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Experimental Section

All the chemicals appeared in the synthesis section were purchased from SCRC, Shanghai Co.,
Ltd., which were of analytic grade and used without further purification.

Synthesis of Co(OH),(COs), nanowires: Typically, 0.356 g of CoCl,-6H,0 and 0.068 g of urea
were first dissolved in 30 mL water under agitation. Then, the above solution was maintained at
40 °C for 30 min using a water-bath heater. Subsequently, 2.25 mL oleylamine preheated by an
oven at 65 °C, was added into the solution under a slow stirring rate to form bigger bluish-green
aggregates. Finally, the suspension was transferred to a 40 mL autoclave and kept at 185 °C for
12 h. After reaction, the pink product was washed with water and ethanol by centrifugation for
three times before it was dried in a freezing drier.

Synthesis of MoS, nanosheets: For the fabrication of MoS, nanosheets, firstly, 0.08 g of
(NH4)6Mo0,0,4-4H,0 and 0.15 g of thiourea were added into 30 mL DMF under stirring condition.
Then, the suspension was further agitated for 30 min to ensure the complete dissolution of
reactants. Following this step, the above solution was transferred to an autoclave and
maintained at 200 °C for 24 h. After reaction, the product was washed with ethanol by
centrifugation for three times and dried by a freeze-drying method.

Synthesis of CoS hierarchical nanotubes: In a routine preparation, 0.3 g of Co(OH),(COs),
nanowires were dispersed into 20 mL ethanol by agitation for about 3 min at first. After that,
0.06 g of thiourea was added to the suspension which was further stirred for 20 min. At last, the
suspension was sealed in an autoclave and heated at 200 °C for 12 h. The obtained product was
rinsed with ethanol by centrifugation for three times before it was dried by lyophilization.

Synthesis of CoS/MoS, hybrid nanotubes: Generally, at first, a calculated amount of prepared
CoS nanotubes were dispersed in 30 mL DMF under agitation. Subsequently, 0.08 g of
(NH4)6Mo0,0,4°4H,0 and 0.15 g of thiourea were added into the above suspension, which was
then stirred for 30 min before it was sealed in an autoclave. Finally, the autoclave was placed in
an over and heated at 200 °C for 24 h. After reaction, the product was obtained through
centrifugal washing with ethanol for three times before the freeze-drying procedure. The
product was expressed as CMSx (x = 20, 40, and 60), where x represents the calculated loading
percentage (wt%) of MoS, nanosheets.

Synthesis of CoS/MoS,/Ni(OH), nanotubes and Co3Ss/MoS,/Ni,P nanotubes: Regarding the
preparation of CoS/MoS,/Ni(OH), nanotubes, in the first place, 0.065 g of Ni(NOs),"6H,0, 0.03 g
of hexamethylenetetramine, and 0.0065 g of sodium citrate were dissolved in 15 mL water to
produce a greenish solution under stirring condition. Meanwhile, 0.02 g of CMS40 was uniformly
dispersed into 15 mL water by agitation for about 5 min. Then, the above solution and
suspension were mixed together and stirred for 5 min before being transferred to an autoclave.
In the end, the autoclave was kept at 100 °C for 6 h in an over. The product was collected after
being rinsed with ethanol for three times and dried by lyophilization. For comparison, pure
Ni(OH), nanosheets were also prepared without the addition of CMS40 nanotubes. To get
Co3S4/Mo0S,/Ni,P nanotubes, the synthesized CoS/MoS,/Ni(OH), nanotubes were placed at one
end of a ceramic boat, and at the other end of which 0.15 g of NaH,P0O,-H,0 was put. Following
this step, the ceramic boat was placed in a tubular furnace with P source against the flow
direction of Ar gas, and the Co03S./Mo0S,/Ni,P nanotubes can be obtained after calcination



reaction was performed at 350 °C for 2 h using a ramping rate of 5 °C/min.

Characterizations: X-ray diffraction (XRD) measurement was carried out on a Bruker D8
Advance X-ray diffractometer (Cu Ka radiation, A = 1.5418 A). Raman spectra were obtained on a
LabRAM HR Evolution Raman spectrometer using the exciting light of 532 nm. X-ray
photoelectron spectroscopy (XPS) signals were collected by a Thermo Fisher ESCALAB 250 Xi
spectrometer using the monochromatic Al Ka X-ray source (1486.6 eV) at 2.0 kV and 20 mA.
Scanning electron microscopy (SEM) photographs were taken by a Hitachi S5500 Field Emission
Gun Scanning Electron Microscope operated at 5 kV. Transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), dark-field scanning transmission electron microscopy (STEM), as
well as energy dispersive X-ray (EDX) element mapping data were acquired with a FEI Tecnhai G2
F20 S-Twin microscope running at 200 kV. Brunauer-Emmett-Teller (BET) specific surface area
and corresponding pore-size distribution were examined on a Micromeritics Tristar Il 3020
automatic adsorption machine.

Electrochemical Measurements: Electrochemical measurements were performed by the
Princeton PARSTAT 4000A work station employing a three-electrode system. The counter
electrode and reference electrode was the graphite rod and saturated calomel electrode (SCE),
respectively. Meanwhile, 1.0 M KOH aqueous solution was used as the electrolyte for all tests.
Before each experiment, 5 mg of catalyst and 1 mg of commercial C were dispersed into a
solution composed of 750 pL water and 250 pL ethanol by sonication for 30 min at first; then, 50
uL of Nafion solution (Sigma Aldrich, 5 wt%) was added into the above suspension which was
further treated with sonication for another 30 min to form a homogeneous ink. Subsequently, 6
uL of the dispersion was dropped onto a glassy carbon electrode (exposure area of 0.198 cm-2),
which was then employed as the working electrode. Linear sweep voltammetry (LSV) curves
were collected in the potential range of - 0.9 to - 1.6 V vs. SCE using a scanning rate of 5 mV-s* at
room temperature and 1600 rpm. To study the effective surface areas of different catalysts, the
corresponding cyclic voltammetry (CV) curves (scanning rate varies from 10 to 60 mV-s1) were
measured at - 1 to - 0.9 V vs. SCE for Co3S4/MoS,/Ni,P nanotubes, and - 1.1 to - 1 V vs. SCE for
CoS/MoS, nanotubes, CoS nanotubes, and MoS, nanosheets, respectively. The galvanostatic
electrochemical impedance spectroscopy (EIS) signals were recorded in the frequency range of
100 kHz to 0.1 Hz, and the amplitude and bias current were set as 0.1 mA and 1 mA, respectively.
Cycling stability of the catalyst was investigated by chronoamperometry utilizing the potential at
a current density of 20 mA-cm2. For the convenience of comparison and data processing, all the
potentials vs. SCE were calibrated to a reversible hydrogen electrode (RHE) by adding a value of
(0.242 + 0.059pH)? correspondingly.



Characterization Results

Figure S1. TEM and corresponding STEM and EDX element mapping results of the Co(OH),(COs),

nanowire precursor.

TEM image of the Co(OH)4(CO3), nanowires template is displayed in Figure S1, which suggests
that the nanowires possess a primary diameter of 90~120 nm and a length of about 5~8 um.
Based on the dark-field scanning TEM graph and corresponding energy dispersive X-ray element
mapping results of one single nanowire, we can see that all the elements of Co, C, and O have a

uniform distribution throughout the whole nanowire.
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Figure S2. XRD patterns of the products obtained at different sulfidation phases.




Figure S3. TEM graph of Ni(OH),-nanosheet aggregates.
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Figure S4. N, adsorption-desorption isotherms and corresponding pore-size distributions of (a)
MoS, nanosheets, (b) CoS nanotubes, (c) CoS/MoS, hybrid nanotubes having the MoS, loading
amount of 40 wt%, (d) CoS/MoS, hybrid nanotubes with the MoS, loading amount of 60 wt%.

The isotherms and pore-size distributions of MoS, nanosheets, CoS nanotubes, CMS40
nanotubes, and CMS60 nanotubes were shown in Figure S4, revealing that all these four samples
have a type-lll adsorption isotherm with a H3 hysteresis loop. Moreover, the major pore-size



distributions of MoS; nanosheets, CMS40 nanotubes, and CMS60 nanotubes are all centered at
3.8 nm, which is smaller than 17.5 nm for CoS nanotubes. According to IUPAC’s definition, all

these samples could belong to the mesoporous class in view of the related pore-size distributions.

Table S1. ICP and BET results of different electrocatalysts.

Electrocatalysts MoS; loading amount (wt%) BET surface area (m?/g)
MoS, NSs 100 39.6
CoS NTs 0 45.8
CMS20 NTs 17.27 106
CMS40 NTs 35.73 112
CMS60 NTs 54.96 130
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Figure S5. The exchange current densities of different electrocatalysts were determined by the

intercepts of corresponding Tafel curves with horizontal axis when the overpotential (V vs. RHE)

equals zero.

Table S2. Calculated exchange current densities of varying samples.

Electrocatalysts Log(J/mA-cm2)atn=0V Exchange current density
(mA-cm?)
MoS, nanosheets -1.07 0.085
CoS nanotubes -0.99 0.10
CMS40 nanotubes -0.96 0.11
PN-CMS40 nanotubes -0.68 0.21
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Figure S6. Typical (a) TEM, (b) HRTEM, and corresponding (c) STEM and EDX element mapping
results of the composite CoS/MoS,/Ni(OH), nanotubes.

TEM image of the CoS/MoS,/Ni(OH), hybrid nanotubes was shown in Figure S6a, which
indicates that the nanotubes possess a major diameter of 150~200 nm and a length around 2~5
um, similar to that of initial CMS40 nanotubes. In order to further analyze the related
compositions, HRTEM graph of the hybrid was collected and presented in Figure S6b. We can see
that, an enlarged interlayer spacing of 0.95 nm appeared and it could be attributed to the (002)
plane of 2H-MoS,. Meanwhile, the lattice fringes of 0.260 nm were observed, which correspond
to the (002) facet of hexagonal CoS. The morphology of Ni(OH), nanosheets (Figure S3) is close to
that of MoS, nanosheets (Figure 3), hence, it is hard to distinguish the former from the latter.
Nevertheless, it is well known that, the crystallinity of metal hydroxides is usually weaker than
that of metal sulfides. Consequently, the lying nanosheet marked by the green dashed circle
could be recognized as the Ni(OH), nanosheet due to its poor crystallinity. In addition to the
HRTEM results, the existence of CoS, MoS,, and Ni(OH), in this composite was further confirmed
by the dark-field STEM and corresponding EDX element mapping measurements (Figure S6c),
which clearly demonstrate the tubular distribution of Co, Mo, Ni, O, and S ingredients.
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Figure S7. (a) Mo 3d, (b) Co 2p, (c) Ni 2p, and (d) S 2p XPS spectra of CoS/MoS,/Ni(OH),

nanotubes.

The surface element composition and chemical valences of CoS/MoS,/Ni(OH), nanotubes
were investigated by the XPS measurements. As shown in Figure S7a, the main Mo 3ds/;, and Mo
3ds/, peaks at 228.5 and 231.9 eV could be related to the Mo** species;? while the adjacent Mo
3d binding energies of 229.5 and 232.9 eV correspond to Mo®°* state.? For Co element (Figure
S7b), the major Co 2p3;, and Co 2py, signals locating at 778.6 and 793.9 eV confirm the
formation of Co3" species,* originating probably from the partial surface oxidation of CoS.
Correlatively, another set of doublets were observed at 782.1 and 798.5 eV, which are consistent
with that of Co?* chemical state.> The spectrum of Ni element was displayed in Figure S7c, in
which the binding energies of 857.2 and 875.1 eV were found and they could be ascribed to the
2p3; and 2py; signals of Ni?*® respectively. The binding energies of S 2ps/, and 2py, at 161.5 and
162.5 eV were detected (Figure S7d), indicating the presence of S species in the hybrid.22
Meanwhile, a set of doublets around 163.2 and 164.1 eV were also discerned from the spectrum,

which agree well with that of S,2 ligands.”



Figure S8. S 2p XPS spectra of (a) CoS nanotubes, (b) MoS, nanosheets, and (c) CoS/MoS,
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nanotubes. Presented in (d) is the O 1s signal of CoS nanotubes.

The S 2p;/, and 2p;y,, signals of CoS nanotubes were given in Figure S8a, which suggests the
presence of SZ species.? On the other hand, the O 1s spectrum shown in Figure S8d reveals that,
there are -OH (531.5 eV)? and adsorbed H,O (532.7 eV)%® existed on the surface of CoS
nanotubes. According to the S 2p spectra of individual MoS, nanosheets (Figure S8b) and CMS40
nanotubes composite (Figure S8c), two sets of doublets around 161.6-162.8 eV and 163.1-164.2

Binding Energy (eV)

eV can be found, which are in agreement with that of S and S,2 species, respectively. 7
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The Mo 3d spectrum of Co3S4/MoS,/Ni,P hybrid nanotube was provided in Figure S9a, which
indicates that Mo signal involves the compositions stemming from Mo** (228.9 and 232.1 eV)10
and Mo®* (229.7 and 233.2 eV)3 species. Meanwhile, a signal around 235.7 eV was found in the
spectrum, which evidences the presence of Mo-O bonds.” For Co element (Figure 9b), the
binding energies of 778.6-793.9 eV and 782.0-798.3 eV are observed, which can be attributed to
the Co3* and Co?* species,*® respectively. As shown in Figure S9c, there are two sets of doublets
existed in the Ni 2p spectrum, i.e., 853.3-870.2 eV and 856.9-874.7 eV, which could be related to
the Ni* and Ni?* species,!! respectively. Moreover, the S 2p signal displayed in Figure S9d
suggests that, both of S?- (161.7 and 162.8 eV)!2 and S, (163.1 and 163.9 eV)3? species were
present in the hybrid. Regarding to P element (Figure S9e), the binding energies at 129.5 and
130.2 can be ascribed to the P 2ps/, and 2py,, signals,’ 13 respectively; while the intense peak
situating around 134.3 eV may be resulted from the P-O species.’31* We can find that, the Ni
2ps3/, binding energy of Ni,P (853.3 eV, Figure S9c) is higher than that of metallic Ni (852.2 eV),®
while the P 2ps/, binding energy (129.5 eV, Figure S9e) is lower than that of elemental P (130.2
eV).1e Thus, in Ni,P, the electron transfer between Ni and P happened, and the Ni and P species
were provided with a small positive charge (6*) and a small negative charge (&), respectively.t”
Based on the O 1s spectrum in Figure S9f, one can conclude that, there are three types of O
species including Mo-0 (530.3 eV),® -OH (531.6 eV),? and adsorbed H,0 (533.2 eV)% existed on
the surface of Co3S;/MoS,/Ni,P nanotubes.
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Figure S10. Cyclic voltammetry (CV) curves of different scanning rates (black, 10 mV-S; red, 20
mV-S1; green, 30mV-S1; blue, 40 mV-S?t; cyan, 50 mV-Sle, purple, 60 mV-S1) of (a)
C03S4/Mo0S,/Ni,P nanotubes, (b) CoS/MoS, nanotubes, (c) CoS nanotubes, and (d) MoS,
nanosheets.
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Figure S12. Polarization curves of (a) CMS40 NTs and (b) PN-CMS40 NTs measured in pH = 7
phosphate buffer (0.5 M) initially and after 1000 CV cycles between + 0.2 V and — 0.6 V vs. RHE.
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Figure S13. Polarization curves of (a) CMS40 NTs and (b) PN-CMS40 NTs in 1.0 M KOH solution
initially and after 1000 CV cycles. The TEM images and XRD patterns of CMS40 NTs and PN-
CMS40 NTs after 1000 CV cycles were shown in (c) and (e), and (d) and (f), respectively.

Table S3. Electrocatalytic HER activities of our Co3S./MoS,/Ni,P nanotubes and catalysts reported

by literatures.

Catalyst Onset n N1o Tafel slope Jo Electrolyte Ref.
(mV) (mV) (mV-edecl) (mA:cm?)

CoySs@MoS,/CNFs 64 190 110 N/A 0.5 M H,S0,4 =
Fe.43C00 575> 90 220 56 N/A 0.5 M H,S0, 20
Cop Mo, 4N, N/A 200 N/A 0.23 0.1 M HCIO4 21

NG/Co-doped C 58 229 126 N/A 0.5 M H,SO,4 22
Co@NC/NG 49 180 79 N/A 0.5 M H,S0,4 23
MoSe, 150 250 80 1.0x10> 0.1 M H,S0,4 28
WS;(1.xS€2x NTs 140 260 105 0.029 1 M H,S0,4 2
MoS,@Mo0O; 148 240 55 N/A 0.5 M H,SO,4 28

N,S-doped graphene 130 280 81 N/A 0.5 M H,S0,4 27



C;N,@NG 120 240 52 3.5x10* 0.5M H,SO, &

C3N,4 nanoribbons/G 80 207 54 0.040 0.5 M H,S0, 2
N,P-doped graphene 215 420 91 2.4x10* 0.5 M H,SO, 30
c-CoSe,/C cloth 80 190 85 N/A 1 M KOH Bt
Co-NRCNTs 100 370 N/A N/A 1 M KOH E2
Mo,C 120 270 78 4.4x103 1M KOH =
CoP NWs/C cloth 110 209 129 N/A 1 M KOH f
Ni(OH),/Ni foam 120 250 N/A N/A 1 M NaOH 34
CoO,@CN 85 232 115 N/A 1M KOH £
MoB 130 220 59 2.0x103 1M KOH EE
WN nanorods array 143 285 170 N/A 1 M KOH 87
NiFe LDH/Ni foam 75 210 N/A N/A 1M NaOH B
Co-P/Co-PO, 250 380 N/A N/A 1 M KOH £
Ni wire 175 318 N/A N/A 1 M KOH =
CoS/MoS, 120 214 106 0.11 1 M KOH This work
C03S4/Mo0S,/Ni,P NTs 60 178 98 0.21 1 M KOH This work

Abbreviations: CNFs, carbon nanofibers; Co-NRCNTs, cobalt-embedded nitrogen-rich carbon
nanotubes; NC, nitrogen-doped carbon; G, graphene; NG, nitrogen-doped graphene; LDH,
layered double hydroxide; CN, N-doped carbon; NTs, nanotubes; NWs, nanowires.
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