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Calculations for mass activity (MA), turn over frequency (TOF) and current density
normalized by electrochemical active surface area.

The mass activity (MA) is calculated according to Eqn. S1:

MA = J/m Eqn. S1
where J (mA cm™) is the current density and m for mass of electrocatalytic active sites deposited
onto the GC electrode.

The turn over frequency (TOF) of the catalyst for OER and HER can be estimated by Eqn. S2
and S3.[S1]

TOFokr = I/4Fn Eqgn. S2

TOFuer = 1/2Fn Eqn. S3

Where [ is the current (A) according to the linear sweep measurement, F is the Faraday constant
(F = 96485 C mol™), n is the number of moles of surface atoms, which is estimated according to
the equation S4. The factor 1/2 and 1/4 is based on consideration that two and four electrons are

required to form one hydrogen and oxygen molecule.
n = [mx/100Ms ]*(surface atoms%) Eqn. S4

where m is the weight (g) of the catalyst that loaded on GC electrode, x is weight proportion of
the metal obtained from EDS, and M;is the molar weight of the metal. While surface atoms% is

estimated by dividing the thickness of the wall of the hollow dodecahedral structure (30 nm)



with the thickness of the single layer of Co9Ss or CoO (0.426 nm). Here the estimated surface

atoms% is 1.4% while for reference samples the same percentage has used.

The current density normalized by electrochemical active surface area (Jecs4) is calculated by

Jecsa = I/Ecsa Eqn. S5
where [ is the catalytic current (mA) and ECSA4 is the electrochemically active surface area of the
catalyst which is calculated according to Eqn. S6

ECSA = Ca/Cs Eqn. S6

Where Cs is the specific capacitance, and its value was taken to be 40 uF cm™.[S2] Noted that
because it is difficult to determine the catalytic electrochemical surface area significantly in-real
[S3,S4] a Cs value of 40 puF cm™ was thus adopted according to prior reported Co-based catalysts
[S5] while the value of Ca was calculated from cyclic voltammetry (CV) tests at different scan
rates of 20-100 mV s! in a narrow potential range selected between 1.02-1.12 V vs. RHE. Half

of the linear slope gave the value of Caiand obtained by plotting Aj versus different scan rates.



Figure S1 Scanning electron microscope (SEM) images of ZIF-67 (a, b) and
Co03S4/Co(OH)2/ZIF-67 (¢, d).
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Figure S2 (a) X-ray diffraction pattern (XRD) of ZIF-67 and Co3S4/Co(OH)2/ZIF-67, (b) FTIR
spectrum of as-prepared Co3S4/Co(OH)2/ZIF-67 precursor.
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Figure S3 EDS analysis of ZIF-67.
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Figure S4 EDS analysis of Co3S4/Co(OH)2/ZIF-67.
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Figure S5 X-ray photoelectron spectroscopy (XPS) spectra of Co3S4/Co(OH)2/ZIF-67 precursor,
(a) Co 2p, (b) S 2p, (¢) C 1s,(d) O 1s.
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Figure S6 (a-f) HRTEM images and profile of the lattice fringes of ODR-Co09Ss/CoO/NC

heterostructure.
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Figure S7 EDX analysis of ODR-Co09Ss/CoO/NC.
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Figure S8 CV curves of (a) ODR-Co9Ss/CoO/NC, (b) Co3S4/Co(OH)2/ZIF-67 and (¢) ZIF-67 for
OER and (d) ODR-Co09Ss/CoO/NC, (e) C03S4/Co(OH)2/ZIF-67 and (f) ZIF-67 for HER.
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Figure S9 ECSA normalized LSV curves of ODR-Co09Ss/CoO/NC in comparative to reference
samples for (a) OER and (b) HER.
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Figure S10 (a) The mass activity of OER catalysts at 250 mV and (b) HER catalysts at 200 mV.
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Figure S11 (a-b) OER and HER polarization curves of ODR-Co09Ss/CoO/NC at different scan

speeds.
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Figure S12 The XRD spectrum of the ODR-Co9Ss/CoO/NC heterostructures after
electrocatalytic test.
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Figure S13 (a, b) OER and HER performance of Co9Ss/CoO/NC-450 and Co9Ss/CoO/NC-650.
(¢) EPR spectrum of C09Ss/CoO/NC-450 and CosSs/CoO/NC-650.



Table S1 The surface elemental composition of the as-prepared ODR-Co09Ss/CoO/NC

heterostructures according the XPS measurements.

Samples Co/XPS N/XPS C/XPS S/XPS O/XPS
(At. %) (At. %) (At. %) (At. %) (At. %)
ODR-Co09Ss/CoO/NC 14.99 1.96 14.79 14.49 53.77




Table S2 Comparison of electrochemical surface area (ECSA) of ODR-Co09Ss/CoO/NC and
reference samples for OER and HER.

Catalysts Ca (mF cm?) | ECSA (cm?) | Cq (mF cm?) | ECSA (cm?)
(OER) (OER) (HER) (HER)
ODR-Co09Ss/CoO/NC 394 985 16.6 415
Co03S4/Co(OH)2/Z1F-67 4.1 102.5 1.74 43.5
Pure Co9Ss 6 150 1.6 40
CoO/NC 2.8 70 0.8 20
Z1F-67 1 25 0.05 1.25




Table S3 TOF of OER and HER catalysts.

Catalyst TOF (OER) TOF (HER)
(mol s) (mol s™)
ODR-Co09Ss/CoO/NC 9.3x107 1.3x1072
Co03S4/Co(OH)2/ZIF-67 1.6x107° 2.1x107
Pure Co9Ss 2.4x1073 1.7x107
CoO/NC 7x10* 1x1073
ZIF-67 1.3x10* 3.9x10*




Table S4 Comparison of some previously reported cobalt based electrocatalysts for OER.

Catalyst Mass loading | Electrolyte | #u=10ma cm™) | Tafel slope Reference
(mg cm?) (mV) (mV dec™)

CoO hexagrams 0.27 1 M KOH 269 64.4 [S6]
CoO nanorods 0.4 1 M KOH 330 44 [S7]
CoOx@NC nanoarrays 0.45 0.1 M KOH 348 N/A [S8]
CoO/C nanocrystals 0.31 0.1 M KOH 362 45.2 [S9]
N—-CoO nanowires N/A IM KOH 319 74 [S10]
CoO/NF N/A IM KOH 307 72 [S11]
C;’;E::ﬁﬁc N/A IM KOH 300 73.3 [S12]
houowcrflfriplates 0.37 IM KOH 278 53 [S13]
Co9Ss/CS 0.15 0.1 M KOH 370 98 [S14]
Co/S/N-800 0.1 0.1 M KOH 361 74 [S15]
Co09Ss/NSCNFs 0.21 1 M KOH 302 54 [S16]
Co9Ss@NOSC 0.28 1 M KOH 340 68 [S17]
Co/Co9Ss@SNGS 0.30 0.1 M KOH 290 80.2 [S18]
hggﬁg‘;ﬁ;gre N/A 1 M KOH 270 49 [S19]
hgt‘;ﬁi/tgf;g;‘e N/A 1 M KOH 250 73.5 [S20]
Co09Ss/N,S-rGO N/A 1 M KOH 266 75.5 [S21]

ODR-Co09Ss/CoO/NC 0.28 0.1 M KOH 217 70 This work




Table S5 Comparison of some previously reported cobalt based electrocatalysts for HER.

Catalyst Mass loading | Electrolyte | #g=10macm™) | Tafel slope Reference
(mg cm?) (mV) (mV dec™)

CoO/NF N/A 1 M KOH 224 72 [S11]
CoO/N-S-UPCNPs 0.28 1 M KOH 110 94 [S22]
C@Co0/CC N/A | M KOH 120 129 [S23]
CoOx@CN 0.12 | M KOH 232 N/A [S24]
Co@CoO/NG 2 I M KOH 112 119 [S25]
Co/CoO N/A 1 M KOH 160 68.1 [S26]
C09Ss/C0304 N/A 1 M KOH 250 73.5 [S20]
Co/Co9Ss@NSOC 0.64 1 M KOH 216 149 [S27]
Co9Ss/CoNCNT 0.56 1 M KOH 196 84.9 [S28]
Co09Ss/N,S-rGO 0.37 1 M KOH 334.2 118 [S21]
Co9Ss@N-S-HPC 0.26 1 M KOH 173 78 [S29]
N,S- Co9Ss NPS/MC N/A 1 M KOH 196 75.5 [S30]
CoSA+Co09Ss/HCNT 0.97 1 M KOH 250 101 [S31]
CosSs@C 0.3 1 M KOH 250 NA [S32]

ODR- 0.28 0.1 M KOH 160 90 | This work

Co09Ss/CoO/NC
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