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Materials and Methods
Materials:

The chemicals used in the experiments were directly used without purification: ammonium
hydroxide (NH;°H,O, 28-30 wt%, J. T. Baker), ethylene glycol (99.99%, Fisher Chemical),
sodium carbonate (Na,CO;, 99.9%, Aldrich), aluminium nitrate (AI(NOs)s;, 99.9%, Aldrich),
nickel nitrate (Ni(NOjs),, 99.9%, Aldrich), nickel sulfate (NiSO4, 99.9%, Aldrich), sodium
hydroxide (NaOH, 99.9%, Aldrich), sulfur powder (99.98%, Aldrich), chloroplatinic acid
hexahydrate (H,PtCls-6H,0, 37.50 wt% Pt, Aldrich).

Preparation of flower-like Ni,Al(CQO3),(OH); nanosheets

15 mL NH3°H,0, 10 mL ethylene glycol, 5 mL Ni(NOj), (2 M), 2 mL AI(NOs); (2 M) and 7
mL Na,COs (1 M) were gradually added into beaker. Then stirred for 25 min until the mixture was
turned into sapphire blue. And next, the mixture was poured into autoclave of 50 mL and put into
an oven at 180 °C for 18 h. After reaction, the precursor was precipitated in the bottle and then
washed several times separatively by DI water and ethanol. Finally, the precursor was dried in
oven overnight.

Preparation of Pt/NiS@Al,O;

At first, the flower-like Ni,Al(CO;),(OH); nanoplates were put into the tube furnace and
annealed at 750 °C for 200 min under H, atmosphere. After that, the Ni@Al,O; was further
annealed in Ar with sulfur under 350 °C for 100 min. After that, uniformly mix 100 mg
NiS@AILO; with 0.57 ml chloroplatinic acid (~ 5.7 mg). Then, the mixture was calcined again in
the tube furnace at 400 °C for 200 min under Ar atmosphere.

Preparation of porous y-Al,O; nanosheets

200 mg NiS@AIL,0O; was dissolved in 30 mL 2 M hydrochloric acid for more than one day. The
NiS nanoparticles were totally dissolved as y-Al,Oj; is pretty stable in acid. Finally weigh the left
sample. The content of y-Al,O; is ~10 wt% calculated via the formula:

v-AlL,03;%=M(y-Al,03)/M(NiS@A1,03)*100%
Where M(y-Al,O3) and M(NiS@AIL,O;) are the weight of y-Al,O3 and NiS@AILO;, separatively.
Preparation of Pt/NiS

Firstly, to prepare NiS nanoparticles, 9.8 mmol NiSO,, 9.8 mmol NaOH, 30 mL deionized
water were mixed step by step under strong stirring. Then, after stirring for 15 min, the precursor
solution changed into green solution. Subsequently, transfer the mixture into autoclave with a
volume of 50 mL at 160 °C for 3 h. When the autoclave cooled naturally to room temperature in
air, green samples were collected and washed by using deionized water and pure ethanol. After
that, the as-prepared samples were dried in oven at 60 °C overnight to remove the absorbed water
and ethanol. The dried samples were calcined in a tube furnace in H, at 750 °C for 200 min.
Finally, the intermediate samples were annealed again with sulfur powders at 350 °C for 100 min
in Ar. After that, Pt/NiS was prepared by the same procedure as preparation of Pt/NiS@AIL0s.
Characterization

Powder X-ray diffraction with Cu Ko radiation (XRD, Bruker D8 Advance), field-emission
scanning electron microscope (SEM) along with an energy dispersive spectrometer (EDS)
analyzer (JSM-7800F, JEOL, 5 kV), transmission electron microscopy (TEM, FEI Tecnai G2 F30,
300 kV), high-angle annular dark field scanning transition electron microscopy (HAADF-STEM,
FEI Titan Cubed Themis G2 300, 200 kV) X-ray absorption spectroscopy (XAS, SLAC National
Accelerator Laboratory, 3 GeV), inductively coupled plasma atomic emission spectroscopy (ICP-



AES, iCAP 6300Duo), X-ray photo electron spectrometer with a monochromatic Al Ka radiation
(XPS, ESCALAB 250Xi, Thermo scientific, 225 W, 15 mA, 15 kV), Brunauer—-Emmett—Teller
surface area measurements (BET, Quantachrome Autosorb-6B surface-area and pore-size
analyzer).
Electrochemical measurements

The whole catalytic measurements were conducted on CHI660E workstation by a three-
electrode setup, which includes carbon rod, saturated calomel electrode (SCE) and glassy carbon
electrode (3 mm). The catalyst mixture consists of 4 mg catalyst, 0.3 mL ethanol solvent and 0.1
mL Nafion solution (0.5 wt%). Then, drop 4 pL suspension on the GCE and dried naturally. The
mass loading of the electrode is ~0.57 mg/cm?. Linear sweep voltammetry (LSV) was performed
at the scan rates of 1, 2, 5 and 50 mV/s from -0.6 to 0 V in 0.5 M H,SO, solution. The cyclic
voltammetry (CV) was tested from 0 to 0.2 V at various scan rates of 10 to 120 mV/s. AC
impedance tests were measured from 103-0.1 Hz at various voltages. The potentials in the HER
were vs. the reversible hydrogen electrode (RHE) based on the equation: E rug) = E (scg) + 0.279
V in 0.5 M H,SOy solution.
Computational details

All the computations were performed by using the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerh (PBE)?!' within the DFT framework as implemented in Vienna ab
initio simulation package (VASP).3? The project-augmented wave (PAW) method was used to
represent core-valence electron interaction.?® The valence electronic states were expanded in plane
wave basis sets within a cutoff energy of 500 eV. The force threshold for the optimization was set
as 0.01 ev/A.
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Figure S1 SEM images a - b and XRD pattern ¢ of porous y-Al,O; nanosheets after dissolution by
2 M HCL.
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Figure S2 Schematic illustration to demonstrate the synthetic route from the precursor of three-
dimensional Ni,Al(COs3),(OH); nanosheets to the intermediate products of Ni@Al,O; and
NiS@AI,Os, and finally to single Pt atoms anchored on NiS@AI,O;.
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Figure S4 X-ray diffraction (XRD) pattern of Ni;Al(COs),(OH); nanosheets.
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Figure 5 SEM images of the intermediate products of Ni@Al,O; at different resolution.
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Figure S6 X-ray diffraction (XRD) pattern of Ni@Al,O;. Herein, a small peak at ~66.7° is
observed, which is the feature peak of y-Al,O; (JCPDS No.10-0425).
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Figure S7 XRD patterns of Pt/NiS@AI,O; and NiS@AI,O;. It indicates that Pt atom doping can
hardly change the crystal structure of the NiS@AI,0s;. Herein, a small peak at 66.7° is discovered,
which is the characteristic peak of y-Al,O; (JCPDS No. 10-0425), referring to the y-Al,Os

nanosheets anchoring Ni nanoparticles.




Figure S8 The HRTEM image of NiS@AIL,0s.



Figure S9 One possible contact crystal face of a NiS (001), ¢ NiS; (001), d CoS; (001), e MnS,
(001) and b y-Al,O; (001). NiS: crystal system: Hexagonal, a=b=3.42, c¢=5.3; NiS,: crystal
system: Hexagonal, a=b=c=5.7; CoS,: crystal system: Hexagonal, a=b=c=5.5; MnS: crystal
system: Hexagonal, a=b=c=5.2; y-Al,O;: crystal system: Cubic, a=b=c=7.9. The green, pink,
orange, yellow, red and blue balls denote nickel, cobalt, manganese, sulfur, aluminum and oxygen
atoms, respectively. Owing to wide difference in crystal system and cell parameters, there are

large crystal-lattice mismatch between TMS and y-Al,Os.
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Figure S10 HAADF-STEM images of Pt/NiS@AI,O; at the hetero-interfaces, in which we can
see a large number of single atoms anchored on the interfaces, resulting from plenty of vacancy
defects existing in interfaces owing to strong interaction between two different components.
Furthermore, we can also detect many single Pt atoms anchored on NiS nanoparticles. The closer
to the interface, the more Pt atoms anchored as there are more defects caused by strong

interactions.
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Figure S11 Typical characterizations of a-c t/NiSz@A1203, d-f PtYMnS@ALLO;, g-I
Pt/CoS,@AlLOs. a, d, g XRD patterns. b, e, h SEM images. c, f, i HAADF-STEM images.
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Figure S12 XRD pattern of Pt/NiS, in which metallic platinum peaks can be detected, indicating

that Pt nanoparticles can be formed through the same conditions as Pt/NiS@AIl,O; with the similar
Pt loading of ~2.8 %. It further suggests that heterostructure can effectively disperse Pt atoms and

increase the loading amount of single-atom doping.
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Figure S13 a SEM image of Pt anchored on pure NiS nanoparticles. b and ¢ the corresponding
EDS data of spectrogram 1 and 2 from local plane and point scanning, respectively. As observed,
Pt nanoparticles can be formed when Pt anchored on pure NiS nanoparticles even through the
same process as Pt/NiS@AI1,0;. From the EDS data by point scanning on Pt nanoparticles, we can
detect high atomic percent of Pt, further confirming that Pt nanoparticles exist in NiS
nanoparticles. By comparison Pt/NiS@AIl,O; and NiS@AI,05;, we can find out NiS@AILO;
heterostructure is more easily to anchor single Pt atoms due to plenty of vacancy defects derived
from intense interaction between two different components.
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Figure S14 X-ray photoelectron spectroscopy (XPS) patterns of the major elements of Ni 2p, S
2p, Al 2p and O 1s in a-d Pt/NiS@AIL,O; and e-h NiS@AL,O;. In Fig. S14a and Sl4e, binding
energies around 852.9 and 870.0 eV could be assigned to NiS, while the peaks at 856.2 and 874.0
eV as well as the two satellite peaks are corresponding to NiO in the surface.?* The S 2p spectrum
shows the peaks at 161.7 and 162.7 eV, which are originated from the 2p3» and 2p;,, of S;>. And
the satellite peaks at 168.8 eV, originated from the SO,** species, indicates the partly oxidation of
NiS on the surface. Herein, we can detect a small peak in Fig. S13b, which should be ascribed to
Pt-S bond as there is only one difference between Pt/NiS@Al,05; and NiS@AIL,O3. In Al 2p and O
Is spectra, all the peaks show the similar binding energy of AI** and O%, well matched with the

previous literatures.’>-3¢ These observation indicate that the Pt atoms are selectively anchored on

NiS rather than y-Al,Os.
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Figure S15 The linear sweep voltammetry (LSV) curves of Pt/C, Pt/NiS,@AlQO;,
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Figure S16 BET profile of Pt/NiS@AIL,O; to reveal the specific surface area and pore size

distribution (inset) derived from the desorption branch.
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Figure S17 Cyclic Voltammograms (CV) of a Pt/NiS@AI,03, b Pt/NiS, ¢ NiS@AI1,03 and d NiS
NP tested at various scan rates from 10 to 120 mV/s in the potential range of 0-0.2 V.
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Figure S18 Scan rate dependence of the current densities of Pt/NiS@AI,O3, NiS@AL,03, Pt/NiS

and NiS NP.
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Figure S19 Equivalent circuit model for electrochemical impedance tests. Ry, R, and R represent
electrolyte, electrode porosity and charge transfer resistance, respectively.
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Figure S21 XRD and SEM image of Pt/NiS@AI,O; after running for 120 h.
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Figure S22 Durability tests of Pt/NiS@AIL,O;, NiS@AL,0Os, Pt/NiS and NiS NP for comparison.
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Figure S23 Polarization curves for Pt/NiS@AI,O; tested at various scan rates of a 1 mV/s, b 2
mV/s,c 5mV/sand d 50 mV/s in 0.5 M H,SO,.



&
=y

100
-~ 0} w
e T sof
£ »
T 20} S o}
z E
0 - 40
1] e S R S
c -0t S
a . g 20p
€ 0 E ° —=0°C
& -60F —25°C e ——25°C
5 —50°C g Of
o 3 —e—50°C
-80 i 1 .20 I I I L L I I I A L L
0.4 -0.3 -0.2 0.1 0.0 0 4 8 12 16 20 24 28 32 36 40 44 48
Potential Vs. RHE (V) Time/h

Figure S24 Temperature effect of Pt/NiS@AIL,O; tested in 0.5 M H,SO,. a Polarization curves
tested at 0, 25 and 50 °C at a scan rate of 5 mV/s. b Durability test at 0, 25 and 50 °C at a constant
current density of 10 mA/cm?.



Composites Molar ratio of Ni/S/Pt

NiS@ALO; 989:1000:0
Pt/NiS@AL O3 985:1000:15.4

NiS NPs 998:1000:0
Pt/NiS NPs 997:1000:14.5

Table S1 Inductively coupled plasma atomic emission spectroscopy (ICP-AES) tests of
NiS@ALO;, Pt/NiS@AIL,O;, NiS NPs and Pt/NiS NPs, from which we can see Ni cations in
NiS@AILO; is lower than S anions, indicating that Ni vacancies are formed through large crystal-

lattice mismatch of NiS and y-AL,Os.



Sample Weight Atom Ratio Ref

Pt/NiS@AL O3 2.8% 1.5% This work
Pt/carbon 5.0% 0.4% 37
Pt/CeO,-polyhedra 1.0 % 0.9 % 38
Pt/0-AlL,0; 0.18 % 0.09 % 39
Pt/Fe;04 0.06 % 0.07 % 40
Pt/Fe 0.17 % 0.07 % 4
Pt/FeO, 0.08 % 0.04 % 41
Pt/Fe 0.08% 0.03 % 42
Pt/g-C5N, 0.16 % 0.08 % 43
Pt/Graphene 1.52% 0.09% 44
Pt/MoS, 1.6 % 1.3 % 21
Pt/Mg(Sn)(AD)O 0.3% 0.2 % 45
Pt/TiN 0.35% 0.11 % 15
Pt/carbon 0.4 % 0.03 % 46
Pt/Mo,C 0.2% 0.2 % 2
Ag/CN 1% 0.24 % 47
Au/CeO, 0.05 % 0.04 % 48
Au/FeOy 0.03 % 0.02 % 49
Au/MoS, 0.7 % 0.6 % 50
AwTiO, 1.0 % 0.4 % 51
Fe/Graphene 1.5% 0.3% 52
Ir/FeO, 0.01 % 53
Pd/TiO, 1.5% 0.6 % 5
Ni/Graphene 0.38 % 54
Fe/CN 2.16 % 1.09 % 55
Fe/CN 0.9 % 0.5% 56
Fe/CN 1.4% 0.7 % 57
Co/Carbon 3.6% 0.7 % 58
Zn/Carbon 0.30 % 0.06 % 59
Ru/CN 0.30 % 0.08 % 60
Ni/CN 1.53 % 0.7 % 61
Co/CN 0.4 % 0.2 % 62
Au/NiFe-LDH 0.4 % 0.2 % 63
Ni/NG 4% 0.82 % 64
Pt/MoS; 7.5% 6.2 % 65
AwTiO, 0.25 % 0.11 % 66

Table S2 The loading content of single atom doping reported in the previous literature.



Ev (eV) Es (eV)

v-AL O3 12.02 9.16
NiS 0.10 0.93

Table S3 The Ni and Al vacancy formation energies (Ev) and Pt substituted energies (Es) of NiS
and y-Al,O3



Composites Molar ratio of Ni/S/Pt

Pt/NiS@AL O3 985:1000:15.3

Table S4 ICP-AES test of Pt/NiS@AI,O; after running for 120 h.



Catalyst Electrolytes Current Overpotential Tafel slope  Stability Ref
Density (mV/dec)
3D flower-like 0.5 M H,SO4 10 mA/em?> 34 mV 35 98% 120 h  This
Pt/NiS@AL O3 20 mA/cm? 49 mV work
B-NiS 0.5 M H,SO4 10 mA/em? 202 mV / / 67
NiS; nanoparticle 0.5 M H,SO, 1 mA/cm? 230 mV 48.8 / 68
Ni3S; film on fluorine- 0.5 M H,SOq4 10 mA/cm? 213 mV 52 95% 100h 69
doped tin oxide 20 mA/cm? 243 mV
NiS; film 0.5 M H,SO4 10 mA/em? 239 mV 41.6 / 70
NiS nanoparticle 0.5 M H,SOq4 10 mA/cm? 257 mV 88 98% 20 h 71
NiS; nanosheets 0.5 M H,SOq4 10 mA/cm? 240 mV 41 83% 24 h 72
NiS; nanosheets array 1.0 M PBS 10 mA/cm? 243 mV 69 89% 15 h 73
on carbon cloth 1 M KOH 10 mA/cm? 149 mV 104 94% 15 h
NiS nanoparticle 1 M KOH 10 mA/em? 474 mV 124 98% 20 h 74
NiS; nanoparticle 1 M KOH 10 mA/cm? 454 mV 128 96% 20 h 74
Ni;S; nanoparticle 1 M KOH 10 mA/cm? 335 mV 97 95% 20 h 74

Table S5 HER activities of NiSy-based materials reported in the previous literature.



Adsorption sits AG (eV)

NiS Ni -3.59
S -4.07
Pt,q Pt -0.02
S 0.06
Pt S 0.34

Table S6. The values of AG of H adsorbed at different adsorption sites for NiS and Pt anchored
on NiS structures. Pt,q refers to Pt adsorbed on the surface of NiS or replacing Ni on the outer

layer. Pty stands for Pt replacing Ni on the sub-outer layer.
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