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Supplementary Figure 1 | Morphology and crystal structure of Co304/CNT. (a) SEM image of
C0304/CNT; Scale bar, 300 nm. (b) TEM image of Co304/CNT; Scale bar, 40 nm. (c) XRD patterns

of CO304/CNT.
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Supplementary Figure 2 | Morphology and crystal structure of CoS,/CNT. (a) SEM image
CoS,/CNT; Scale bar, 300nm. (b) TEM image CoS,/CNT; Scale bar, 40 nm. (c) High-resolution
TEM image CoS,/CNT; Scale bar, 20 nm. (d) XRD patterns of CoS,/CNT.



Supplementary Figure 3 | STEM-EDX elemental mapping of the CoS,/CNT hybrid. STEM-

HAADF image and corresponding EDX mapping of S (orange), Co (green), and C (red) element
in the CoS,/CNT hybrid. Scale bars, 10 nm.



Element | Atom % Atom
Line Error %
Al K 6.0 +/- 0.1

PK 0.0 -

SK 60.2 +/- 0.2
CoK 338 | +/-0.2
Total 100.0

Element | Atom % Atom

Line Error %
CukK 0.9 +/- 0.1
PK 337 | +/-07
SK 342 | +/- 0.7
CoK 31.2 +/- 0.5
Total 100.0

Supplementary Figure 4 | SEM-EDS characterization of the CoS,/CNT and CoS|P/CNT hybrids.
(a, b) SEM image and corresponding EDS spectrum of CoS,/CNT. (c, d) SEM image and

corresponding EDS spectrum of CoS|P/CNT.
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Supplementary Figure 5 | Long time catalytic stability of the CoS|P/CNT hybrid. Constant
overpotential was employed to drive continuous hydrogen evolution reaction. After 100 hours
of hydrogen production, the catalyst still maintained 84% of its initial catalytic current density
(from 12.3 mA cm2to 10.4 mA cm). The fluctuation of current density in the catalytic process

may be caused by bubble formation and collapse.
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Supplementary Figure 6 | Faradaic efficiency for HER catalyzed by CoS|P/CNT. The actual
amount of H; detected by GC-MS was compared with the current density (20 mA cm™) to

derive the Faradaic efficiency.
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Supplementary Figure 7 | Comparison of CoS,/CNT hybrids prepared using one-step and
two-step methods. (a) TEM image of the CoS,/CNT hybrid prepared with the two-step method.
Scale bar, 40 nm. (b) TEM image of another CoS,/CNT hybrid prepared using a one-step
hydrothermal reaction; Scale bar, 40 nm. (c) The polarization curves of the CoS,/CNT hybrids
prepared with one-step and two-step methods. Catalyst mass loading was 0.8 mg cm™. (d)

Corresponding Tafel slopes of the CoS,/CNT hybrids derived from (c).
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Supplementary Figure 8 | Catalytic activity and durability of CoS,/CNT and CoS,xPx/CNT
hybrids with different P/S ratios and different catalyst loadings. (a) Polarization curves of
CoS,xPx/CNT hybrids prepared with different P dosages where 30, 60, 100 and 300 mg of
NaH,P0,-H,0 salt were used for 5 mg of CoS,/CNT; The CoS,/CNT was used as a comparison.
The catalyst mass loading was 0.8 mg cm™. (b) The durability (j ~ t curves) of CoS,«Px/CNT
hybrids with different P/S ratios. The catalyst mass loading was 0.8 mg cm™. The curves were

recorded without iR compensation. (c) Polarization curves of CoS|P/CNT (CoS,«Px/CNT with
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Supplementary Figure 9 | Catalytic activity and durability of the CoS,/CNT hybrid annealed
in Ar at 400 °C. (a) Polarization curve of CoS,/CNT after annealing in Ar at 400 °C for 1 h,
showing lower HER activity compared to the as-made CoS,/CNT hybrid; the catalyst mass
loading was 0.8 mg cm. (b) Durability of the annealed CoS,/CNT hybrid for HER in 0.5 M H,SO4
solution, showing that the stability of the annealed CoS,/CNT is inferior to CoS|P/CNT; 0.4 mg
of catalyst was loaded on a carbon fiber paper with 0.5 cm? of active area. The test was
performed without iR compensation. (c) The concentration of Co dissolved in electrolyte for

the annealed CoS,/CNT hybrid after 20 h of HER electrolysis corresponding to the j ~ t curve in
(b).
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Supplementary Figure 10 | XRD patterns of the CoS,/CNT and CoS,..Px/CNT hybrids with

different P/S ratios. In the study, the P/S ratio of the CoS,.«Px/CNT can be readily tuned between

0 and 1 by varying the dosages of NaH,PO,-H,0O used. The diffraction patterns remain almost

unchanged from the original CoS,/CNT within the P/S range studied. The diffraction peaks marked

with asterisk symbols in the XRD patterns of CoS,/CNT and 30 mg P can be assigned to CoSO4-4H,0

(PDF#16-0488) which was formed from partially oxidation of pyrite CoS, in ambient condition.

However, for the samples with higher P doping extents, no sulfate phase was detected. This

confirms the role of P doping on the chemical stability of CoS|P.
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Supplementary Figure 11 | Catalytic activity and durability (derived from Supplementary
Figure 8) of CoS,/CNT and CoS,.xPx/CNT hybrids with different P/S ratios. (a) Potentials
needed for the CoS,/CNT and CoS,.«P«/CNT hybrids with different P doping levels to drive an
HER current density of 10 mA cm?, showing that the catalytic activity is not affected by P
substitution. (b) The correlation between catalytic durability and P content of the CoS,xPx/CNT
hybrids. After driving HER at ~10 mA cm™ for 3600 seconds, the retention of catalytic current
was compared among the catalysts with different P/S ratios. The P content in the CoS,.«Px/CNT
hybrids increased with increasing P precursor dosage used in the synthesis until 50% of S was
substituted with P (x=1.0 for CoS,.xPx). Further increase of the P dosage could not increase the

P/S ratio of the CoS,«P«/CNT. The catalytic stability of the CoS,«xPx/CNT was drastically
enhanced by P doping.
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Supplementary Figure 12 | Spin-resolved projected density of states (PDOS) for CoS,.xPx

obtained from PBE+U calculations. Please note for x = 0 and 0.5, the ground states are

magnetic, while for x = 1.0, 1.5 and 2 the ground states are non-magnetic. In the figure, tot

(up), tot (dn), Co-d (up) and Co-d (dn) stand for total spin-up density of states, total spin-down

density of states, Co 3d spin-up density of states and Co 3d spin-down density of states,

respectively.
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Supplementary Figure 13 | Calibration of the reference electrode. (a) Cyclic voltammetry (CV)

curve of hydrogen oxidation and evolution in 0.5 M H,S0,; (b) Open circuit potential of the

electrochemical cell. The saturated calomel electrode (SCE) was calibrated with respect to the

reversible hydrogen electrode (RHE). The 0.5 M H,SO, electrolyte was firstly saturated with

ultrahigh purity hydrogen gas. A Pt net was used as the working electrode, a Pt-Rh net as the

counter electrode and the SCE electrode as the reference electrode. CV was performed at a

scan rate of 5 mV s}, and the average of the two potentials at which the current crossed zero

was taken as the thermodynamic potential based on SCE for the H*/H; reactions. The open

circuit potential was also measured for this three electrode configuration to further confirm

the electrode potential of SCE in 0.5 M H,SO, electrolyte.
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Supplementary Table 1 | HER activity comparison of the CoS|P/CNT hybrid with the most

active non-noble metal based catalyst materials reported in the literature

Tafel
n@10mA
slope Jo Loading
Catalyst cm? Reference
(mVv (mA cm?) (mg cm??)
(mV)
dec?)
48 55 1.14 1.6
CoS|P/CNT 63 48 0.83 0.8 This work
67 49 0.64 0.4
CoS; film 232 44.6 5.40E-05 N/A
CoSe; film 230 42.5 5.00E-05 N/A
Coo.32Nio.68S: film 276 66.3 2.50E-04 N/A 1
Feo.43C00.5575: film 192 55.9 1.60E-03 N/A
Coo.56Nig.2aSe; film 252 49.7 7.10E-05 N/A
CoSe; NPs N/A 40 3.70E-02 0.037
CoS,/rGO/CNTs 143 51 6.26E-02 1.15
CoS; 327 148 1.01E-02 0.280 2
CoS,/rGO 278 82 7.02E-03 0.280
CoS; film N/A 48.8 1.91E-05 N/A
Feo.07Ni0.9352 N/A 58.7 4.69E-05 N/A ,
Feo.48C00.5252 196 47.5 9.59E-04 N/A
Co0.59Ni0.4152 N/A 50.4 4.76E-05 N/A
Feo,9COo_152/CNT 160 46 N/A 0.4 4
CoS; nanopyramids on
193 72 N/A N/A 5
Ti foil
CoS; nanowires 145 51.6 1.51E-02 1.7+0.3 6
Co,P hollow NPs 95 45 N/A 0 ,
1.
CoP hollow NPs 75 50 N/A
CoP nanowire arrays
67 51 0.288 0.92 8
on carbon cloth
CoP@CNT 117 54 0.13 N/A 9
FeP NPs 50 37 0.43 1.0 10
CoS,/P nanosheets 67 50 0.47 2.5 u
CoPS NPIs 48 56 0.984 N/A
CoPsS film 128 57 0.056 N/A 12
CoPS NWs 61 75 0.554 N/A
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1T MoS; 210 ~40

N/A N/A 13
2H MoS; 368 75-85
Mo phosphosulfide 86 50 0.2 1.0 4
Li intercalated MoS; 113 43~47 0.13~0.25 0.12 5
MoS,/CoSe; 68 36 0.073 0.28 16
MoP NPs 125 54 0.086 0.36 1
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Supplementary Methods

Materials

NaH,P0,-H,0 was purchased from Alfa Aesar. H,SO4, KMnQ,, absolute alcohol, NaNOs, NaOH,
and H,0, (30% solution) were obtained from VWR Corporation. CNTs (FloTube™ 9000) were
received from CNano Technology (Beijing) Ltd. Thioacetamide and cobalt acetate was
purchased from Acros Organics. Nafion (5 wt%) was bought from Sigma-Aldrich. All the
reagents were used as received. The water used throughout all experiments was purified
through a Millipore system.

Preparation of mildly oxidized CNTs

Mildly oxidized CNTs were prepared through a modified Hummers method®®. 1 g of multi-wall
CNTs were first purified by calcination in air at 500 °C and refluxing with 40 mL of diluted
hydrochloric acid (10%) to remove amorphous carbon and residual catalyst particles. The
purified CNTs were washed with DI water and dried in oven at 80 °C overnight. Then, the
purified CNTs were moved into a 250 mL flask and 23 mL of concentrated sulfuric acid was
added. The mixture was stirred at room temperature for 12 h. After that, the flask was heated
to 40°Cinan oil bath, followed by slow addition of 100 mg of NaNOs. After 5 min, 4 g of KMnO4
was slowly added into the suspension, keeping the reaction temperature no higher than 45 °C.
The suspension was stirred for 30 min and followed by addition of 3 mL of DI water. 5 min later,
another 3 mL of DI water was added. After another 5 min, 40 mL of DI water was added. 15
min later, the flask was removed from the oil bath and 140 mL of water and 30 mL of 30% H,0,
was added to stop the reaction. The suspension was stirred at room temperature for 15 min.
It was then centrifuged and washed with 5% hydrochloride acid solution for 3 times, followed
by repeated wash with DI water until pH value reached higher than 5. The final precipitate was
then collected and freeze-dried.

Materials characterizations

XRD measurements were performed using a Riguku Smartlab X-ray diffractometer with Cu Ka
radiation. SEM images were obtained on a Hitachi SU70 field emission SEM. Low-magnification
TEM measurements were performed on a JEM 1400 (JEOL USA) with an accelerating voltage
at 80 kV. High-resolution TEM imaging and STEM-EDS mapping were done with an FEI TECNAI
Osiris at an accelerating voltage of 200 kV. XPS studies were performed using a Kratos Axis Ultra
X-ray photoelectron spectrometer with Al Ka radiation (hv = 1486.71 eV). Raman spectra were
obtained using a confocal micro-Raman spectroscopy (LabRam HR Evolution, Horiba) with a
532 nm excitation laser.

Colorimetric comparison

2.5 mg of catalyst material was soaked into 10 mL of 0.5 M H,SO, solution for 2 h. After that,
the mixture was centrifuged and the supernatant was collected. 20 uL of supernatant, 5 mL of

sodium acetate solution (250 g L), and 3 mL of Nitrite R salt solution (10 g L'!) were added
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into a 25 mL vial. The dissolved Co?" can form a red-colored complex with the nitrite R salt in

acetate buffer solution.
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