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Chemicals. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99%), potassium permanganate 

(KMnO4, 99%), cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 99%), 

hexamethylenetetramine (C6H12N4, ≥99.0%), tris(hydroxymethyl)aminomethane 

(C4H11NO3, Tris, ≥99.0%),  thiourea (CH4N2S, 99%), ammonia solution (NH3·H2O, 

25-28%), hydrochloric acid (HCl, 36%-38%), anhydrous ethanol (C2H5OH) were 

purchased from Beijing Chemical Works. Potassium hydroxide (KOH, 98%) was 

purchased from Aladdin Reagent. Dopamine hydrochloride, Pt/C (20 wt%) and RuO2 were 

purchased from Sigma-Aldrich. Nafion solution (5 wt%) was purchased from DuPont. All 

chemical reagents were used as received without further purification. Deionized water with 

the specific resistance of 18.2 MΩ·cm was obtained by reversed osmosis followed by 

ion-exchange and filtration. 

 



 

 

 

Figure S1. SEM images of CP/CTs. 



 

 

 

Figure S2. SEM image of the cross-sectional view of CP/CTs/Co-S sheets. The red circle 

indicates that Co-S sheets are also partly deposited on the skeleton of CP. 
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Figure S3. XRD patterns of CP/CTs and CP/CTs/Co-S. 



 

 

1 2 3 4 5 6 7 8 9 10

Co

In
te
n
s
it
y

Energy / keV

C

O
Co

Au

S

Co

N

 

Figure S4. EDX spectrum of CP/CTs/Co-S. The Au signal is originated from the sputtered 

Au before test. 
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Figure S5. XPS spectra of (a) survey, (b) C 1s, (c) N 1s, (d) O 1s, (e) Co 2p, and (f) S 2p 

for CP/CTs/Co-S. 



 

 

 

Figure S6. SEM images of CP/Co-S. 
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Figure S7. The calibration of SCE (saturated KCl) reference electrode with respect to 

RHE.  

The calibration was performed in the high purity hydrogen saturated electrolyte (1 M 

KOH) with a Pt mesh as the working electrode. Cyclic voltammograms were run at a scan 

rate of 1 mV s
-1

, and the average of the two potentials at which the current crossed zero 

was taken to be the thermodynamic potential for the hydrogen electrode reactions. Thus, in 

1 M KOH, E (RHE) = E (SCE) + 1.053 V. 
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Figure S8. Exchange current densities for HER (a) and OER (b) calculated from Tafel 

plots by extrapolation method. 

 



 

Table S1. Summary of the electrochemical activities of the catalytic electrodes for HER 

and OER. 

 

E @ j = 10 mA cm
-2

 (V) Tafel slope (mV dec
-1

) Exchange current density (mA cm
-2

) 

HER OER HER OER HER OER 

CP/CTs/Co-S -0.190 1.536 131 72 3.9×10
-1

 8.3×10
-4

 

CP/Co-S -0.357 1.593 138 101 2.4×10-2 5.8×10-4 

Pt/C -0.090  49  6.4×10
-1

  

RuO2  1.501  55  9.4×10
-4

 

 



 

Table S2. Summary of the electrochemical activities of the catalytic electrodes for HER. 

Catalyst Electrolyte 
Loading 

(mg cm
-2

) 

η(HER) at j = 10 

mA cm
-2

 (mV) 
TOF (s

-1
) 

Tafel plot 

(mV dec
-1

) 

Exchange current  

(mA cm
-2

) 
Reference 

CP/CTs/Co-S 1 M KOH 0.32 190 
1.2×10

-1
  

(η = 0.25 V) 
131 3.9×10

-1
 This work 

FTO/Co-S 1 M KOH 0.08 > 600 
< 6.0×10

-3
  

(η = 0.25 V) 
  Ref. 1 

MoP 1 M KOH 0.86 ~140  48 4.6×10
-2

 Ref. 2 

MoB 1 M KOH 2.3 ~220  59 2.0×10
-3

 Ref. 3 

Mo2C 1 M KOH ~0.8 ~190  54 3.8×10
-3

 Ref. 3 

MoCx 1 M KOH 0.8 151  59 2.9×10
-2

 Ref. 4 

Ti foil/Ni0.33Co0.67S2 

NWs 
1 M KOH 0.3 88  118 1.791 Ref. 5 

CC/CoP 1 M KOH 0.92 209  129  Ref. 6 

Ni2/3Fe1/3-rGO 1 M KOH 0.25 ~560  210  Ref. 7 

NiO/Ni-CNT 1 M KOH 0.28 80  82  Ref. 8 

CoOx@CN 1 M KOH 0.12 232    Ref. 9 

Co-NRCNTs 1 M KOH 0.28 370    Ref. 10 

Ni foam/NiFe LDH 1 M NaOH  210    Ref. 11 

Ni@NC 0.1 M KOH 0.4 190    Ref. 12 

MnNi 0.1 M KOH 0.28 360    Ref. 13 

 

 



 

Table S3. Summary of the electrochemical activities of the catalytic electrodes for OER. 

Catalyst Electrolyte 
Loading 

(mg cm
-2

) 

η(OER) 

at j = 10 

mA cm
-2

 

(mV) 

TOF (s
-1

) 
Tafel plot 

(mV dec
-1

) 

Exchange 

current  (mA 

cm
-2

) 

Reference 

CP/CTs/Co-S 1 M KOH 0.32 306 
1.6×10

-2
  

(η = 0.3 V) 
72 8.3×10

-4
 This work 

Exfoliated NiFe LDH 1 M KOH 0.07 302 
5.0×10

-2
  

(η = 0.3 V) 
40  Ref. 14 

Exfoliated CoMn LDH 1 M KOH 0.142 324 
9.0×10

-3
  

(η = 0.3 V) 
43  Ref. 15 

FTO/CoHCF 
50 mM 

KPi/1M KNO3 
  

2.0×10
-3

  

(η = 0.3 V) 
88  Ref. 16 

Zn-Co-LDH 0.1 M KOH 0.28 ~520 
6.1×10

-2
  

(η = 0.41 V) 
  Ref. 17 

α-Ni(OH)2 Spheres 0.1 M KOH 0.2 331 
3.61×10

-2
  

(η = 0.35 V) 
42  Ref. 18 

Ti foil/NixCo3-xO4 NWs 1 M NaOH 2.3 ~370  64 8.8×10
-6

 Ref. 19 

Stainless steel/Co3O4 1 M KOH  ~400  49 2.0×10
-7

 Ref. 20 

CoOx@CN 1 M KOH 1 232    Ref. 9 

Ti foil/NiCo2O4 NWs 1 M KOH 0.3 ~370  60  Ref. 5 

Ni foam/NiFe LDH 1 M NaOH  240    Ref. 11 

Ni@NC 0.1 M KOH 0.4 390  40  Ref. 12 

MnNi 0.1 M KOH 0.28 420    Ref. 13 

Ni foam/Co3O4/N-rmGO 1 M KOH 1 310  67  Ref. 21 

Mn3O4/CoSe2 0.1 M KOH 0.2 450  49  Ref. 22 

Cu foil/Co3O4C-NA 0.1 M KOH ~0.2 290  70  Ref. 23 

Ti foil/ZnxCo3−xO4 NWs 1 M KOH ~1 320  51  Ref. 24 
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Figure S9. (a, c) Cyclic voltammograms and (b, d) the capacitive currents at 0.20 V vs. 

SCE as a function of scan rate for CP/CTs/Co-S and CP/Co-S in 1 M KOH. 

The effective surface areas of CP/CTs/Co-S and CP/Co-S were compared by estimating 

their electrochemical double layer capacitances (Cdl) with cyclic voltammograms (CVs). 

CVs were performed at a potential range of 0.15-0.25 V vs. SCE where no obvious 

electrochemical features corresponding to the Faradic current were observed (Figure S9a 

and c). The capacitive currents, ∆j(ja-jc)@0.2 V, were plotted against the scan rate (Figure 

S9b and d). The linear relationships were observed with the slopes twice of the Cdl value. 

Accordingly, the Cdl values for CP/CTs/Co-S and CP/Co-S were calculated to be 103.7 and 

29.8 mF cm
-2

, respectively. 
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Figure S10. Electrochemical impedance spectroscopy obtained by applying an AC voltage 

with the amplitude of the sinusoidal voltage of 10 mV over a frequency range from 200 

kHz to 100 mHz for CP/CTs/Co-S and CP/Co-S at HER overpotential of 0.2 V (Inset: the 

equivalent circuit diagram). 
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Figure S11. Polarization curves of CP/CTs/Co-S prepared with different deposition time 

for HER and OER in 1 M KOH with a scan rate of 2 mV s
-1

. 

 



 

 

 

Figure S12. SEM images of CP/CTs/Co-S prepared via chronoamperometric 

electrodeposition at -0.9 V vs Ag/AgCl with different time: (a, b) 2, (c, d) 5, and (e, f) 15 

min. 
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Figure S13. Polarization curves of CP/CTs/Co-S for HER and OER before and after 1000 

cycles (50 mV s
-1

) in 1 M KOH with a scan rate of 2 mV s
-1
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Figure S14. SEM images (a, b) and EDX spectra (c, d) of CP/CTs/Co-S after stability test 

for HER (a, c) and OER (b, d). 

The SEM image in Figure S14a reveals that CP/CTs/Co-S almost maintains the sheet 

morphology after stability test for HER. And the EDX analysis (Figure S14c) shows a 

Co/S ratio of ~1.6, suggesting a small amount of S loss. However, after OER process, the 

formation of many regular plates on the surface of CTs is observed (Figure S14b) and the 

Co/S ratio is increased to ~5 (Figure S14d), indicating the weak stability of CoSx under 

OER condition. 
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Figure S15. XPS spectra of (a) Co 2p and (b) S 2p for CP/CTs/Co-S after stability test for 

HER and OER. 

In comparison with XPS spectra in Figure S5, the main component in CP/CTs/Co-S 

after stability test for OER converts to Co(OH)2, consistent with the observations from 

Figure S14b and S14d. 
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Figure S16. (a) SEM image of CP/CTs/Co(OH)2 and (b) the according HER and OER 

activities in comparison with CP/CTs/Co-S before and after stability test. 

For comparison, CP/CTs/Co(OH)2 was also prepared via the similar electrodeposition 

method in absence of thiourea with the passed charges equivalent to that of CP/CTs/Co-S. 

The as-prepared CP/CTs/Co(OH)2 have a similar morphology with CP/CTs/Co-S (Figure 

S16a). However, as shown in Figure S16b, the HER and OER activities of 

CP/CTs/Co(OH)2 are even inferior to those of CP/CTs/Co-S after stability test, indicating 

the advantages of the Co-S composites. 

 



 

Table S4. Summary of the electrochemical activities of the catalytic electrodes for overall 

water splitting. 

Catalytic electrode 

Electrolyte 
Loading 

(mg cm
-2

) 

E at j = 10 mA 

cm
-2

 (V) 

Specific 

activity (mA 

cm
-2

) 

Mass activity 

(mA mg
-1

) 
Reference 

Cathode Anode 

CP/CTs/Co-S 1 M KOH 0.32 1.743 5.1 (1.7 V) 15.9 (1.7 V) This work 

Ni foam/NiFe LDH 1 M NaOH  1.7 20 (~1.78)  Ref. 11 

Ni 

foam/NiO/Ni-CNT 
Ni foam/NiFe LDH 1 M KOH 8 ~1.41 

20 (1.5 V) 

100 (1.58 V) 

2.5 (1.5 V) 

12.5 (1.58 V) 
Ref. 8 

Ni 

foam/CoOx@CN 

Ni foam/CoOx@CN 

after HER 
1 M KOH 2 ~1.32 

20 (1.55 V) 

~27 (1.7 V) 

10 (1.55 V) 

~13.5 (1.7 V) 
Ref. 9 

Ti 

foil/Ni0.33Co0.67S2 

NWs 

Ti foil/NiCo2O4 

NWs 
1 M KOH 0.3 ~1.73 ~8 (1.7 V) ~26.7 (1.7 V) Ref. 5 

MnNi 
MnNi after thermal 

modification 

0.1 M 

KOH 
0.28 △E= 2.01   Ref. 13 

Ni2/3Fe1/3-rGO 1 M KOH 0.25 △E= ~2.02   Ref. 7 

Ni@NC 
0.1 M 

KOH 
0.4 △E= 1.81   Ref. 12 

*The value of △E was roughly estimated by adding the absolute potentials of the catalytic 

electrode at the current density of 10 mA cm
-2

 for HER and OER, respectively.
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Figure S17. Mass spectrum of the gaseous products from overall water splitting with Ar as 

carrier gas. 
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