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Fig. S1 TEM images of ZIF-67@Lys precursor 

 

Fig. S2 a–c FESEM and d–f TEM images of Co@CNTs composites 
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Fig. S3 TEM images of products obtained by directly pyrolyzing ZIF-67 without the 

introduction of Lys 

 

Fig. S4 a−c FESEM images of Co@CNTs|Ru composites. d−h HAADF-STEM images and 

corresponding EDX elemental mappings of selective area of Co@CNTs|Ru composites 

 

Fig. S5 XRD patterns of Co@CNTs|Ru composites with different Ru contents 
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Fig. S6 TEM images of Co@CNTs|Ru composite with different Ru contents 

 

Fig. S7 a XPS survey spectra of Co@CNTs|Ru composites; b high-resolution XPS spectra of 

N 1s 

 

Fig. S8 Co K-edge a XANES and b EXAFS spectra of Co@CNTsǀRu and the reference samples 
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Fig. S9 N2 sorption isotherm and desorption isotherms of Co@CNTs|Ru composites. The 

inset showing the pore size distribution of Co@CNTs|Ru composites 

 

Fig. S10 LSV curves of Co@CNTs|Ru with different Ru contents in 1.0 M KOH solution 

 

Fig. S11 CV curves for a Co@CNTs, b CNTs, c CNTs|Ru and d Pt/C electrocatalysts at 

different scan rates of 20, 40, 60, 80, and 100 mV s−1 
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Fig. S12 a Polarization curves of 10 wt% Ru/C in N2-saturated 1.0 M KOH solution with scan 

rate of 5 mV s−1; b Cdl values (inset: CV curves for Ru/C electrocatalysts at different scan rates: 

20, 40, 60, 80, and 100 mV s−1); c mass activities and d specific activities of 10 wt% Ru/C 

(Inset showing the mass and the specific activities at different overpotentials of 10, 20, and 30 

mV) 

As shown in Fig. S12, the mass activity of 10 wt% Ru/C catalyst is around 103 mA mg−1, which 

is much lower than that of Co@CNTs|Ru catalyst (3706 mA mg−1) at an overpotential of 10 

mV. The specific activity of Ru/C is 0.004 mA cm−2, which is also far smaller than that of 

Co@CNTs|Ru (0.37 mA cm−2) at an overpotential of 10 mV. 

 

Fig. S13 XRD patterns of Co@CNTs|Ru catalyst before and after long-term durability test in 

1.0 M KOH solution 
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Fig. S14 TEM images of Co@CNTs|Ru after long-term durability test in 1.0 M KOH solution 

 

Fig. S15 High-resolution XPS spectra of a Co 2p and b Ru 3p in Co@CNTs|Ru after long-

term durability test in 1.0 M KOH solution 

 

Fig. S16 TOF values of Co@CNTs, Co@CNTs|Ru, CNTs, CNTs|Ru and Pt/C catalysts at 10, 

100, and 200 mV in 1.0 M KOH solution 
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Fig. S17 EIS spectra for Co@CNTs, Co@CNTs|Ru, CNTs, CNTs|Ru and Pt/C 

electrocatalysts in a 0.5 M H2SO4 and b 1.0 M PBS solution (inset: the equivalent circuit for 

EIS) 

 

Fig. S18 Polarization curves of Co@CNTs|Ru catalyst before and after 5000 cycles of CV 

test in a 0.5 M H2SO4 and b 1.0 M PBS solution (Inset showing the i-t curves of 

Co@CNTs|Ru for 50 h) 

 

Fig. S19 TOF per surface metal site of Co@CNTs, Co@CNTs|Ru, CNTs, CNTs|Ru and Pt/C 

catalysts in a 0.5 M H2SO4 and b 1.0 M PBS electrolytes 
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Fig. S20 Atomistic structures of the Co@CNTs in HER process 

 

Fig. S21 Calculated charge density difference of CNTs|Ru 

 

Fig. S22 Calculated charge density difference of Co@CNTs 
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Fig. S23 Chronopotentiometry test of Co@CNTs|Ru || Co@CNTs|Ru electrolyzer at 10 mA 

cm−2
 

Table S1 Co and Ru contents analysis by different methods for Co@CNTs and Co@CNTs|Ru 

composites 

 

Three different techniques (i.e., XPS and ICP-AES) were employed to study the Co and Ru 

content in both catalysts with and without the introduction of Ru. 

Table S2 Comparison of the electrocatalytic activity for HER in 1.0 M KOH solution with 

other active electrocatalysts 

Catalysts η@10 mA cm–2 (mV) Ru content (%) Refs. 

Co@CNTs|Ru 10 1.04 wt% This work 

Ru-NC-700 12 2.04 wt% [S1] 

Ru/OMSNNC 13 1.0 wt% [S2] 

CoRu@Co4N 13 – [S3] 

Ru NCs/BNG 14 75.9 wt% [S4] 

Ru/3DNPC-500 15 7.53 wt% [S5] 

Ru@MWCNT 17 12.8 wt% [S6] 

Ru@C2N 17 28.7 wt% [S7] 

0.27-RuO2@C 20 – [S8] 

4H/fcc Ru NTs 23 – [S9] 

Ru@NC 26 2.0 wt% [S10] 

RuCo@NC 28 3.58 wt% [S11] 

Ni@Ni2P-Ru 31 – [S12] 

Ru1Ni1-NCNFs 35 28.2 wt% [S13] 

Ru-NGC 37 6.55 wt% [S14] 

CNx@Ru/MWCNT 39 8.0 wt% [S15] 

CoRu@NC 45 2.04 wt% [S16] 

ah-RuO2@C 63 – [S17] 

RuPx@NPC 74 – [S18] 

Ru/C3N4/C 79 – [S19] 
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Table S3 EIS calculation parameters of Co@CNTs, Co@CNTs|Ru, CNTs, CNTs|Ru and 20% 

Pt/C electrode for HER in 1.0 M KOH solution 

Sample Rs (Ω) Error (%) Rct (Ω) Error (%) CPE Error (%) 

Co@CNTs 9.22 0.79828 72.66 2.6038 0.796 1.0529 

Co@CNTs|Ru 8.76 0.65447 24.51 1.72 0.925 0.425 

CNTs 8.89 0.7032 96.38 1.2254 0.861 0.4421 

CNTs|Ru 8.62 1.0246 81.77 2.11 0.948 0.61498 

20% Pt/C 9.10 0.9002 17.91 0.72575 0.582 0.10836 

Table S4 Comparison of TOFs achieved by recently reported representative HER catalysts at 

100 mV overpotential in 1.0 M KOH solution 

Catalysts Tafel (mV dec−1) TOF (S−1) Refs. 

Co@CNTs 119.7 1.48 This work 

Co@CNTs|Ru 37.8 7.40 This work 

CNTs 225.3 0.583 This work 

CNTs|Ru 62.1 2.10 This work 

Pt/C 45.3 4.27 This work 

Co-NiS2 NSs 43 0.55 Angew. Chem. Int. Ed., 2019, 58, 18676 

CoP/Ni5P4/CoP 43 1.22 Energy Environ. Sci., 2018, 11, 2246 

Ni5P4 pellet 98 0.79 Energy Environ. Sci., 2018, 11, 2246 

Ni2P pellet 118 0.04 Energy Environ. Sci., 2018, 11, 2246 

Ni2P 80 3.6 Energy Environ. Sci., 2018, 11, 2246 

NiMo NPs 132 0.05 J. Am. Chem. Soc., 2013, 135, 9267 

np-Cu53Ru47 35 1.139 ACS Energy Lett., 2020, 5, 192 

Ru@GnP 30 0.145 Adv. Mater., 2018, 30, 1803676 

RhO2 clusters 30 4.2 Adv. Mater., 2020, 32, 1908521 

Ru-NBC 36.19 1.12 Appl. Catal. B Environ., 2021, 285, 1197 

Ru/OMSNNC 40.41 5.9 Adv. Mater., 2021, 33, 2006965 

RuNi/CQDs 45 5.03 Angew. Chem. Int. Ed., 2020, 59, 1718 

Ru/Co@OG 22.8 6.2 Angew.Chem., 2021, 133, 16180 

HP-Ru/C 29 5.33 Appl. Catal. B Environ., 2021, 294, 1202 

P-Ru-CoNi 69 3.1 Small, 2022, 18, 2104323 

Sr2RuO4 51 0.9 Nat. Commun., 2019, 10, 149 

NiCo2Px 34.4 0.056 Adv. Mater., 2017, 29, 1605502 

Ni-MoS2 60 0.08 Energy Environ. Sci., 2016, 9, 2789 

Table S5 Comparison of the electrocatalytic activity for HER in 0.5 M H2SO4 solution with 

other active electrocatalysts 

Catalysts η@10 mA cm–2 (mV) Ru content (%) Refs. 

Co@CNTs|Ru 32 1.04 wt% This work 

Ru-GLC 35 62.0 wt% [S19] 

RuP2@NPC 38 23.3 wt% [S20] 

Ru0/TiO2 41 1.20 wt% [S21] 

Ru/CeO2 47 – [S22] 

NiRu@N-C 50 1.86 wt% [S23] 

Ni@Ni2P-Ru 51 – [S12] 

Ru/NG-750 53 – [S24] 

RuNi/CQDs 58 1.42 wt% [S25] 

Ru-RuO2/CNT 63 20.4 wt% [S26] 

s-RuS2/S-rGO 69 – [S27] 

Ru/C3N4/C 70 – [S28] 

Ni-doped RuO2 78 – [S28] 

W+Ru/C 85 5.6 μg cm-2 [S29] 

Te@Ru 86 – [S30] 

1D-RuO2-CNx 93 – [S31] 

Ru/MoS2/CP 96 – [S32] 
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Ni@Ni2P-Ru 99 – [S12] 

Ru@CN 126 3.18 wt% [S33] 

Cu2-xS@Ru NPs 129 – [S34] 

Table S6 Comparison of the electrocatalytic activity for HER in 1.0 M PBS solution with other 

active electrocatalysts 

Catalysts η@10 mA cm–2 (mV) Ru content (%) Refs. 

Co@CNTs|Ru 63 1.04 wt% This work 

Ru-Ni2P/NF 65 – [S35] 

Ru/3DNCN 66 29 wt% [S36] 

Ru@SC-CDs 66 – [S37] 

RuCo@CD 67 7.82 wt% [S38] 

Ru/OMSNNC 70 1.0 wt% [S2] 

3D RuCu NCs 73 – [S39] 

RuP NPs 80 21.4 wt% [S40] 

RuSA–N-Ti3C2Tx 81 1.1 wt% [S41] 

CuRu/CB 91 – [S42] 

Ru@CN-0.16 100 3.18 wt% [S43] 

Ru-NiFeP/NF 105 0.6 wt% [S44] 

RuPx@NPC 110 – [S45] 

Ru-MoS2/CC 114 0.27 wt% [S46] 

h‐RuSe2 119 – [S47] 

RuNi@CN-700 143 0.1219 wt% [S48] 

Ru-S-Sb/antimonene 153 18.2 wt% [S49] 

Rh50Ru50@UiO-66-NH2 177 – [S50] 

Ru/C-2 188 2.34 wt% [S51] 

RuP2@NC 196 3.85 wt% [S52] 

Tabl S7 EIS calculation parameters of Co@CNTs, Co@CNTs|Ru, CNTs, CNTs|Ru and Pt/C 

electrocatalysts for HER in 0.5 M H2SO4 

Sample Rs (Ω) Error (%) Rct (Ω) Error (%) CPE Error (%) 

Co@CNTs 8.73 0.6244 76.08 1.4934 0.7877 1.6646 

Co@CNTs|Ru 7.082 0.7186 51.46 0.9938 0.9236 1.5938 

CNTs 9.20 0.698 107.92 1.027 0.9872 2.2234 

CNTs|Ru 8.14 0.8274 79.95 1.2531 0.7005 1.942 

20% Pt/C 7.62 0.665 53.55 0.8876 0.6894 1.36 

Table S8 EIS calculation parameters of Co@CNTs, Co@CNTs|Ru, CNTs, CNTs|Ru and Pt/C 

electrocatalysts for HER 1.0 M PBS solution 

Sample Rs (Ω) Error (%) Rct (Ω) Error (%) CPE Error (%) 

Co@CNTs 37.11 1.9357 120.74 2.0772 0.962 1.0246 

Co@CNTs|Ru 39.0 1.4733 90.28 1.9376 1.053 1.0529 

CNTs 45.6 2.3241 402.16 3.40 0.738 1.5547 

CNTs|Ru 40.23 2.0231 362.09 2.9002 1.509 1.72 

20% Pt/C 35.07 1.5622 494.55 2.88 0.869 0.79828 

Table S9 Comparison of TOFs achieved by recently reported representative HER catalysts at 

100 mV overpotential in 0.5 M H2SO4 solution 

Catalysts Tafel (mVdec–1) TOF (S–1) Refs. 

Co@CNTs 107 0.288 This work 

Co@CNTs|Ru 41.6 11.76 This work 
CNTs 112 0.178 This work 

CNTs|Ru 89.17 1.352 This work 

Pt/C 47.1 10.013 This work 

CoP/Ni5P4/CoP 45 1.22 Energy Environ. Sci., 2018, 11, 2246–2252 
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Ni@Ni2P-Ru 35 1.1 J. Am. Chem. Soc., 2018, 140, 2731–2734 

Ni5P4 pellet 33 3.5 Energy Environ. Sci., 2015, 8, 1027–1034 

Ni2P pellet 38 0.015 Energy Environ. Sci., 2015, 8, 1027–1034 

PtRu/RFCS-6h 27.2 4.03 Energy Environ. Sci., 2018, 11, 1232–1239 

Ru@RFCS 60.5 0.215 Energy Environ. Sci., 2018, 11, 1232–1239 

PtRu/RFCS 46 0.375 Energy Environ. Sci., 2018, 11, 1232–1239 

Ru-NBC-1 42.84 1.27 Appl. Catal. B Environ., 2021, 285, 1197 

NiCo2PX 59.6 0.021 Adv. Mater., 2017, 29, 1605502 

[Mo3S13]2-  40 1 Nat. Chem., 2014, 6, 248–253 

MoS2(1-x)Px 57 0.83 Adv. Mater., 2015, 28, 1427 

Te@Ru-0.6/C 36 0.82 Chem. Commun., 2019, 55, 1490–1493 

Ru/C 97 0.036 Chem. Commun., 2019, 55, 1490–1493 

Ru/NG 44 0.35 ACS Appl. Mater. Interfaces, 2017, 9, 4, 

3785–3791 

Table S10 Comparison of TOFs achieved by recently reported representative HER catalysts at 

100 mV overpotential in 1.0 PBS solution 

Catalysts Tafel (mV dec–1) TOF (S–1) Refs. 

Co@CNTs 153.1 0.52946 This work 

Co@CNTs|Ru 64.3 2.37076 This work 

CNTs 203 0.33603 This work 

CNTs|Ru 94.2 1.09241 This work 

Pt/C 77.5 1.359 This work 

Ru0.05@MoS2 151 0.51 Appl. Catal. B Environ., 2021, 298, 120490 

Ru0.10@MoS2 164 0.48 Appl. Catal. B Environ., 2021, 298, 120490 

Ru0.12@MoS2 81.1 0.42 Appl. Catal. B Environ., 2021, 298, 120490 

Ru/D-NPC 112.4 0.052 Appl. Catal. B Environ., 2022, 306, 121095 

h-RuSe2 139 0.17 Angew. Chem., 2021,133, 7089–7093 

RPC@RPC 41 1.1 Appl. Catal. B Environ., 2022, 305, 1210 

Ru-RuO2/C3N4 92 0.033 Nano Energy, 2020, 76, 10507 

Co-Fe-P 138 0.0013 Nano Energy, 2018, 56, 225 

tubular CoP 77.35 0.08 Int. J. Hydrog. Energy, 2022, 47, 181 

RuCo@HCSs 59 1.24 ACS Sustainable Chem. Eng., 2019, 7, 18744 

Ru@HCSs 62 0.78 ACS Sustainable Chem. Eng., 2019, 7, 18744 

FeMoS4  128 0.1 Chem. Commun., 2017, 53, 9000 

RuCo@NC 133 0.44 Electrochimi. Acta, 2019, 327, 134985 

NiCo2Px 63 0.05 Adv. Mater., 2017, 29, 1605502 
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