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Experimental section

Electrode Preparation

Bare glassy carbon electrodes (GCE) (3 mm diameter, CH Instrument Inc.) were
polished with different sizes alumina slurry on a microcloth and subsequently rinsed
with ultrapure water and ethanol. The electrodes were then sonicated in ethanol, and
dried under a gentle nitrogen stream. To prepare the working electrode, a 2 mg CNT
sample (CNTs were purchased from Cnano Technology (Beijing) Limited (purity >
95%; diameter 11 nm; length = 10 pum (average); synthesis method, CVD)) was
ultrasonically dispersed in the mixed solution of ethanol and H,O (500 uL), and then
8uL of the resultant suspension was dropped onto the GCE surface and dried at room
temperature. For comparison, a commercially available Pt/C-modified GCE (20 wt%
Pt supported on carbon black, fuel cell grade from Alfa Aesar) was prepared in the
same way.

Synthesis of Sub-MoS,/CNTs

The hybrid catalysts were synthesized via a one-step electrochemical deposition
method with a graphite rod using as the counter electrode and SCE (3 M KCI filled)
as the reference electrode, wherein CNT-modified GCEs were soaked in a 2 mM
(NH4),MoS, aqueous solution containing 0.1 M NaClQOy,, and the small size MoS, was
deposited in situ onto CNTs by a potential cycling experiment with the potential range
from -0.1 to +1.0 V at a scan rate of 50 mV s-!. After 30 electro-deposition cycles, the
working electrode was rinsed with water gently and dried under vacuum at room

temperature overnight.



Synthesis of i-t/MoS,/CNTs

The hybrid catalysts were synthesized via electrochemical deposition method with a
graphite rod using as the counter electrode and SCE (3 M KCl filled) as the reference
electrode, wherein CNT-modified GCEs were soaked in a 2 mM (NH4),MoS,
aqueous solution containing 0.1M NaClO,, and the MoS, was deposited in situ onto
CNTs by i-t experiment. The electrodeposition potential was -1.0 V vs. SCE. After
1800 s test, the working electrode was rinsed with water gently and dried at room
temperature overnight.

Synthesis of Sub-MoS,/CNTs/Pdy,

The Sub-MoS,/CNTs catalyst electrode was used as working electrode, a Pd wire as
counter electrode, and a SCE (3 M KCl filled) electrode as reference in 0.5 M H,SO,
aqueous solutions containing Glycine (gly), which were purged with high purity
nitrogen for at least 30 min prior to each measurement, and electrodeposited in the
potential range from -0.2 to -0.7V for cyclic voltammograms (CV) at a scan rate of
100 mV/s. At the end of deposition, the working electrode was rinsed with water
gently and dried at room temperature overnight. The parallel experiments using
various deposition cycles were also carried out. For comparison, the Sub-
MoS,/CNTs-modified GCEs in H,SO, solutions without gly were also treated under
the same synthesis conditions (Sub-MoS,/CNTs/Pd). In our work, The SCE reference
electrode was calibrated with respect to reversible hydrogen electrode (RHE) by
adding a value of (0.242 +0.0591pH) V before the measurements.

E (vs RHE) = E (vs SCE)+ E%+ 0.0591pH.  (E%=0.242 V)



Synthesis of i-t/MoS,/CNTs/Pdy,
The i-t/MoS,/CNTs catalyst electrode was used as working electrode, a Pd wire as
counter electrode, and a SCE (3 M KCl filled) electrode as reference in 0.5 M H,SO,
aqueous solutions containing Glycine (gly), and electrodeposited in the potential
range from -0.2 to -0.7 V for cyclic voltammograms (CV) at a scan rate of 100 mV/s.
At the end of deposition, the working electrode was rinsed with water gently and
dried at room temperature overnight. For comparison, the i-t/MoS,/CNTs-modified
GCEs in H,SO, solutions without gly were also treated under the same synthesis
conditions (i-t/MoS,/CNTs/Pd).
Faradic efficiency
The Faradic efficiency is defined as the available efficiency of electrons involved in
an electrochemical system. The Faradic efficiency can be calculated by the ratio of the
practically producedH, content to its theoretical content. The former can be measured
by gas chromatography. The theoretical H, evolution is calculated by the ratio of total
buildup charge during electrolysis to the number of electrons required for H,
evolution and Faraday’s constant. The corresponding theoretically produced H,
amount can be obtained according to this equation:!

ny = Q/2F
Structure Characterization
X-ray photoelectron spectroscopy (XPS) measurements were carried out with an
ultrahigh-vacuum setup, equipped with a monochromatic Al KR X-ray source and a

highresolution Gammadata-Scienta SES 2002 analyzer. SEM images were obtained



with a JSM-6700 immersion scanning electron microscope. TEM analyses were
carried out with a JEM-2100F instrument operating at 200 kV. Scanning transmission
electron microscopy (STEM) characterizations were performed with an aberration-
corrected Titan ChemiSTEM equipped with a probe corrector (CEOS). The Pd
loading of samples were measured by VISTA-MPX ICP-OES.

Electrochemical Measurements

The electrochemical measurements were performed on a CHI 760D electrochemical
workstation (Shanghai CHI Instruments Company) at 25°C. A carbon catalyst
electrode was used as working electrode, a graphite rod as the counter electrode, and a
SCE (3 M KCl filled) electrode as reference. LSV measurements were performed in
0.5 M H,SO, solutions (The 0.5 M H,SOy, solutions were saturated with N, prior to
electrochemical measurements) at a scan rate of 5 mV s! to obtain the polarization
curves. LSV curves were recorded by applying a potential sweep rate of 5 mV s in
the negative-going direction. The long-term stability were investigated by i-t tests at -
0.2V (vs RHE, in 0.5 M H,SO4).To estimate the double-layer capacitance, cyclic
voltammograms taken with various scan rates (20, 40, 80, 160, 200 mV s!) were used
under the potential window of 0-0.3 V versus RHE. All data were reported without iR
compensation. In all measurements, we used SCE as the reference electrode. It was
calibrated with respect to RHE. The HER overpotentials, Tafel slopes and current
densities in this paper and Tables and Figures have all been used absolute value.
Computational Details

All calculations were performed on the single MoS; layer in the framework of spin-



polarized DFT theory implemented in the all-electron code Fritz-Haber Institute ab
initio molecules simulations package (FHI-aims). The exchange-correlation potentials
were treated by the generalized gradient approximation (GGA) parameterized by
Perdew, Burke, and Ernzerholf (PBE). The default ‘tight’ for H, O, S and ‘light’ for
Mo, Pd element species were used in our work. To account for the weak non-covalent
intermolecular interaction, these functionals were augmented by the van der Waals
scheme of Tkatchenko and Scheffler. Defects were modelled in periodically repeated
7x7x1 supercells. Vacuum layers of 20 A were introduced to minimize interactions
between adjacent layers in all supercells. A (3x3x1) Monkhorst-Pack mesh of k-
points was adopted to sample the Brillouin zone. Lattice geometries and atomic
positions were fully relaxed until the charge density and the total energy were below
of 104 eV-A-3 and 105 eV, respectively.

Gibbs free energy of each HER step

To evaluate the relative stability of the doped MoS, monolayer, the formation energy

(AEf orm) was calculated as follows:

_ pdoped
AE o = B0~ B = ) iy
‘ 6]
) ) Edoped ppure
in which ™ tot and ™ tot were the total energy of the relaxed MoS, supercell
with/without doped atoms, respectively. " was the number of doping element i being

added/removed from the perfect supercell, and i was the corresponding atomic

chemical potential of each.
In acidic media, the HER process was mainly composed of H* intermediate formation

and H, generation, which could be represented as
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H* + e + MoS, — H*-MoS, )
2H*'M082 — HzT + MOSQ (3)

The binding energy (AEb) of hydrogen was defined as the energy difference between

. EMoS +H . .
MoS, with H adsorbed ( 2" ) and the summation of the isolated H, molecules (

E
HZ) and MoS; substrate ( MOSZ):

AEb:EMoSZ+H_EMoSZ_1/2EH2 )

E E E
where M52+ \yas the total energy of the adsorbed system, H2 and M2 were the

total energy of a isolate hydrogen molecule in the gas phase and the clean and dopant
incorporated MoS,; monolayer computed in a supercell.
The Gibbs free energy of HER intermediate was then calculated following the

approach of Nerskov et al:

AG = AE, + AZPE - TAS 5)

where, zero point energies (AZPE) and entropy changes (AS) were employing as

implemented in prior works and tabulated values (webbook.nist.gov/chemistry/).



Fig. S1 Schematic illustration of the defecs in 1T-MoS, (a~c) and 2H-MoS, (d~f).

The blue, olivine, yellow and red balls were Pd, Mo, S and O atoms, respectively.

Supplementary note:

For the Pdy, defect, Pd*" ions were thermodynamically metastable when
incorporated into the fully sulfurized monolayer under high sulfur pressuresor ultra-
low temperatures. The DFT optimized structure of the 1T-Pdy,-MoS, demonstrated
that Pd-incorporation was stabilized by six neighboring sulfur atoms that presented an
octahedral coordination environment for the d°® metal center. But the case of 2H-Pdy,-
MoS, was more favorable to form, since the Pdy, defects in the 2H-MoS, caused a
significant restructuring of the nearest S atoms and provided an approximate flattened
square-planar sulfur coordination for the d® metal center. Therefore, the unsaturated S
atoms surrounding the defects would become more active and cut down on the
thermodynamic driven force to create the sulfur vacancies for non-metal (NM) atoms’

location.
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Fig. S2 The CVs recorded during the procedure.
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Fig. S4 The polarization curves for various gly concentrations of the catalysts.
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Fig. S5 The polarization curves for various potential cycles of the catalysts.

12



Table S1.The parallel experiments and the overpotential of different samples at

various current density.

n at n at
glycine deposition | corresponding corresponding
Catalyst concentrations cycles j=10 j=100
(mol/L) (cycles) mAcm?? mAcm2
(mV vs RHE) (mV vs RHE)
Sub-MoS,/CNTs 118 266
i-t/MoSx/CNTs 209 370
Pt/C 34 153
pristine CNTs 645 /
Sub-MoS,/CNTs/Gly,,os/Pd; 0.05 1000 55 196
Sub-MoS,/CNTSs/Gly oi/Pdi 0.01 1000 76 212
Sub-MoS,/CNTSs/Gly,,i/Pdix 0.1 1000 78 260
Sub-MoS,/CNTs/Gly,.os/Pday 0.05 2000 23 100
(denoted Sub-MoS,/CNTs/Pdg,)
Sub-MoS,/CNTSs/Glyj,os/Pdsi 0.05 3000 37 148
Sub-MoS,/CNTs/Pdy 2000 36 162
(denoted Sub-MoS,/CNTs/Pd)
i-t/M0S,/CNTs/Pdy 0.05 2000 12 237
i-t/MoS,/CNTs/Pd 2000 118 241

13



Supplementary note 1:

Fig. S4 and Table S1 demonstrate that Sub-MoS,/CNTs/Pd,, catalyst with
glycine concentration of 0.05 M generated a higher catalytic current than that of
samples with other glycine concentrations (0.01 and 0.1 M), hence the 0.05 M of
glycine was considered as the suitable concentration for subsequent parallel
experiment. Parallel experimental trials employing various numbers of potential
cycles were performed (Fig. S5) and the HER performance results of as-grown
samples were shown in Table S1. It was found that the Sub-MoS,/CNTs/Pdg, catalyst
showed the highest catalytic current among all the catalysts, so this sample was
chosen as the optimal host material for subsequent experiments.

The concentration of glycine could affect the rate of palladium ion deposition on
the working electrode by complexation. When the concentration is low and the
complexation is weak, the palladium ion is fast migration to the working electrode
during the deposition process, which could easily form palladium dendrite. When the
concentration is high and strong complexation, the migration rate of palladium ion is
too slow, which resulted in the time-consuming reaction and too low loading on the
surface of the working electrode.

The activity of the Sub-MoS,/CNTs/Pdy, increased with the number of potential
cycles, however, the catalytic activities of the catalyst would decrease with the CVs
scans over 3000 cycles, which could be attributed that high loading and aggregated
palladium would decrease the interfacial area between the electrode and the

electrolyte.”
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Fig. S6 STEM images of Sub-MoS,/CNTs catalyst.
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Fig. S7 Characterizations of the Sub-MoS,/CNTs hybrid catalysts: (a) ,(b) ,(c)TEM

image, (d) STEM and corresponding element maps (scale bar = 7 nm).
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(102)

Fig. S8 The electron diffraction pattern of Sub-MoS,/CNTs/Pdy, and i-
t/MoS,/CNTs/Pd.

Supplementary note 2:

The final product component was characterized by the selected-area electron-
diffraction (SAED), as given in Fig. S8. Fig. S8a contains blurry rings generated by
the Sub-MoS,/CNTs/Pdgyy, that imply non perfect ordering of the catalyst, further
confirming that the catalyst may display an amorphous structure. The SAED of i-
t/MoS,/CNTs/Pd exhibits several rings which could be attributed to Pd crystal grains
(Fig. S8b). The component of as-grown products are also analyzed by XRD, however,
no effective results have been obtained due to its amorphous structure and low

loading amount.
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Fig. S9 The STEM and corresponding element maps (scale bar =70 nm) of Sub-
MoS,/CNTs/Pdgyy.
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Fig. S10 Characterizations of the i-t/MoS,/CNTs hybrid catalysts: (a) TEM image, (b)

STEM and corresponding element maps.
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Fig. S11 Characterizations of the Sub-MoS,/CNTs/Pd hybrid catalysts: (a),(c) SEM
image, (¢) TEM image. Characterizations of the Sub-MoS,/CNTs/Pdy, hybrid
catalysts: (b),(d) SEM image, (f) TEM image.
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Fig. S12 Characterizations of the i-t/MoS,/CNTs/Pd hybrid catalysts: (a),(c) SEM
image, (¢) TEM image. Characterizations of the i-t/MoS,/CNTs/Pdg, hybrid catalysts:
(b),(d) SEM image, (f) TEM image.
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Fig. S13 The Mo 3d and S 2p spectrum of the Sub-MoS,/CNTs and i-t/MoS,/CNTs.

(a) Mo 3d, (b) S 2p. (c) The XPS patterns of the Sub-MoS,/CNTs/Pdgy. (d) The O 1s
spectrum of the Sub-MoS,/CNTs and Sub-MoS,/CNTs/Pdgy,.
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Fig. S14 Structural characterizations of the catalysts: (a) Mo 3d, (b) Pd 3d, (¢) S 2p
and (d) N 1s fitting spectra of the hybrid catalysts.
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Supplementary note 3:

According to the fitting results, the both Mo (IV) and Mo (VI) could be observed
(Fig. S14a). In Fig.S14a, the deconvolution of the Mo 3d region by peak fitting
reveals that the binding energies of 229.9 eV is attributed to Mo (IV), and another two
distinct characteristic peaks at 233.2 eV and 236.2 are due to the Mo(VI) ion. Fig. 3a
shows the Mo 3d peaks of the samples prepared with the upgraded sacrificial-counter-
electrode method all shift to lower binding energies (BEs), revealing that the Mo (VI)
has been reduced to Mo (IV).2? Fig. 3b shows the Pd 3d peaks and it can be seen that
the binding energies of Pd 3ds,, are 336.3 and 337.4 eV, which can be assigned to Pd
(I) and Pd (IV), respectively. Fig. S14b shows that the Pd 3ds, peaks of Sub-
MoS,/CNTs/Pdyy shift to higher BEs compared with those of the i-t-MoS,/CNTs/Pdg,
samples, indicating that the valence state of Pd is Pd (IV) and Pd (II) in Sub-
MoS,/CNTs/Pdyy, but Pd (II) and Pd (0) in the Pd dendrites in i-t-MoS,/CNTs/Pdy,
which is consistent with the previous reports.*¢ The S 2p spectrum in Fig. S14¢ shows
a broad and complex peak. The binding energies at 162.4 eV can be attributed to
terminal S,* ligands, and the binding energies at 163.6 eV represents bridging S,>
and/or apical S* ligands. The S 2p;, at higher energy (164.1 eV) can be attributed to
residual sulfur from the electrodeposition reactant/or apical S*- ligands, the binding
energies at 165.2 eV may be attributed to apical S* ligands. It is apparent that the S 2p
peaks were shifted to higher binding energies after the potential cycling process,
which reveals that the S?- ions are gradually transformed into SO,*>.7® The peaks at
401.8 and 404.1 eV could be corresponding to C-N and N-H. Fig. S14d show a shift
towards lower BEs compared with the original Gly sample, which may be attributed

to the formation of complexes held together by Pd-N bonds (399.6 eV).?
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Fig. S15 SEM images the morphology of the catalysts before (a) and after stability
test (b).
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Fig. S21 Characterizations of the CNTs/Pd,, hybrid catalysts: (a), (b) SEM images.
Characterizations of the CNTs/Pd hybrid catalysts: (¢), (d) SEM images.
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and Cg of CNTs/Pdyjy.
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Fig. S24 Binding configurations for single H atom at different adsorbed sites around
the PdO clusters located on 1T-MoS, and 2H-MoS, basal plane, and the Gibbs free
energies diagram were given. The blue, olivine, yellow white and red balls were Pd,

Mo, S, H and O atoms, respectively.
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Table S2. The contents of C, Mo, S, O, N and Pd (in at%) in the different samples.

C(at%) Mo (at%) S (at%) O (at%) N (at%) Pd ( at%)

Sub-MoS,/CNTs 77.13 5.83 14.39 2.65 0 0
Sub-MoS,/CNTs/Pdy, 76.10 5.12 13.45 4.16 0.54 0.63
Sub-MoS,/CNTs/Pd 76.55 5.31 13.72 3.67 0 0.75

1-t/MoS,/CNTs 76.69 6.21 15.03 2.07 0 0
i-t/MoS,/CNTs/Pdy, 74.51 5.69 14.53 3.95 0.61 0.71
i-t/MoS,/CNTs/Pd 75.32 5.87 14.70 3.82 0 0.92
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Table S3. The contents of Pd and Mo (ug/cm?) in the different samples

Pd (ug/cm?) Mo (pg/cm?)
Sub-MoS,/CNTs/Pd,, 2.8 23.1
i-t/MoS,/CNTs/Pdy, 3.2 25.6
i-t/MoS,/CNTs/Pd 4.1 26.5
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Table S4. Comparision of HER performance of different samples at a specific

overpotential.
A/mg Pd or Pt Ref.
Sub-MoS,/CNTs/Pd,, (at =50 mV ) 13.8 Our work
Pt/C (at -50 mV ) 0.35 /
Pd%/GDY (at-50 mV ) 7.49 10
Pt-G nanocomposites (at —200 mV ) 8.45 11
Pt1/NPC (at 25 mV ) 2.86 12
Pt;Cu, 3-D (at 200 mV) 19.34 13
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Table S5. Comparision of HER performance in acid media for our electrodeposition

sample with other reported electrocatalysts.

Current
n at
Catalyst density corresponding Tafel slope
) Stability Ref.
(pd loading) (mA cm?) j(mV vs RHE) (mV per dec)

C/N-co-doped

10 111 64 1000 cycles 14
Ag@Pd NWs
Co@Pd NC 10 175 55.7 10h 15
MoSe,/Pd 10 231 69 12h 16
PANP@N-CNTs 32 100 33 10000 s 17
Pd@PtCu/C 10 19 26.2 10000 cycles 18
Pd-doped WS, NF 10 175 54 1000 cycles 19
Pd-SiNW (19.8wt%) 10 153 70 2000 cycles 20
Pd@TNT 10 38 13 25h 21
Pd-CNx

10 55 35 48 h 22
(0.043mgem2)
PdMnCo alloy

10 39 31 80 h 23
(0.285 mg cm?)
Pt@Pd

10 56 39 10000 s 24
(0.281 mg cm)
PtPd bimetallic 10 57 36 10000 s 25
PdCo@CN

10 80 31 10000 cycles 26
(0.285 mg cm?)

Our
Sub-MoS,/CNTs/Pdg, 10 23 18 24 h
work

Pd nanocubes 10 51 62 1000 cycles 27
PdCu@Pd NCs

10 31 35 5000 cycles 28
(0.14 mg cm™2)
Ni@Pd/PEI-+GO 0.1 59 54 1000 cycles 29
PdCll3

10 50 34 5000 cycles 31

(0.28 mg cm?)
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PdBi,
(0.28 mg cm?)

PdPS
Pd,Se
Pd,;;Ses

Pd7Se4

10

10

10

10

10

78

100

94

182

162

63

46

50

57

56

10000 cycles

1000 cycles
/

/

33

34

34

34
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