
Co9S8(600)/N,S-GO 

0.25 
0.82 
0.78 
0.78 

1.61 
1.62 
1.63 

0.79 
0.84 
0.85 

(12) 
(12) 
(12) 

CoxSy@C-1000 0.14 0.824 1.70 0.88 (13) 
Co9S8/N-C 0.8 0.77 1.58 0.81 (14) 

NiCo2S4@N-S/rGO 
Co3S4@N-S/rGO 

0.283 0.80 
0.80 

1.74 
1.76 

0.94 
0.96 

(15) 
(15) 

NiCo2S4 

Co3S4 
0.1 0.6 

0.55 
1.62 
1.66 

1.02 
1.11 

(16) 
(16) 

Co/N-C-800 0.25 0.74 1.599 1.599 (17) 
N,P-doped G/C NSs 0.141 0.86 1.57 0.71 (18) 
N-Doped G/CNTs 0.255 0.7 1.63 0.93 (19) 

Layered Double Oxide/CNT 0.255 0.68 1.64 0.96 (20) 
N-doped porous C/CNTs 0.21 0.82 1.56 0.74 (21) 

Co NP@NC/NG-700 0.08 0.79 1.62 0.83 (22) 
N-doped G mesh 0.255 0.77 1.67 0.90 (23) 

CuCo2S4 NPs 0.204 0.56 1.72 1.16 this work 
CuCo2S4 NSs 0.204 0.74 1.575 0.835 this work 
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[Notes]: All the potential values here are vs. RHE for comparison. The E1/2 stands for the 

half-wave potential for ORR. And E10 represents for the potential at the current density of 10 

mA cm-2 for OER. As for ∆E, it is the potential drop used for evaluating the bifunctional 

catalytic property of a desired catalyst, which is calculated according to the following 

formula: ∆E = E10 -E1/2. The symbol of “-” means that the related parameters are not given in 

the literature. In the reported nanocrystalline spinel CoxMn3-xO4 (containing tetragonal phase 

CoMn2O4 (CoMNO-B) and cubic phase CoMnO-P) catalysts for ORR and OER,(5) the 

diameter of used working electrode is not given in the manuscript, so it is difficult to 

calculate the E10 data. Usually, the diameter of the glassy carbon disk electrode used for ORR 

and OER tests is 5 mm or 3 mm. For comparison, we use the two kinds of electrode 

diameters to estimate the E10 from the given electrochemical plots in Ref. (5). The symbols of 

the superscripts “a” and “b” stand for the data obtained by hypothesizing that the diameter of 

used electrode is 5 mm and 3 mm, respectively. 
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11. Comparing bifunctional catalytic activity of the typical CuCo2S4 NSs and other 

CuCo2S4 nanostructures 

Page S13 
 



 

 
Fig. S10 Comparison of the bifunctional catalytic activity of the typical CuCo2S4 NSs (using 

acetylacetonate complexes as the precursors) with those of CuCo2S4 nanostructures obtained 

from other metal precursors and sulfur resources. 

 

Table S2 Comparison of the bifunctional catalytic activity of the typical CuCo2S4 NSs with 

those of other CuCo2S4 nanostructures obtained from other metal precursors and sulfur 

resources 

 

CuCo2S4 catalysts 
obtained by using 
distinct precursors 

E1/2 

(V) 

E10 mA cm-2,OER 

(V) 

∆E=(E10-E1/2) 

(V) 

Acetylacetonates 0.74 1.575 0.835 

Acetates 0.7 1.572 0.872 

Nitrates 0.52 1.636 1.116 

Sulfur powder 0.52 1.8 1.28 

Thioacetamide 0.56 1.72 1.16 

 

 

 

12. The details for theoretical calculations 
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The spin-polarized density functional theory (DFT) calculations were performed using the 

plane-wave technique implemented in the Vienna ab Initio Simulation package (VASP),1,2 

with exchange-correlation interactions modeled by the Perdew-Burke-Ernzerhof (PBE) 

generalized gradient approximation (GGA) function.3 The ion-electron interaction is modeled 

using the projector-augmented plane wave (PAW) approach.4,5 A plane-wave cutoff energy of 

360 eV was adopted in all computation. The Brillouin zone was sampled with 3×4×1 for (022) 

planes and 4×4×1 k-points for (004) as well as (111) planes. Besides, the electronic structure 

calculations were employed with a Fermi-level smearing of 0.1 and 0.01 eV for surfaces and 

gas-phase species calculations, respectively. The convergence threshold was conducted as 

10-4 eV in energy and 0.02 eV/Å in force, and a vacuum region of around 15 Å was set along 

the z direction to avoid the interaction between periodic images. 

To investigate the ORR/OER performance of CuCo2S4, we first constructed appropriate 

computational models for CuCo2S4. In this regard, the more energetically favorable and 

mainly exposed surfaces, namely (004), (111), and (022) planes, were adopted to act as the 

active surface for the studied system, since the more stable and exposed surfaces play crucial 

roles in electrocatalysis according to previous studies.6-11 Briefly, (004) and (022) facets were 

both modeled with four atomic layers where only the top two layer (plus adsorbates) were 

allowed to fully relax, whereas (111) facet was constructed with six atomic layers where only 

the top three layers (plus adsorbates) were allowed to fully relax. According to our 

calculations, it is found that the most energetically favorable surface is (004) facet, followed 

by (111) and (022) facets, consistent with previous calculations for the similar system.12 We 

also note here that the most stable termination has been chosen for each studied surfaces. 
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We explore the mechanism underlying the superior catalytic activity based on 

computational hydrogen electrode (CHE) model.错误 !未定义书签。  The free energy for each 

adsorbed and gas-phase species is calculated as: 

G = EDFT + EZPE − TS 

where EDFT is the DFT total energy, EZPE is the zero point energy, S is the entropy, and T is 

the system temperature (298.15 K, in our work). EZPE and S are calculated from the 

temperature, pressure and calculated vibrational energy by using standard methods. For free 

energies of adsorbates, all 3N degrees of freedom are treated as vibrational motions while 

neglecting the contributions from the catalysts surfaces. The relevant contributions to the free 

energy for each gas-phase species and adsorbates are listed in Table S3. Moreover, the free 

energy of oxygen molecule is calculated using the equation G(O2) = 2G(H2O) − 2G(H2) + 

4.92 eV, because the high-spin ground state of O2 is notoriously poorly described in DFT 

calculations. The free energy of OH− is derived as G(OH−) = G(H2O) – G(H+), and G(H+ + e−) 

is taken as 1/2G(H2) − eU + ΔGpH, where U is the operating electrochemical potential. ΔGpH 

is calculated using the equation ΔGpH = −kBTln10 × pH and the value of pH in this work is 13; 

however, for convenience of reference to Pt(111) and IrO2, the free energy diagram shown in 

this paper has performed potential correction. For example, the zero potential in Figure 6 

denotes URHE = 0 (UNHE= −0.77 V).  

 

Table S3: Contributions to the free energy for gas-phase species and adsorbates from 

zero-point energy correction (EZPE), entropy (TS), and the total free energy correction (G − 

Eelec). 
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Species EZPE (eV) −TS (eV)  G − Eelec (eV) 

H2 0.27 −0.42 −0.15 

H2O 0.56 −0.67 −0.11 

OH* 0.343 −0.108 0.235 

O*  0.060 −0.081 −0.021 

OOH* 0.438 −0.181 0.257 

 

The Gibbs free energy difference for all ORR/OER steps on the CuCo2S4 NSs is defined 

as: 

ΔG = ΔEDFT + ΔEZPE − TΔS 

The reaction energy (ΔE) can be directly determined by analyzing the DFT total energies. 

Our calculations demonstrate that (022) and (004) planes are in favor of ORR and OER 

respectively, whereas (111) plane shows poor catalytic performance due to its quite strong 

adsorption for the adsorbates, as shown in Fig. S11A-B. Therefore, in the main text, only 

(022) and (004) facets are discussed in details to elucidate the superior bifunctional catalytic 

activity of CuCo2S4 NSs. The related free energy profiles for the OER pathway on (022) 

plane and the ORR pathway on (004) plane are given in Fig. S11C-D. On the other hand, 

according to the method developed by Nørskov et al.,6,8 the overpotentials for ORR and OER 

are calculated using the equation: 

GORR/OER = max{ΔG1, ΔG2, ΔG3, ΔG4}; 

ηORR = (1.23 + GORR/e) V; 

ηOER = (GORR/e − 1.23) V. 

Page S17 
 



 

 

Fig. S11 (A-B) The free energy profile for the ORR pathway on the (111) plane (A) and the 

OER pathway on (111) plane (B) at different potential. (C-D) The free energy profile for the 

OER pathway on (022) plane (C), and the ORR pathway on (004) plane (D). The black, red, 

and blue lines represent the zero potential, the equilibrium potential, and the limiting 

potential, respectively. 
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