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Results and discussion 

 

Fig. S1 FT-IR spectra of DDA, Ni@C-P, and Ni@C-400. 

 

Fig. S2 TG and DSC curves of Ni@C-P in N2. 



 

Fig. S3 Raman spectrum of Ni@C-400 NSs. 

 

Fig. S4 (a) XPS survey spectrum and (b) the high-resolution N 1s XPS spectrum of 

Ni@C-400 NSs. 

 

Fig. S5 SEM images of Ni@C-P NSs. 

 



 

Fig. S6 SEM image of Ni@C-400 NSs. 

 

Fig. S7 N2 adsorption-desorption isotherms of Ni@C-300, Ni@C-400 NSs and 

Ni@C-500 NSs. 

Table S1. Comparison of BET surface area and pore diameter of various Ni@C NSs. 

Sample name 
BET Surface area 

(m2·g-1) 

Pore diameter 

(nm) 

Ni@C-300 24.31 13.44 

Ni@C-400 109.51 10.08 

Ni@C-500 72.08 7.91 

 



 

Fig. S8 The photograph of DDA dispersed in ethylene glycol (a) and water (b); SEM 

image of Ni@C NSs prepared without ethylene glycol (c). 

 

Fig. S9 (a-c) CVs for Ni@C-300, Ni@C-400 NSs and Ni@C-500 NSs at various 

scan rate (10, 20, 40, 60 and 80 mV·s-1); (d) the capacitive current at 0.15 V vs. 

RHE as a function of scan rate for Ni@C-300, Ni@C-400 NSs and Ni@C-500 NSs 

(Δj0 = ja-jc). 

 



Table S2. Comparison of catalytic performance of Ni@C-400 NSs for OER to 

reported Ni-based catalysts. 

Materials 
 

Electrode 

Onset 
potential 

(V vs RHE)

Potential (at 10 
mA·cm-2, V vs RHE) 

Tafel 
slope 

(mV/dec)

 
electrolyte 

Ref 

NiCo LDH NTAs 
[1]  GC 1.540 1.690 65 --- 

S1 
Ni NTAs [1] Ni foil 1.604 1.890 145 --- 

NiFe LDH/CNT [2] GC 1.500 --- 35 --- S2 

NG-NiCo LDH [3] 
 

GC 
1.580 

1.63 
(at 145.3 mAcm-2) 

614 --- S3 

CoCo LDHs GC 1.638  1.840 --- --- S4 

NiCo LDH/Ni foam GC 1.520  1.650 113 1 M KOH S5 
Ni2/3Fe1/3-rGO Ni foam 1.440  1.470 40 1 M KOH S6 
CoO/N-CG [4] GC ---  1.570 71 --- S7 

NiCo2O4 HNSs [5] GC 1.500  1.590 64.4 --- S8 
PNG-NiCo2O4

 [6] GC 1.540 --- 156 

--- S9 
NG-NiCo2O4

[3] 
graphite 

carbon 
1.570 --- 249 

NiCo2O4 
nanosheets 

GC 1.550 --- 30 1M KOH S10 

Ni0.6Co2.4O4/Ni foil Ni foil 1.570  1.760  --- S11 
Co3O4/N-rGO [7] GC ---  1.540 67 --- S12 

N/C-NiOx [8] GC ---  1.650 --- --- S13 
Ni-NG [3] GC 1.550 --- 188 --- S14 

NiO-MWCNT[9] ITO 1.92  137 0.1 M KBi S15 

Ni@NC [10] GC  1.62 40 
0.1 M 
KOH S16 

Co@NC [10] GC 1.50 --- --- 1 M KOH 

CoP/C GC  1.59 66 
0.1 M 
KOH 

S17 

Ni-NiO/N-rGO [7] Ni foam 1.47  43 1 M KOH S18 
NiSe Ni foam  1.50 64 1 M KOH S19 

NiCo2S4 
carbon 
cloth 

1.50 1.51 141 1 M KOH S20 

Ni@C-400 NSs 
GC 1.53 1.56 145 1 M KOH This 

work Ni foam 1.49 1.54 95 1 M KOH 
[1] NTAs, abbreviation for nanotube arrays; 
[2] CNT, abbreviation for carbon nanotubes; 
[3] NG, abbreviation for nitrogen doped graphene; 
[4] N-CG, abbreviation for nitrogen doped hollow crumpled grapheme; 
[5] HNSs, abbreviation for hollow nanosponges; 
[6] PNG, abbreviation for 3D hybrid film of porous N-doped graphene; 
[7] N-rGO, abbreviation for nitrogen doped reduced graphene oxide; 
[8] N/C-NiOx, abbreviation for nickel/nickel oxide nanoparticles was strongly bound to a porous nitrogen doped 
carbon matrix; 
[9] MWCNT, abbreviation for multi-walled carbon nanotubes; 
[10] NC, abbreviation for nitrogen doped carbon. 



Table S3. Comparison of catalytic performance of Ni@C-400 NSs for HER to 

reported Ni-based catalysts. 

Materials 
 

Electrode 

Onset 
potential 

(V vs 
RHE) 

Potential (at -10 
mA·cm-2, V vs 

RHE) 

Tafel 
slope 

(mV/dec)
Electrolyte Ref

Ni3S2/MWCNT [1] GC --- -480 --- --- S21 

Ni2P GC --- -130 --- 
0.5 M 
H2SO4 

S22 
Ni2P nanoparticles GC --- -225 100 1 M KOH 

NiO/Ni-CNT [2] GC -0.095 --- --- 1 M KOH S23 

Ni-Mo powder 
GC --- -0.07/-20 --- 2 M KOH 

S24 
Ni foam --- -0.08/-20 --- 2 M KOH 

Fe0.43Co0.57S2 GC -150 --- 56 
0.5 M 
H2SO4 

S25 

CoMo nanoparticles Ti foil --- -75 --- 1 M KOH S26 

EG/Co0.85Se/NiFe-LDH 
[3] 

graphite 
foil 

-0.24 --- 160 1 M KOH S27 

Ni3N Ni foam -0.08 -180 120 1 M KOH S28 

Co-Ni-C [4] GC 
-1.15 vs. 

SCE 
--- 97.2 6 M KOH S29 

Ni dendrite GC 
-1.45 vs. 

SCE 
--- 102 6 M KOH S30 

Co-P-300 [5] 
GC 

--- -280 94.1 
1 M KOH S31 

Ni-Co-P-300 [6] -- -150 60.6 

NiP2 nanosheet arrays GC --- -102 65 1 M KOH S32 

Ni5P4 films GC --- -150 53 1 M KOH S33 

Ni3S2/CNT [2] GC -400 --- 167 1 M KOH S21 

NixCo10−x/C nanoflakes GC -200 --- 126 
0.1 M 
NaOH 

S34 

NiSe nanofiber GC -200 --- 64 
0.5 M 
H2SO4 

S35 

Ni@C-400 NSs 
GC -150 -270 143 

1 M KOH 
This 
work

Ni foam -50 -110 95 

[1] MWCNT, abbreviation for multi-walled carbon nanotubes; 
[2] CNT, abbreviation for carbon nanotubes; 
[3] LDH, abbreviation for layer double hydroxide; 
[4] Co-Ni-C, abbreviation for Co-Ni alloys with grapheme; 
[5] Co-P-300, abbreviation for Co-Co prussian blue analogue was phosphidation at 300 ºC; 
[6] Ni-Co-P-300, abbreviation for Co-Ni prussian blue analogue was phosphidation at 300 ºC. 

 

 

 



 

 

Fig. S10 (a, c) chronoamperometric response of Ni@C-400 NSs at a constant 

potential of 1.53 V and -0.16 V, respectively; the insets are the corresponding 

iR-compensated LSV curves of Ni@C-400 NSs before and after stability test for OER 

and HER; (b, d) OER and HER polarization curves for Ni@C-400 NSs initially and 

after 500 CV sweeps between -0.6 and 0 V vs. RHE. 

 

Fig. S11 SEM images of the cleaned Ni foam (a) and the self-standing electrode 

prepared without nickel salt (b). 



 
Fig. S12 Powder XRD patterns of Ni@C-400 NSs, (A)  

and (B) scraped off from Ni foam. 

               
Fig. S13 CVs for at the self-standing Ni@C NSs/Ni foam electrode at various 

scan rate (10, 20, 40, 60 and 80 mV·s-1), (a-d) Ni@C-300/Ni foam, Ni@C-400 

NSs/Ni foam, Ni@C-500 NSs/Ni foam, and Ni foam, respectively; (d) the capacitive 

current at 0.15 V vs. RHE as a function of scan rate for various self-standing 

Ni@C NSs/Ni foam electrode (Δj0 = ja-jc). 



 

Table S4. Comparison of catalytic performance of Ni@C-400 NSs and Ni@C-400/Ni 

foam for OER and HER. 

Catalyst 

OER HER 

Onset 
potential 

(V vs. 
RHE) 

Potential (at 
10 mA·cm-2, 
V vs. RHE)

Tafel slope 
(mV·dec-1) 

Onset 
potential 

(V vs. RHE)

Potential (at 
-10 mA·cm-2, 
V vs. RHE) 

Tafel slope 
(mV·dec-1) 

Ni@C-400 NSs 0.30 0.33 145 0.15 0.27 143 

Ni@C-400 

NSs/Ni foam 
0.26 0.31 95 0.05 0.11 95 

 

 
Fig. S14 (a, b) OER and HER polarization curves for Ni@C-400 NSs/Ni foam 

electrode initially and after 500 CV sweeps. 



Table S5. Comparison of catalytic performance of Ni@C-400 NSs for full water 

splitting to reported Ni-based catalysts. 

Materials 
Onset potential 

(V vs RHE) 
Potential (at 10 

mA·cm-2, V vs RHE) 
Elctrolyte Ref 

NiFe LDH/Ni foam - 1.7 
1 M KOH S36 Ni(OH)2/Ni foam - 1.82 

Pt/C-Ni foam - 1.67 

NiSe - 1.63 1 M KOH S19 

CoP 1.56 - 1 M KOH S37 
Ni2P - 1.63 1 M KOH S38 

NiMo-HNR [1] - 1.64 
1 M KOH S39 

RuO2/TiM [2] - 1.57 
Co3O4/NCs [3] - 1.91 1 M KOH S40 

Co-P/NCs [3] 1.55 --- 1 M KOH S41 

Ni@C-400 NSs/Ni foam 1.57 1.64 1 M KOH 
This 
work 

[1] HNR, abbreviation for the hollow nanorod arrays; 
[2] TiM, abbreviation for Ti mesh; 
[3] NCs, abbreviation for carbon fiber papers. 

 

 

 

Additional References 

[1] R. D. L. Smith, M. S. Prévot, R. D. Fagan, Z. P Zhang, P. A. Sedach, M. K. J. Siu, S. Trudel, C. P. Berlinguette, 

Science, 2013, 340, 60-63. 

[2] L. Kuai, J. Geng, C. Y. Chen, E. Kan, Y. D. Liu, Q. Wang, B. Y. Geng, Angew. Chem. Int. Ed., 2014, 53, 1-6. 

[3] H. F. Liang, F. Meng, M. Cabán-Acevedo, L. S. Li, A Forticaux, L. C. Xiu, Z. C. Wang, S. Jin, Nano Lett., 2015, 

15, 1421-1427. 

[4] Y. Zhang, B. Cui, C. S Zhao, H. Lin, J. B. Li, Phys. Chem. Chem. Phys. 2013, 15, 7363-7369. 

[5] M. Gong, Y. G. Li, H. L Wang, Y. Y. Liang, J. Z. Wu, J. G Zhou, J. Wang, T. Regier, F. Wei, H. J. Dai, J. Am. 

Chem. Soc., 2013, 135, 8452-8455. 

[6] W. Ma, R.Z. Ma, C. X. Wang, J. B. Liang,X. H. Liu, K. C. Zhou, T. Sasaki, ACS Nano., 2015, 9, 1977-1984 

[7] S. Mao, Z. H Wen, T. Z Huang, Y. Hou, J. H. Chen, Energy Environ. Sci., 2014, 7, 609-616. 

[8] C. Z. Zhu, D. Wen, S. Leubner, M. Oschatz, W. Liu, M. Holzschuh, F. Simon, S. Kaskelb, A. Eychmüller, 

Chem. Commun., 2015, 51, 7851-7854. 

[9] S. Chen, S. Z. Qiao, ACS Nano, 2013, 7, 10190-10196. 

[10] J. Bao, X. D. Zhang, B. Fan, J. J. Zhang, M. Zhou, W. L. Yang, X. Hu, H. Wang, B. C. Pan, Y, Xie, Angew. 

Chem. Int. Ed., 2015, 54, 7399-7404. 

[11] T. N. Lambert, J. A. Vigil, S. E. White, D. J. Davis, S. J. Limmer, P. D. Burton, E. N. Coker, T. E. Beecheme, 



M. T. Brumbach, Chem. Commun., 2015, 51, 9511-9514. 

[12] Y. Y. Liang, Y. G Li, H. L. Wang, J. G. Zhou, J. Wang, T. Regier, H. J Dai, Nat. Mater., 2011, 10, 780-786. 

[13] Y. Zhao, R. Nakamura, K. Kamiya, S. Nakanishi1, K. Hashimoto, Nat.Commun., 2013, 4, 2390. 

[14] S. Chen, J. J. Duan, J. R. Ran, M. Jaroniecb, S. Z. Qiao, Energy Environ. Sci., 2013, 6, 3693-3699. 

[15] X. X. Yu, T. Y. Hua, X. Liu, Z. P. Yan, P. Xu, P. W. Du, ACS Appl. Mater. Interfaces., 2014, 6, 

15395-15402. 

[16] J. W. Ren , M. Antonietti, T. P. Fellinger, Adv. Energy. Mater., 2014, 1401660. 

[17] J. Wang, D. F. Gao, G. X. Wang, S. Miao, H. H. Wu, J. Y. Lia, X. H. Bao, J. Mater. Chem. A, 2014, 2, 

20067-20074. 

[18] X. E. Liu, W. Liu, M. Ko, M. J. Park, M. G. Kim, P. Oh, S. Chae, S. Park, A. Casimir, G. Wu, J. Cho, Adv. 

Funct. Mater., 2015, 25, 5799-5808. 

[19] C. Tang, N. Y. Cheng, Z. H. Pu, W. Xing, X. P. Sun. Angew. Chem., 2015, 127, 9483-9487. 

[20] D. Liu, Q. Lu, Y. L. Luo, X. P. Sun, A. M. Asiric, Nanoscale, 2015, 7, 15122-15126. 

[21] T. W. Lin, C. J. Liu, C. S. Dai, Appl. Catal.B., 2014, 154-155(7), 213-220. 

[22] L. G. Feng, H. Vrubel, M. Bensimon, X. L. Hu, Phys. Chem. Chem. Phys., 2014, 16, 5917-5921.  

[23] M. Gong, W. Zhou, M. C. Tsai, J. G. Zhou, M. Y. Guan, M. C. Lin, B. Zhang, Y. F. Hu, D. Y. Wang, J. Yang, S. 

J. Pennycook, B. J. Hwang, H. J. Dai, Nat. Comm., 2014, 5, 4095. 

[24] McKone, J. R. Sadtler, B. F. Werlang, C. A. Lewis, N. S. Gray, ACS Catal., 2013, 3, 166-169. 

[25] L. Liao, S. N. Wang, J. J. Xiao, X. J. Bian, Y. H. Zhang, M. D. Scanlon, X. L. Hu, Y. Tang, B. H. Liu, H. H. 

Girault, Energy Environ. Sci., 2013, 6, 3553-3558. 

[26] J. M. McEnaney, T. L. Soucy, J. M. Hodges, Juan F. Callejas, J. S. Mondschein, R. E. Schaak. J. Mater. Chem. 

A, 2016, DOI: 10.1039/c5ta07055d. 

[27] Y. Hou, M. R. Lohe, J. Zhang, S. H. Liu, X. D. Zhuang, X. L. Feng. Energy Environ. Sci.,2016, DOI: 

10.1039/c5ee03440j. 

[28] M. Shalom, D. Ressnig, X. F. Yang, G. Clavel, T. P. Fellinger, M. Antonietti, J. Mater. Chem. A, 2015, 3, 

8171-8177. 

[29] B. Subramanya, Y. Ullal, S. U. Shenoy, D. K. Bhat, A. C. Hegde, RSC Adv., 2015, 5, 47398-47407. 

[30] S. H. Ahn, S. J. Hwang, S. J. Yoo, I. Choi, H. J. Kim, J. H. Jang, S.W. Nam, T. H. Lim, T. Lim, S. K. Kim, J. 

J. Kim, J. Mater. Chem., 2012, 22, 15153-15159. 

[31] Y. Feng, X. Y. Yu, U. Paik, Chem. Comm., 2016, 52, 1633-1636. 

[32] P. Jiang, Q. Liu, X. P. Sun, Nanoscale, 2014, 6, 13440-13445. 

[33] M. Ledendecker, S. Krick Calderon, C. Papp, H. P. Steinruck, M. Antonietti, M. Shalom, Angew. Chem. Int. 

Ed., 2015, 54, 12361-12365. 

[34] S. Baranton，C. Coutanceau, Appl. Catal.B., 2013, 136, 213. 

[35] M. R. Gao, Z. Y. Lin, T. T. Zhuang, J. Jiang, Y. F. Xu, Y. R. Zheng. S. H. Yu, J. Mater. Chem., 2012, 22, 

13662-13668. 

[36] J. S. Luo, J. H. Im, M. T. Mayer, M. Schreier, M. K. Nazeeruddin, N. G. Park, S. D. Tilley, H. J. Fan, M. 

Grätzel, Science., 2014, 345, 1593. 

[37] N. Jiang, B. You, M. L. Sheng, Y. J. Sun. Angew. Chem. Int. Ed., 2015, 54, 6251. 

[38] L. A. Stern, L. G. Feng, F. Song, X. L. Hu. Energy Environ. Sci., 2015, 8, 2347-2351. 

[39] J. Q. Tian, N. Y. Cheng, Q. Liu, X. P. Sun, Y. Q. He, A. M. Asiri, J. Mater. Chem. A, 2015, 3, 20056. 



[40] S. C. Du, Z. Y. Ren, J. Zhang, Jun Wu, W. Xi, J. Q. Zhu, H. G. Fu, Chem. Commun., 2015, 51, 8066-8069. 

[41] B. You, N. Jiang, M. L. Sheng, S. Gul, J. Yano, Y. J. Sun., Chem. Mater., 2015, 27, 7636-7642. 

 


