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Supplementary Fig. 1 IR spectra of XMos precursors. The XMos precursors’ peaks
are quite similiar due to having similiar structures. Take FeMos for example, the
broad peaks located at ~ 3165 cm™! can be ascribed to the stretching vibration of the
OH and NH groups. The peaks at 1640 cm™ and 1403 cm! can be attributed to the
vibration of 8OH and 8OH, respectively. The peaks at 946 cm™' and 884 c¢cm™ are
associated with the Mo=0 stretching vibrations. The peaks at 649 cm™! and 572 cm™!
are attributed to asymmetric Mo-O-Mo and Fe-O-Mo stretching vibrations,
respectively!-2.
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Supplementary Fig. 2 SEM images and XRD analysis of XO@1T-MoS,. SEM
images of a. 1T-MoS»/CFP, b. FeO@1T-MoS,/CFP, and ¢. CoO@1T-MoS,/CFP.
Scale bar, 500 nm; Scale bar of inset, 5 um. d. The XRD pattern of the
XO@1T-MoS; nanosheets. The diffraction peaks indexed to (002), (100), (102) and
(110) facets of MoS; appear at 20 = 13.4°, 32.4°, 35.1° and 57.2°, respectively.




Supplementary Fig. 3 TEM images of XO@1T-MoS; nanosheets. a. 1T-MoS>. b.
FeO@1T-MoS:. ¢. CoO@1T-MoS: nanosheets. Scale bar, 100 nm.
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Supplementary Fig. 4 The EDS elemental mappings of XO@1T-MoS:2 nanosheets.
Colour codes: Mo (blue), S (yellow), Fe (orange), Co (green) and O (red). Scale bar,
500 nm.
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Supplementary Fig. 5 The layered structure of NiO@1T-MoS; nanosheets. a. STEM
image NiO@1T-MoS: nanosheet (Scale bar, 2nm). b. Diffractogram of dotted box 1
in a; ¢. Diffractogram of dotted box 2 in a. d. Filtered inverse Fourier transform (IFT)
of dotted box 2. e. IFT image of dotted box 1 using orange arrowed spots. f. IFT
image of dotted box 1 using yellow arrowed spots. g. Superimposed images of e and f.
h. The layered structure in HRTEM image of the NiO@1T-MoS:» nanosheets (Scale
bar, 5 nm). The lattice fringe spacing of NiO@1T-MoS: nanosheet was measured to
be 2.66 nm for a five-layer nanosheet, indicating a Mo-Mo spacing of 6.50 A.

As shown in Supplementary Fig. 5a, the top bright portion (red dotted area 1) is not
a single layer region. The diffractogram analysis of the area (Supplementary Fig. 5b)
shows two split set of spots, indicating the existence of two stacked twisted layers,
with a 14° rotation between them. The inverse Fourier transformation images of two
sets of spots (orange and yellow, Supplementary Fig. 5e-5f) demonstrate that they are
both 1T-MoS;, rather than 2H-MoS,. Because of the twist angle, one observes the
Moiré-type fringes (Supplementary Fig. 5g).
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Supplementary Fig. 6 Mo K-edge XAS data and fitting. a. The normalized Mo
K-edge EXAFS. b. XANES spectra of 2H-MoS;, 1T-MoS,, and XO@1T-MoS>. The
first derivative inset of b compares the XANES edge position, where it is observed
that Ni has the most pronounced shift. ¢. EXAFS fitting results in R-space and d.
K-space. For clarity in comparison, the 2H-MoS,; and NiO@1T-MoS, data from
Figure 3, main text, is replotted here. The corresponding fit data is presented in
Supplementary Table 2.

The structural parameters around Mo atoms of XO@ 1T-MoS:> were obtained by the
least-squares curve parameter method with the ARTEMIS module of both IFEFFIT
and USTCXAFS software packages®. The obtained parameters are summarized in
Supplementary Table 2. The fitted R values are all within the uncertainty of the
published crystallographic values. Published crystallographic distances: 2H-MoS;
(Mo-S = 2.413; Mo-Mo = 3.150)* 1T-MoS: (Mo-S = 2.432; Mo-Mo = 3.250 )°.
While we couldn’t observe Mo-Mo in 1T-MoS; data, it is expected to be longer than
that of 2H-MoS..
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Supplementary Fig. 7 Ni K-edge of NiO@1T-MoS: and NiO reference comparison.
a. Comparison of the Ni K-edge XAS spectra in the EXAFS and b. XANES energy
ranges. ¢. The K-space and d. R-space comparisons with data shown in open points
and best fits in solid lines. The corresponding NiO reference fit parameters are shown
in Supplementary Table 3.

The structural parameters around Ni atoms of NiO@I1T-MoS; as a function of
synthesis temperature were fit using the same model utilized at Mo K-edge, by
replacing Mo with Ni. The FEFF fitting of the NiO reference spectrum was performed
to R=4, requiring second and third-shell single and multiple-scattering paths. The
first-shell Ni-O and second-shell Ni-Ni distances both fit to values within the
uncertainty of the published crystal structure that was used for the model.®
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Supplementary Fig. 8 XPS spectra of the as-prepared XO@1T-MoS: and 1T-MoS>
nanosheets. a. Wide-scan survey XPS spectra of NiO@IT-MoS, and 1T-MoS;
nanosheets; b. High-resolution XPS signal of Mo 3d in XO@1T-MoS: (colour code:
green: 1T-MoSz; blue: FeO@I1T-MoSz; light blue: CoO@1T-MoS2; purple:
NiO@1T-MoS:). ¢. High-resolution XPS signal of S 2p in XO@1T-MoS: (colour
code: green: 1T-MoS;; blue: FeO@1T-MoS»; light blue: CoO@1T-MoS>; purple:
NiO@1T-MoSy).

For the bare 1T-MoS: nanosheets, the peaks of Mo 3ds» and Mo 3ds;» appear at
228.63 and 231.77 eV and the peaks of S 2p3» and S 2pi,» are located at 161.51 and
162.98 eV, respectively. For FeO@1T-MoS, nanosheets, the peaks of Mo 3ds» and
Mo 3d3 upshift slightly to 228.71 and 231.90 eV, respectively, and the peaks of S
2p3n and S 2pi1 also upshift slightly to 161.64 and 163.08 eV, respectively. For
CoO@1T-MoS: nanosheets, the peaks of Mo 3ds» and Mo 3ds» downshift to 228.42
and 231.63 eV, respectively. Similarly, the peaks of S 2p3» and S 2pi» downshift to
161.23 and 162.44 eV, respectively. For NiO@1T-MoS: nanosheets, the peaks of Mo
3ds» and Mo 3d32 upshift to 229.22 and 232.41 eV, respectively and the peaks of S
2p32 and S 2p12 also upshift to 162.02 and 163.23 eV, respectively. Due to the large
amount present of S* and the corresponding Fe, Co and Ni XPS, Fe, Co, and Ni are
mainly existing in the oxidation state of 2+. The dopant mechanism might be different
in between Fe/Ni and Co. The upshift of the peaks is usually attributed to the
n-doping process, which causes a Fermi level shift towards the conduction band edge
or electron transfer from 1T-MoS; to dopant’. While the downshift is indicative of
p-doping process, which indicates reduction of 1T-MoS, due to the transfer of
electron from the dopants?®,



100

—u— 1T-MoS2/CFP
FeO@1T-MoS2/CFP

80] —— Coo@1T-MoS2/CFP /'

—v— NiO@1T-MoS2/CFP "

@ 60+ ./
N
Y 40
| / e
i _// CPEL CPE2 7
20 .
.//,f Rs \\'
O‘I' T 'Rp T RCt' T T T \V
0 20 40 60 80 100
Z Q)

Supplementary Fig. 9  Electrochemical impedance spectroscopy  for
XO@1T-MoS,/CFP. Electrochemical impedance spectroscopy for 1T-MoS,/CFP and
XO@1T-MoS,/CFP are obtained at an overpotential of 200 mV in 1.0 M KOH. The
simplified equivalent circuits are applied to fit the ESI in the inset, where the Rs, Rp,
Rct represent the electrolyte, electrode porosity, charge transfer resistance,
respectively. CPE is the constant phase angle element, which represents the double
layer capacitance of solid electrode in a real-world situation.
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Supplementary Fig. 10 Cyclic voltammograms and Cg estimation of 1T-MoS,/CFP
and XO@1T-MoS,/CFP electrocatalysts. Cyclic voltammograms of a. 1T-MoS,/CFP,
b. FeO@1T-MoS»/CFP, ¢. CoO@1T-MoS2/CFP, and d. NiO@1T-MoS,/CFP with
different scan rates from 20 to 100 mV s! in the potential range of 0-100 mV (vs
RHE) in 1.0 M KOH. e. Estimation of Cai by plotting the current density variation (A j
= (Jajc) / 2, at 50 mV vs. RHE) against scan rate to fit the linear regression.
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Supplementary Fig. 11 Characterization of NiO@1T-MoS,/CFP after long-term
HER stability testing. a. The Raman patterns of NiO@1T-MoS»/CFP initial (black
curve) and after 30 hours (blue curve) in 1.0 M KOH for HER. b. SEM image (Scale
bar, 200 nm). ¢. TEM image (Scale bar, 100 nm), and d. EDS mappings of Mo, Ni, S,
O eleements in NiO@1T-MoS2/CFP after long-term HER stability testing in 1.0 M
KOH (Scale bar, 250 nm).
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Supplementary Fig. 12 Faradaic efficiency testing for NiO@1T-MoS2/CFP. The
amount of H> theoretically calculated and experimentally measured versus time of
HER on the NiO@1T-MoS,/CFP electrocatalyst with a current of 60 mA.
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Supplementary Fig. 13 The influence of substrates and mass loading. The influence
of substrates and mass loading. a. Polarization curves of the bare CFP (black),
NiO@1T-MoS»/CFP (blue) and NiO@1T-MoS2/GCE (red). The catalysts' mass of 1
mg cm were loaded by dispersing suitable amounts of slurry from 1.0 mL of solution
containing 10 mg of NiO@1T-MoS2, 0.95 mL of ethanol and 50 uL of 0.5 wt%
Nafion. The HER performance was measured in 1.0 M KOH aqueous solution at a
scan rate of 5 mV s, b. Polarization curves of NiO@1T-MoS»/CFP under different
mass loadings. The mass loadings, obtained by inductively coupled plasma atomic
emission spectroscopy (ICP-AES), on CFP can be changed by adjusting the
concentration of NiMo6 precursor and TAA. The mass loading of 0.13, 0.58, 1.02,
1.55 and 2.14 mg-cm™ was obtained by reacting 5, 30, 50, 60 and 80 mg NiMo6 with
8, 48, 80, 96, 128 mg TAA in 10 mL aqueous solution at 180 °C for 24 hours,
respectively.
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Supplementary Fig. 14 The SEM images of NiO@1T-MoS2/CFP electrocatalysts
with different mass loadings. a. 0.58 mg cm™. b. 1.02 mg cm™. ¢. 1.55 mg cm™. d.
2.14 mg cm™. Scale bar, 500nm; Scale bar of inset, 5 pm.



Supplementary Fig. 15 The TEM images of NiO@1T-MoS; nanosheets synthesized
at different temperatures. a. T-160. b. T-180. ¢. T-200. d. T-220. Scale bar, 100 nm.
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Supplementary Fig. 16 The Raman spectra and EDS results of T-n nanosheets. a.
The Raman spectra of NiO@1T-MoS:2 nanosheets (denoted as T-n, where n denotes
the synthesis temperature in °C) synthesized at different temperatures. b. EDS results
showing oxygen contents of different T-n samples. Scale bar, 100 nm. The accurate
oxygen contents are summarized in Supplementary Table 1.
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Supplementary Fig. 17 Synthesis temperature-dependent XAS at Ni K-edge. a. Ni
K-edge EXAFS and b. XANES spectra for NiO@1T-MoS: synthesized at different
temperatures, in Celsius degrees. Inset of a compares R-space spectra, inset of b
compares first derivative spectra. ¢. The best fits in R-space and d. K-space with the
corresponding data shown in Supplementary Table 5. For the sake of comparison, the
NiO@1T-MoS: data in Fig.3 from main text, is replotted here (synthesis temperature
of 180 Celsius degree).

The structural parameters around Ni atoms of NiO@IT-MoS: as a function of
synthesis temperature were fit using the same model utilized at Mo K-edge, by
replacing Mo with Ni. Increased synthesis temperature results in an increased
coordination number of S. Due to the relatively small scattering intensity of O, Ni-O
paths could not be reasonably incorporated into the fitting model. Due to both the
presence of O and the local structural environment of Ni, Ni-Mo scattering was
observed and Ni-Mo was incorporated into the model. However, the apparent value of
N is quite small, suggesting that while Ni-Mo is observed, Ni is likely saturatively
coordinated in a S-rich environment, which is supported by EXAFS fit parameters.
While the expected highest value of N is observed in T-160, the sample with the
highest O content and least S content, there is no strong trend due to large uncertainty
in N value. However, the clear observation of Ni-Mo single scattering in all samples
suggests the presence of Ni-O-Mo moieties.
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Supplementary Fig. 18 HER performance of NiO@I1T-MoS»/CFP in acidic
conditions. a. Polarization curve of catalysts in 0.5 M H>SOjs (scan rate: 5 mV s-1
under a three-electrode configuration). b. Corresponding Tafel plots. c. Stability
testing of NiO@1T-MoSz in 0.5 M H>SOq4 (inset: the long-term durability tests at n =
210 mV for 30 hours).
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Supplementary Fig. 19 HER reaction pathways and relevant structures of the most
possible intermediate steps on the surface of 1T-MoS>, X@1T-MoS, (X=Fe/Co/Ni),
NiO1@1T-MoS,, and NiO2@1T-MoS,, respectively.

To better describe the reaction pathway of the theoretical calculation, we use
the hexagonal motif as a model to show the evolution of atomic adsorption on
top of different substrates. For each substrate, we have tested many possible
intermediate states to find out the most energetic stable one. The results shown
here are the most energetic preferred mechanisms. Firstly, for pure 1T-MoS2,
H* is on top of the sulfur atom and the OH* locates at the nearest sulfur atom.
Many equivalent adsorption sites for the processes of water dissociation and
hydrogen generation exist. Here we list only one of them. This is also applied to
the following description. Secondly, for Fe/Co/Ni doped 1T-MoS2
(X@1T-MoS2), H* prefers to adsorb on the sulfur atom of ...X-S-Mo... bond,
with the OH* located at the nearest sulfur atom of ...Mo-S-Mo... bonding.
Lastly, for NiO1@1T- MoS:2 and NiO2@1T-MoS;, H* prefers to adsorb on the
top of doped oxygen atom rather than the sulfur atom, while for the OH*,
different from that in X@I1T-MoS2, located upon the sulfur atom of
...Ni-S-Mo... bonding. As we know, the complexity of chemical reaction is
hard to be described with a single pathway, so the most possible mechanism on
each substrate provides the most likely reaction processes for water dissociation
and hydrogen generation.
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Supplementary Fig. 20 Raman spectra at different ranges. a. Raman spectra of the
XO@]1T-MoS: nanosheet at a range of 100-250 c¢cm™l. b. Raman spectra of the
XO@]1T-MoS: nanosheet at a range of 250-350 cm™. (red: 2H-MoS; green: 1T-MoS»;
blue: FeO@1T-MoS»; light blue: CoO@1T-MoS,; pink: NiO@1T-MoS»).

We have retested and reanalyzed the Raman spectra of all samples. The
spectrum did not show obvious changes at a scale of 100-500 cm™'. However,
as we narrow the range to 100-250 cm™ and 250-350 cm™', the samples doped
with secondary metals (Fe, Co, Ni) do show slight shifts in comparison with
undoped 1T-MoS>. For example, the selected phonon Raman peaks of
NiO@1T-MoS: (pink line) is located at 147, 283, and 335 cm’!, while that of
1T-MoS: (green line) are 148, 284, and 337 cm’!. Considering these small
changes, we may conclude that the introduction of secondary metals (Fe, Co,
and Ni) only change the electronic properties of the 1T-MoS: structure slightly
(Fig. 4a), consistent with XAS and XRD results.
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Supplementary Fig. 21 The influence of S5* (sulfate moieties) on HER performance.
a. XPS spectra of S2p for the as-prepared NiO@1T-MoS,/CFP and that after washing.
b. The HER performance of NiO@1T-MoS2/CFP and that after washing. Note: The
as-prepared NiO@1T-MoS,/CFP sample is washed by 8 mL deionized water with
shaking (repeat 10 times) to remove the sulfate moieties.

Our further experimental results show that the big S®" peak is derived from
the sulfate moieties physically absorbed on the surface of planar 2D 1T-MoS>
sheets, which can be removed by washing with deionized water
(Supplementary Fig. 21a). Furthermore, the removal of sulfate moieties has
little influence on the HER performance of NiO@1T-MoS2/CFP
(Supplementary Fig. 21b).



Supplementary Tables

Supplementary Table 1 Summary of

elemental analysis of varied XO@1T-MoS>

electrocatalysts
XO@1T-MoS: Mo S content Mo/S X=Fe X=Co X=Ni X/Mo N (6]
Catalysts content (wt. %) Atomic content content content Atomic content content
(wt. %) ratio wt. %) (wt. %) (wt. %) ratio (wt. %)™ (wt. %)
1T-MoS: 50.87 35.48 1:2.09 - - - 6.03 3.61
FeO@1T-MoS: 45.98 34.95 1:2.27 4.51 - - 1:5.93 7.27 4.81
CoO@1T-MoS: 44.29 35.37 1:2.39 - 4.58 - 1:5.94 7.55 4.52
NiO@1T-MoS: (T-180) 43.85 34.49 1:2.35 - - 4.50 1:5.96 7.34 4.59
NiO@1T-MoS: (T-160) 41.98 34.20 1:2.44 - - 4.41 1:5.83 8.63 6.38
NiO@1T-MoS: (T-200) 46.90 35.13 1:2.24 - - 4.68 1:6.13 5.47 2.52
NiO@1T-MoS: (T-220) 49.76 35.61 1:2.14 - - 4.99 1:6.10 2.41 1.35

[a] Data are determined by ICP-AES elemental analysis; [b] Data are determined from
C, H and N elemental analysis; [c] Data are calculated from results of [a] and [b].



Supplementary Table 2 Summary of local structural parameters in electrocatalysts
fitted from Mo K-edge EXAFS data

Sample Path R A) N 62(A2)  AE (eV)
YH-MoS. Mo-S 2.41 6.00 0.004
Mo-Mo 3.17 6.00 0.005 0.99
Mo-S 4.00 6.00 0.010
1T-MoS, Mo-S 2.44 6.00 0.01 3.91
Mo-O 2.86 3.52 0.001 -6.00
FeO@1T- : 3 .
Mgéz Mo-S 2.41 4.43 0.008 0.46
Mo-O 2.86 2.00 0.005 -3.48
CoO@1T- - 5 35
MgS: Mo-S 2.42 4.50 0.01 0.23"
Mo-O 2.85 1.91 0.001 -10.00
NiO@1T- i 3 113 3133
M%: Mo-S 243 4.13 0.006 3.33
Mo-O 2.84 2.95 0.001 -4.87

The structural parameters around the Mo atoms of XO@1T-MoS; were obtained by
the least-squares curve parameter method with the ARTEMIS module of both
IFEFFIT and USTCXAFS software packages’. The obtained parameters are
summarized in Supplementary Table 2. The fitted R values are all within the
uncertainty of the published crystallographic values. Published crystallographic
distances: 2H-MoS: (Mo-S = 2.413; Mo-Mo = 3.150)*; 1T-MoS, (Mo-S = 2.432;
Mo-Mo = 3.250 )°. While we couldn’t observe Mo-Mo in 1T-MoS; data, it is
expected to be longer than that of 2H-MoS,.

The additional Mo-O path included was required in order to sufficiently fit the
R-space peak directly adjacent to the first-shell scattering peak. Because the position
of the peak is much too short to be due to Mo-Mo single scattering, and because the
amplitude of the peak is relatively small, this was assigned as a single-scattering peak
to a small scattering atom, such as O. We assume that these atoms are chemisorbed on
the surface of the planar 2D 1T-MoS: sheets between stacked layers of material.
Interestingly, it was found in XPS that sulfate moieties may be present in the
structure, and these may very well be the source of Mo-O scattering observed in
EXAFS.

Note: R is the length of the vector, N is the coordination number, 6 is Debye-Waller
factor and AE is the edge-energy shift. The obtained R values are approximately
+0.02 A,



Supplementary Table 3 Local structure parameters for NiO reference spectrum at Ni
K-edge

Vector N a2 (A?) E, R (A)
Ni-O 6 0.0027 -1.789 2.06
Ni-Ni 12 0.0096 -6.765 2.94

Ni-O-Ni 48 0.0078 -6.765 3.37
Ni-O 8 0.0100 -6.765 3.50
Ni-Ni 6 0.0047 -3.447 4.05

Ni-O-Ni 12 0.0051 -3.447 4.15

Ni-O-Ni-O 6 0.0100 -3.447 4.22

FEFF fitting of the NiO reference spectrum was performed to R=4, requiring
second and third-shell single and multiple-scattering paths. The first-shell Ni-O and
second-shell Ni-Ni distances both fit to values within uncertainty of the published
crystal structure that was used for the model.® In comparison with the Ni-K edge fit
results in Supplementary Table 3, it is observed that, first of all, the first-shell distance
is significantly shorter in NiO compared to NiO@-T-MoS: due to S ligands in the
latter. Importantly, the second-shell feature is assigned to Ni-Ni in NiO (2.94 A) and
Ni-Mo in NiO@1T-MoS: (3.05 A). These two distances are significantly different
and demonstrate that Ni is incorporated into the 1T-MoS; lattice, and does not form
discrete NiO phase regions in the material.



Supplementary Table 4 Summary of the HER activity of electrocatalysts in 1 M

KOH
Catalysts Mo 1M onset Tafel Ry Ry @ CPE1™ CPE2W™ Ca™ jold
(mV) (mV) slope (mV Q) Q) (mF (mA
dec™) CPEI-P  CPEI-T CPE2-P CPE2-T cm?) cm?)
1T-MoS»/CFP 219 133 107 89.41 2106 085 0.002 0.53 0.002 109 13x10"
FeO@I1T-MoS:/CFP 187 105 106 5586 149.5 089 0.002 0.61 0.003 1138 14x10"
CoO@IT-MoS2/CFP 117 52 84 3557  106.1  0.95 0.002 0.78 0.003 1637 1.8x10"
NiO@1T-MoS/CFP 46 ~0 52 23.65 655 1.09 0.002 0.85 0.005 1832 44x10"
20% Pt/C/CFP 23 ~0 32 - - 6.9x10"

[a] Data are measured at 1 = 200 mV. Notes: the Rs, Ry, Rt and CPE represent the
electrolyte, electrode porosity, charge transfer resistance, and the constant phase angle
element, respectively. [b] Data are calculated according to the CV results in
Supplementary Fig. 10. [c] Exchange current densities (jo) are obtained from Tafel
curves by using the extrapolation method according to the following equation: n =a +

b log j, where a is the intercept on the y-axis and b is Tafel slope. Exchange current

density (jo) is calculated whenn =0 V.



Supplementary Table 5 Summary of local structural parameters in NiO@1T-MoS»
synthesized at different temperatures

Ni —S Single Scatter Ni-Mo Single Scatter
Temp. E, o? (A?) N R (A) E, o? (A2 N R (A)
160 -10.2 0.008 3.99 2.20 -6.5 0.01 0.56 3.10
180 -8.5 0.008 4.27 221 -10 0.01 0.40 3.05
200 -7.0 0.008 4.51 222 -10 0.01 0.42 3.14
220 -2.0 0.008 4.90 2.23 -10 0.01 0.50 3.11

Note: The above structural parameters were fitted from Ni K-edge EXAFS data. R is
the length of the vector, N is the coordination number, o? is Debye-Waller factor and
AE is the edge-energy shift. The obtained R values are approximately +0.02 A.

The structural parameters around Ni atoms of NiO@1T-MoS: as a function of
synthesis temperature were fit using the same model utilized at Mo K-edge, by
replacing Mo with Ni. Increased synthesis temperature results in an increased
coordination number of S. Due to the relatively small scattering intensity of O, Ni-O
paths could not be reasonably incorporated into the fitting model. Due to both the
presence of O and the local structural environment of Ni, Ni-Mo scattering was observed and
Ni-Mo was incorporated into the model. However, the apparent value of N is quite small,
suggesting that while Ni-Mo is observed, Ni is likely saturatively coordinated in a S-rich
environment, which is supported by EXAFS fit parameters. While the expected highest value
of N is observed in T-160, the sample with the highest O content and least S content, there is
no strong trend due to large uncertainty in N value. However, the clear observation of
Ni-Mo single scattering in all samples suggests the presence of Ni-O-Mo moieties.



Supplementary Table 6 The key values of water dissociations and hydrogen
generations on the surface of the energetic stable structures for different substrates

AE(H20)/eV AZPE(H:0)/eV ATS(H20)/eV AG(H:0)/eV
1T-MoS, 1211 -0.008 -0.447 1.650
Fe@1T-MosS, 0.579 -0.013 -0.439 1.005
Co@1T-MoS, 0.667 -0.010 -0.441 1.098
Ni@1T-MoS, 0.495 -0.011 -0.441 0.925
NiO1@1T-MoS, -0.106 -0.011 -0.441 0.324
NiO2@1T-MoS, 0.107 -0.010 -0.441 0.538

AE(H*)/eV AZPE(H*)/eV ATS(H*)/eV AG(H*)/eV
1T-MoS, 0.458 0.078 -0.162 0.698
Fe@1T-MoS, 0.046 0.082 -0.163 0.291
Co@1T-MosS, 0.004 0.081 -0.162 0.247
Ni@1T-MoS, -0.081 0.078 -0.161 0.158
NiO1@1T-MoS, -0.784 0.078 -0.162 -0.544

NiO2@1T-MoS, -0.427 0.079 -0.162 -0.186




Supplementary Table 7 Comparison of HER performance in 1.0 M KOH solution
for NiO@1T-MoS,/CFP with other MoS>-based HER electrocatalysts

Catalyst Tafel slope Mot Loading mass References
(mV dec™) (mV) (mg cm?)

Ni@1T-MoS./CFP 52 46 1.02 This work
Ni-MoS: 60 98 0.89 9
MoS2/NizS2 83 110 9.7 10
Ni-Co-MoS: 51 155 0.286 11
Ni-Co/1T-Mo$S2 38 70 0.15 12
MoSP/CB™ 120 57 0.28 13
HF-MoSP 85 119 0.35 14
T-MoS: 78 290 0.05 15
2HMo08S»-Si/SiO2 50 100 - 16
MoS2/N-RGO-180 413 56 0.14 17
SV-MoS: 60 170 - 18
MoS$: film™® 70 ~200 - 19
MoS:@N-doped C 55 165 1 20
NiMo3S4 98 257 0.3 21
M-Mo$S: 41 175 0.043 22
MoS2/Mo00O2 76.1 240 0.22 23
MoS2/WS,M 69 ~250 0.035 24
Co-doped MoS:™ 110 ~230 - 25
Co-Mo-S,¥ - ~205 0.05 26
Ni-Mo-S/C!! 85.3 200 0.52 27
MoS2.S180™! 55 200 0.285 28
MoS2/CoSe:™ 36 68 0.28 29

[a] represents the overpotential (1) at the current density of 10 mA ¢cm2; [b] represents HER performance in 0.5 M
H,SOy4 solution. [c] represents the onset potential (). [d] the overpotential (n) at the current density of 5 mA cm™
in 0.1 M KOH. [e] the overpotential (1) at the current density of 10 mA ¢m in pH ~ 7. all potentials versus RHE.



Supplementary Methods

The calculations of TON and TOF

The hexagonal NiO@1T-MoS: units in NiO@1T-MoS2/CFP nanosheet is assumed to
be the catalytic active sites. According to the elemental analysis result, the molar mass
of NiO@1T-MoS; is ~ 1294 g mol™!. Thus, the loading mass of 1.02 mg cm™ for
Ni@MoS»/CFP is equal to a loading mole of 0.79 umol-cm? for NiO@1TMoS; units
on CFP. Chronoamperometry (CA) shows a stable hydrogen evolution current-time
plot over 30 h in 1.0 M KOH (~107 mA cm at an overpotential of -130 mV, inset of
Fig. 5d). Assuming the Faradaic efficiency is 100% and the electrode area is 1 cm?, a
turnover number (TON) of 75600 and turnover frequency (TOF) of 0.70 s*! could be
obtained after 30 h. See the following equation (1) for calculation details:

mA 5 14 1¢/s _ 1mol _ 1mol H,
ror =~ em? X 1M X 1000ma X 1A * 96485 C * 2mol
7.9 X 1077 mol Catalysts
= 0.70 s71

TON = TOF x 60 x 60 X 30 s
= 75600

DFT calculations

Density functional calculations are performed within the generalized gradient
approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional®® as implemented in VASP code’!33. The electron-ion interaction is
described with projector-augmented plane wave (PAW) potentials**3°, For all
calculations, the plane-wave energy cutoff is set to 520 eV and the energy
convergence threshold is set as 107 eV. Monkhorst-Pack k-point meshes (with
spacing 2 x 0.03 A™') are employed for the full relaxation of geometry structures.
The atomic flake and its neighboring image are separated by a vacuum space that
exceeds 15 A. The van der Waals (vdW) interactions are based on the optB86b-vdW
function. Calculations on HER free energy diagram were performed at the surface of
monolayer structures. The actual reaction mechanism in alkaline HER follows the
following key steps:

cat+ H,0+ e~ — H'@cat+ OH™ (Volmer step) M)
2H'@cat » H, T (Tafel step) ”

H*@cat+ H,0 + e~ = cat+ OH™ + H, T (Heyrovsky step) 3)



The free energies for step (1) and step (3) should be the same at HER equilibrium
potential. Under this assumption, computations on the exact free energy of OH™ in
solutions could be avoided by using computational hydrogen elextrode®. The free
energies for each step are calculated as equation (4).

AG = AE + AZPE —TAS (4)
Where, AG, AE, AZPE, TAS are the changes for free energy, enthalpy from

DFT calculations, zero-point energy and entropy (T = 300 K), respectively. AZPE

may be derived after frequency calculation by equation (5)*":

1
ZPE = —Z hv;
2 ‘ (5)

Where 4 is the Planck constant, v; are the computed vibrational frequencies.

The TS values of adsorbed species are calculated with the vibrational frequencies,
as shown in equation (6)3%:

TSy = ksT| > 1 L o, 1 1
v; = Kp Z n(_m) + — kpT (ehvi/kpT) *
i t -

(6)

Where kg is the Boltzmann constant, T is the temperature. TS values of H> and H>O
are from previous reports®”.
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