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Figure S1. The binary Co-S phase diagram (Cited from NIMS Materials data), showing the phase 

constitution information of the Co and Co9S8 phases ( . The red dash line indicates 0 ≤ S% ≤ 47%, at%)

the nominal composition of the rapidly quenched Co9S8 ribbons.

Figure S2. TEM characterization of a rapidly-solidified Co90S10 precursor ribbons. (a) High-angle 

annular dark-field scanning TEM image of the rapidly-solidified two-phase alloy. The marked box is the 

selected region for EDS chemical analysis. (b) STEM EDS element mappings of the alloy taken from 

the marked region in (a). Scale bars: (a) and (b) 100 nm.



Figure S3. The linear sweep voltammetry (LSV) curve of the Co90S10 ribbons in 0.5 M HCl. There are 

two distinct peaks corresponding to the oxidation (or dissolution) of the Co and Co9S8 phases, 

respectively. The critical dissolution potential of the Co phase is ~-0.2 V vs. Ag/AgCl while it is ~0.75 

V for the dissolution of the metal sulfide. In this study we selected the corrosion potential of 0 V for the 

selective dissolution of the Co phase at which the Co9S8 phase is safe.

Figure S4. The correlation of P content in Co9S8-xPx with the loading mass of NaH2PO2 precursor. The 

P content in the np-Co9S8-xPx increased with increasing NaH2PO2 precursor dosage used in the synthesis 

until 50% of S was substituted with P (x=4 for Co9S8-xPx). Further increase of the P dosage could 

slightly increase the P/S ratio in np-Co9S8-xPx.



Figure S5. XRD spectra of the precursor Co9S8 ribbons, np-Co9S8 and np-Co9S8-xPx. After complete 

dissolution of the Co phase, the np-Co9S8 phase was retained. The P substitution does not cause 

detectable structure changes until the P content increases to x=4.7 while a new Co3S4 phase appears 

with the diffraction peaks marked by *. 

Figure S6. Raman spectra of np-Co9S8-xPx, x = 0.9, 2.4, and 4.7.



Figure S7. EDS spectra of np-Co9S8-xPx with different S/P ratios.

Figure S8. Original HER polarization curves without iR-correction of np-Co9S8-xPx in neutral solution.



Figure S9. Comparison of HER performance between np-Co2P and np-Co9S4P4 in 1.0 M PBS. (a) 

Polarization curves, (b) corresponding to Tafel slope. 

Figure S10. Onset potentials of np-Co9S8 and np-Co9S8-xPx with different S/P ratios in 1.0 M PBS. 

Figure S11. Calculated exchange current densities of np-Co9S8 and np-Co9S4P4 catalyst by applying

extrapolation method to the Tafel plots



Figure S12. XPS spectra of np-Co9S4P4 after long-term HER testing in neutral solution. (a) Co 2p, (b) S 

2p, and (c) P 2p region. As the figure shown, the np-Co9S4P4 electrode can retain the intrinsic feature 

after long-term HER testing. The negligible sulfate peaks were observed in the Figure S12b. However, 

the sulfate peaks are obvious increased form pristine np-Co9S8 electrode. The results clearly verified that 

it is indeed the P substitution renders the excellent catalytic durability.

Figure S13. Long time catalytic stability of the np-Co9S4P4 electrode. Constant current density of 10 

mA cm-2 was employed to drive continuous hydrogen evolution reaction. The fluctuation of voltage in 

the catalytic process may be caused by H2 bubbles.



Figure S14. SEM images of self-support np-Co9S4P4 electrode after long-term testing. (a) Face section, 

(b) cross section. Scale bars: (a) 500 nm, (b) 1 m

Figure S15. HER performances of np-Co9S8-xPx with different P/S ratios in acidic and basic solutions. 

(a) Polarization curves in 0.5 M H2SO4 and (b) corresponding to Tafel slope. (c) Polarization curves in 

1.0 M KOH and (d) corresponding to Tafel slope.



Figure S16. Chronoamperometric response recorded on np-Co9S4P4 electrode in (a) the acidic solution 

and (b) basic solution at a constant overpotential of -100 mV and -150 mV, respectively

Figure S17. (a-e) Cyclic voltammograms (CVs) of np-Co9S8-xPx. The CVs were measured at various 

scan rates (20, 40, 60, 80, 100, 120, 140 and 160 mV/s) from -0.05 to -0.15 V vs RHE. (f) The plots of 

current densities against scan rates. △j is the difference between anodic and cathodic current densities at 

a potential of 0.10 V vs RHE. 



Figure S18. (a) N2 adsorbing-desorbing isotherm curves of np-Co9S8 and np-Co9S8-xPx. (b) The pore 

size distribution of as-prepared np-Co9S8 and np-Co9S8-xPx.

Figure S19. Electrochemical impedance spectroscope (EIS) Nyquist plots of np-Co9S8 and np-Co9S8-xPx 

with different P/S ratios in 1.0 M PBS.



Figure S20. The calculated free energies of H2O adsorption, activated H2O adsorption, OH adsorption 

and H adsorption of Co9S8-xPx with different P/S ratios.

Figure S21. Spin resolved projected density of states (PDOS) for np-Co9S8-xPx obtained from DFT 

calculations. As the P concentration increases, the occupied states of electrons increase around Fermi 

level and thus the conductivity of np-Co9S8-xPx becomes better.



Figure S22. (a) Comparison on HER activities of self-supported np- Co9S4P4 electrode，C/Co9S4P4 

nanoparticles (NPs) loaded on glassy carbon (C/Co9S4P4 NPs/GC), and Co9S4P4 nanoparticles loaded on 

glassy carbon (Co9S4P4 NPs/GC) in 1.0 M PBS. (b) Nyquist plots of self-supported np-Co9S4P4, 

C/Co9S4P4 NPs/GC, Co9S4P4 NPs/GC in 1.0 M PBS at an overpotential of -100 mV. The Nyquist plots 

show that the arc radius of self-supported np-Co9S4P4 is obviously smaller than that of C/Co9S4P4 

NPs/GC and Co9S4P4 NPs/GC, suggesting lower solid state interface layer resistance and charge transfer 

resistance of the bicontinuous nanoporous catalyst. 



Table S1. HER performances of np-Co9S8-xPx and other high-performance noble-metal-free 

electrocatalysts in neutral electrolytes. (j: current density; η: overpotential; η0: onset potential)

Catalysts Substrate electrolyte η0 
(mV)

j 
(m
A 

cm-

2)

η（mV）
at the 

correspon
ding j

Tafel 
slope

(mV 
dec-1)

Reference

np-Co9S4P4
Free-

standing 1 M PBS 0 10 87 52 This work

np-Co9S8
Free-

standing 1 M PBS 153 10 264 118 This work

H2-
CoCat/FT

O
FTO 0.5 M 

PBS 50 2 385 140 Ref. 1

Co-S/FTO FTO 1 M PBS 43 10 ~160 93 Ref. 2

CoP 
nanowire 

array 

carbon 
cloth

0.2 M 
PBS N/A 10 106 93 Ref. 3

CoP 
nanosheets Ti plate 0.2 M 

PBS N/A 10 149 58 Ref. 4 

FeP 
nanorod 

array

carbon 
cloth

0.2 M 
PBS 112 10 202 71 Ref. 5

FeP 
nanoparticl

es
Ti plate 1 M PBS N/A 10 102 N/A Ref. 6 

WP2 GCE* 1 M PBS 60 10 244 92 Ref. 7

MoP 
nanosheet

Carbon 
flake  1 M PBS N/A 1 300 77.8 Ref. 8

Carbon-
armored 
Co9S8 

nanoparticl
e 

GCE 1 M PBS 150 10 280 N/A Ref. 9

Co-
NRCNTs GCE 1 M PBS ~250 10 540 N/A Ref. 10

CoNX-C GCE 1 M PBS 30 10 247 N/A Ref. 11

Ni3S2 sheet Ni Foam 1 M PBS N/A 10 170 N/A Ref. 12

Ni-S FTO* PBS 
(concertrat

237 10 337 77 Ref. 13



ion not 
mentioned

)

Amorphou
s MoS3

GCE

 PBS 
(concertrat

ion not 
mentioned

)

N/A 2 280 86 Ref. 14

NPG@/Mo
S2.7

GCE 0.2 M 
PBS N/A 1 250 60 Ref. 15

Ni-Mo-S Carbon 
fiber

0.5 M 
PBS 132 10 200 85.3 Ref. 16

MoS2/N-
doped 

graphene 
nanosheet 

aerogel 

GCE 100 mM 
PBS N/A 10 175 230 Ref. 17

CuMoS4 GCE 0.1 M 
PBS ~550 2 210 N/A Ref. 18

Mo2C@NC GCE 0.1 M 
PBS N/A 10 156 N/A Ref. 19

f-
MWCNTs
@Pd/TiO2

GCE 0.1 M 
PBS N/A 1 170 130 Ref. 20

*GCE: glass carbon electrode; FTO: fluorine-doped tin oxide



Table S2. HER performances of np-Co9S4P4 and other high-performance noble-metal-free 

electrocatalysts in acidic electrolytes. (j: current density; η: overpotential; η0: onset potential)

Catalysts Substrate electrolyte η0 
(mV)

η（mV
）at 

j=10 mA 
cm-2

Tafel 
slope

(mV 
dec-1)

Reference

np-Co9S4P4
Free-

standing
0.5 M 
H2SO4

~0 58 45 This work

np-Co9S8
Free-

standing
0.5 M 
H2SO4

~150 216 80 This work

CoS2 film GCE* 0.5 M 
H2SO4

N/A 232 44.6 Ref. 21

Co0.32Ni0.68S2 
film GCE 0.5 M 

H2SO4
N/A 276 66.3 Ref. 21

Fe0.43Co0.57S2 
film GCE 0.5 M 

H2SO4
N/A 192 55.9 Ref. 21

Co0.56Ni0.44Se2 
film GCE 0.5 M 

H2SO4
N/A 252 49.7 Ref. 21

CoSe2/CP Carbon 
fiber

0.5 M 
H2SO4

N/A 137 42.1 Ref. 22

CoS2/rGO/CNT
s GCE 0.5 M 

H2SO4
N/A 143 51 Ref. 23

Fe0.9Co0.1S2/CN
T GCE 0.5 M 

H2SO4
N/A 160 46 Ref. 24

CoS2 nanowires GCE 0.5 M 
H2SO4

N/A 145 51.6 Ref. 25

Double-gyroid 
MoS2

FTO* 0.5 M 
H2SO4

N/A ~220 50 Ref. 26

Co2P NPs GCE 0.5 M 
H2SO4

N/A 95 45 Ref. 27

Porous Co-
based film Au film 0.5 M 

H2SO4
35 150 53 Ref. 28

CoP Ti foil 0.5 M 
H2SO4

N/A N/A 50 Ref. 29

CoP Carbon 
cloth

0.5 M 
H2SO4

38 75 51 Ref. 3



CoP/CNT GCE 0.5 M 
H2SO4

40 122 54 Ref. 30

CoP Ti foil 0.5 M 
H2SO4

40 90 43 Ref. 4

Ni2P NPs GCE 0.5 M 
H2SO4

>50 117 46 Ref. 31

Cu3P NW Carbon 
fiber

0.5 M 
H2SO4

62 143 67 Ref. 32

MoP GCE 0.5 M 
H2SO4

40 125 54 Ref. 33

P-WC/RGO GCE 0.5 M 
H2SO4

46 85 54 Ref. 34

Porous Mo2C GCE 0.5 M 
H2SO4

25 142 53 Ref. 35

Co-NRCNT GCE 0.5 M 
H2SO4

50 260 69 Ref. 10

Mo 
phosphosulfide GCE 0.5 M 

H2SO4
N/A 86 50 Ref. 36

CoPS NP|s Ti foil 0.5 M 
H2SO4

～0 48 56 Ref. 37

MoS2(1-x)Px GCE 0.5 M 
H2SO4

N/A ~150 57 Ref. 38

*GCE: glass carbon electrode; FTO: fluorine-doped tin oxide



Table S3. HER performances of np-Co9S4P4 and other high-performance noble-metal-free 

electrocatalysts in basic electrolytes (j: current density; η: overpotential; η0: onset potential).

Catalysts Substrate electr
olyte

η0 
(mV)

η（mV
）at 
j=10 

mA cm-2

Tafel 
slope

(mV 
dec-1)

Reference

np-Co9S4P4
Free-

standing
1.0 M 
KOH 40 96 55 This work

np-Co9S8
Free-

standing
1.0 M 
KOH 202 271 110 This work

Co2P 
nanorods Ti foil 1.0 M 

KOH N/A 152 N/A Ref. 39

Ni2P GCE* 1.0 M 
KOH N/A 205 N/A Ref. 31

CoP Carbon 
cloth

1.0 M 
KOH N/A 209 129 Ref. 3

FeP NAs NW Carbon 
cloth

1.0 M 
KOH N/A 218 146 Ref. 5

MoB GCE* 0.1 M 
KOH N/A 225 59 Ref. 40

Porous Mo2C GCE* 1.0 M 
KOH 80 151 59 Ref. 35

Ni/Ni(OH)2 GCE* 0.1M 
KOH N/A 300 128 Ref. 41

Ni/NiO/CNT GCE* 1.0 M 
KOH N/A 80 82 Ref. 42

Co/Co3O4 Ni foam 1.0 M 
KOH 30 90 44 Ref. 43

MoC0.654@C
NS Ni foam 0.1M 

KOH N/A 220 N/A Ref. 44

Porous Co-
based film Au film 1.0 M 

KOH N/A ~375 N/A Ref. 28

Co-NRCNT GCE* 1.0 M 
KOH N/A 370 N/A Ref. 10

*GCE: glass carbon electrode



Table S4. Comparison of reported nonprecious metal electrocatalysts for OER in

neutral electrolyte. (j: current density; η: overpotential)

Catalysts Substrate
j@η=0.57 

V (mA 
cm-2)

Tafel 
slope

(mV dec-1)
Ref.

np-Co9S4P4 Free-standing 25.9 106 This work

np-Co9S8 Free-standing 3.12 137 This work

Co-Bi NS/GC GCE* 14.4 160 Ref. 45

Co-Bi NS GCE* 5.3 274 Ref. 45

LiCoPO4 GCE* 0.5 120 Ref. 46

Co3S4 nanosheets GCE* 2.4 151 Ref. 47

Co3O4/SWNTs Indium tin 
oxide (ITO) 6.0 104 Ref. 48

A-CoS4.6O0.6 PNCs GCE* 4.59 164 Ref. 49

Benchmarking
RuO2 GCE* 1.79 245 Ref. 49

Co-Pi GCE* 0.57 74.1 Ref. 50

*GCE: glass carbon electrode



Table S5. Calculated hydrogen adsorption free energy, ΔGH. The DFT calculations were performed on 

Co9S8-xPx. For HER activities, the (001) surfaces are considered as the active surface in the Fm-3m 

space group structure (The adsorbed H sites in the model are highlighted by red circles).

Compound Space group Surface Structure site

Co9S8 Fm-3m (001) Co

Co9S7P1 Fm-3m (001) Co

Co9S6P2 Fm-3m (001) Co

Co9S5P3 Fm-3m (001) Co

Co9S4P4 Fm-3m (001) Co



Co9S2P6 Fm-3m (001) Co

Table S6. The HER kinetic investigation in neutral and basic conditions. Gibbs free

energies (G, eV) of adsorbed H2O, H, and OH on the catalysts; the energy barriers

(△G, eV) of H2O dissociation step (Volmer step) and combination of H* into

molecular hydrogen (Tafel step) on different catalyst models. Adsorption

energy of H is referred to gas phase H2

Catalysts
G(H)

(eV)

G(OH)

(eV)

G(H2O)

(eV)

∆G(H)

(eV)

∆G(H2O)

(eV)

∆G(OH+H)

(eV)

∆G(OH)

(eV)

Co9S8 0.180 -2.971 -1.099 -0.180 1.121 -1.017 -0.718

Co9S6P2 0.101 -2.513 -0.637 -0.101 0.899 0.621 0.533

Co9S4P4 0.042 -2.409 -0.592 -0.042 0.746 0.542 0.379

Co9S2P6 0.073 -2.482 -0.625 -0.073 0.873 0.673 0.412
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