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1. Crystal structure and physical characterization of NiMo-MOF
1.1 X-ray Crystallographic Analysis

X-ray single crystal data collection of NiMo-MOF was botained on a Bruker SMART APEX II CCD
diffractometer equipped with a graphite monochromator using Mo-Ko. radiation (A = 0.71073 A) at 293 K. A
multiscan technique was used to perform adsorption corrections. All the structures were solved using direct
methods and refined using the full-matrix least-squares method on F? with anisotropic thermal parameters for all
non-hydrogen atoms using the SHELXL-97 program.! All hydrogen atoms were located in calculated positions
and refined isotropically. In the NiMo-MOF, the disordered atoms O1A and O1B, O2A and O2B were split over
two sites with occupancy of 0.5 and were anisotropically refined. In the NiMo-MOF, free water molecules were
highly disordered, and we failed to locate and refine the solvent peaks. Then, we used the SQUEEZE routine of
PLATON to remove the diffused electron densities resulting from the residual solvent molecules and further
refined using the data generated.? The final formula of NiMo-MOF were determined by the combination of
elemental analysis, TGA data and the SQUEEZE results. The crystallographic data for NiMo-MOF is listed in
Table 1. Moreover, the selected bonds distances and bond angles are summarized in Table 2. In addition,
crystallographic data of NiMo-MOF have been deposited in Cambridge Crystallographic Data Center as
supplementary publication with CCDC number: 1515194,

Reference:
(1) SHELXS-97, Sheldrick, G. M. Acta Crystallogr. Sect. A: Found. Crystallogr. 2008, 64, 112-122.

(2) Spek, A. L. Acta Crystallogr. Sect. D: Biol. Crystallogr. 2009, 65, 148-155.
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Table 1. Crystallographic Data for NiMo-MOF.

Compound NiMo-MOF
Chemical formula C,sH20NiMoN,4Oy 50
Formula weigh 624.18
Crystal system Triclinic
Space group P-1
a(A) 12.673(2)
b(A) 12.7426(19)
c(R) 13.598(2)
a(®) 115.976(2)
B©) 105.206(3)
7(°) 102.326(3)
V (A3 1763.3(5)
Temperature (K) 293(2)
V4 2
Deea (g + cm?) 1.176
GOF on F? 0.858
no. of unique data 6437
no. of params refined 346
R,[I> 20(D] 0.0503
wWR,[ 1> 20(D)]” 0.1219
R4 (all data) 0.0895
wR,? (all data) 0.1375
Rin 0.0436

“Ry = YI[Fol = [Fll/Z[Fol. "WRy = [Ew(Fo> — F)/ Y w(Fo?)*]"?
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Table 2. Selected Bonds Lengths (A) and Angles (°) for compounds NiMo-MOF

Compound NiMo-MOF

Ni(1)-0(4)#1 2.064(3) Ni(2)-N(4)#4 2.137(4)
Ni(1)-0(4) 2.064(3) Ni(2)-NQ)#5 2.153(4)
Ni(1)-N(3) 2.113(4) Ni(2)-N(2)#6 2.153(4)

Ni(1)-N3)#1 2.113(4) Mo(1)-0(1) 1.650(14)
Ni(1)-N(1) 2.136(4) Mo(1)-0(2) 1.681(15)

Ni(1)-N(1)#1 2.136(4) Mo(1)-0(3) 1.740(3)
Ni(2)-0(3) 2.059(3) Mo(1)-O(4) 1.757(3)

Ni(2)-0(3)#2 2.059(3) Mo(1)-0(2A) 1.827(17)

Ni(2)-N(@)#3 2.137(4) Mo(1)-O(1A) 1.863(13)

O(4)#1-Ni(1)-O(4) 180.0(2) O(3)#2-Ni(2)-N(4)#4 89.79(15)
O(4)#1-Ni(1)-N(3) 89.96(14) N(4)#3-Ni(2)-N(4)#4 180.0(2)
O(4)-Ni(1)-N(3) 90.04(14) 0(3)-Ni(2)-N(2)#5 89.57(14)
O(4)#1-Ni(1)-N(3)#1 90.04(14) 0(3)#2-Ni(2)-N(2)#5 90.43(14)
O(4)-Ni(1)-N(3)#1 89.96(14) N(@)#3-Ni(2)-NQ2)#5 87.73(16)
N(3)-Ni(1)-N3)#1 180.0(3) N(4)#4-Ni(2)-N(2)#5 92.27(16)
O(4)#1-Ni(1)-N(1) 89.24(14) 0(3)-Ni(2)-N(2)#6 90.43(14)
O(4)-Ni(1)-N(1) 90.76(14) O(3)#2-Ni(2)-N(2)#6 89.57(14)
N@3)-Ni(1)-N(1) 93.15(16) N(@4)#3-Ni(2)-N(2)#6 92.27(16)
N@3)#1-Ni(1)-N(1) 86.85(16) N(4)#4-Ni(2)-N(2)#6 87.73(16)
O(4)#1-Ni(1)-N(1)#1 90.76(14) N(Q2)#5-Ni(2)-N(2)#6 180.0(2)
O(4)-Ni(1)-N(1)#1 89.24(14) 0(1)-Mo(1)-0(2) 88.3(6)
N(3)-Ni(1)-N(1)#1 86.86(16) 0(1)-Mo(1)-0(3) 112.6(6)
N(3)#1-Ni(1)-N(1)#1 93.15(16) 0(2)-Mo(1)-0(3) 115.0(6)
N(1)-Ni(1)-N(1)#1 180 O(1)-Mo(1)-0(4) 115.5(6)
0(3)-Ni(2)-0(3)#2 180 0(2)-Mo(1)-0(4) 113.3(6)
0(3)-Ni(2)-N(4)#3 89.79(15) 0(3)-Mo(1)-0(4) 110.72(15)
O(3)#2-Ni(2)-N(4)#3 90.21(15) 0(1)-Mo(1)-0(2A) 108.0(6)
0(3)-Ni(2)-N(4)#4 90.21(15) O(2A)-Mo(1)-O(1A) 128.0(5)
0(2)-Mo(1)-0(2A) 19.8(6) 0(2)-Mo(1)-0(2A) 19.8(6)
0(3)-Mo(1)-0(2A) 103.9(6) 0(3)-Mo(1)-0(2A) 103.9(6)
0(4)-Mo(1)-O(2A) 105.2(5) 0(4)-Mo(1)-0(2A) 105.2(5)

Symmetry codes: for compound NiMo-MOF: #1 —x+ 1,-y+1,-z+2; #2 x+1,-y+2,-z+ 2;#3 x+1,-y + 1,
z+L#x, y+ L, z+L#Sx+ L,y+ 1,z #6 x, -y + 1, -z + 2.
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1.2 Structure of compound NiMo-MOF.

Fig. S1 (a) Ni(Il) coordination environments of NiMo-MOF.
Symmetry codes: (#1) 1 —x + 1, -y + 1, -z + 2. (b) 1D chain of
NiMo-MOF. (c) and (d) 3D framework of NiMo-MOF with 1D
channels running along a and b axes. (e) 3D uninodal 6-
connected net with a (412¢6%) topology of NiMo-MOF. All
hydrogen atoms are omitted for clarity.

X-ray determination has revealed that NiMo-MOF crystalized in the triclinic system with P-7 space group. The
asymmetric unit includes one Ni (II) ion, one Mo (VI) ion and two bpp ligands are shown in Figure Sla. Nil
adpots a hexacoordinated octahedral fashion geometry by connecting to two oxygen atoms and four nitrogen atoms
from two bpp ligands. The average Ni-O and Ni-N distances are from 2.059 to 2.064(3) A and from 2.113(4) to
2.153(4) A , respectively. Mol shows MoQ, tetrahedron coordination configuration, and each molybdenum centre
is coordinated with two bridging oxygen atoms (O,) and two terminal oxygen atoms (Oy). The V-O, distances of
1.650(14) and 1.681(15) A are slightly shorter than the V-O, distances of 1.740(3) and 1.757(3) A. The Ni ions
and adjacent Mo ions are connected through the bridging oxygen atoms to form a one dimensional chain,
displayed in Fig S1b. Then, the one dimensional chains are further linked by bpp ligands to assemble into a 3D
framework with 1D channels along a, b and ¢ axes (Fig. Slc and S1d). Topologically, NiMo-MOF is a uninodal
6-connected net with the Schifli symbol of {412¢6% } as depicted in Figure. S3e.
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1.3 Physical characterization of NiMo-MOF.
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Fig. S2 Experimental (blue), simulated (black) PXRD patterns for compound NiMo-MOF.
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Fig. S3 The TGA curves for compound 1

To study the thermal stabilities of NiMo-MOF, the thermogravimetric analyses were carried out under N,
atmosphere from room temperature to 800 °C with a heating rate of 10 °C min'!. NiMo-MOF shows a slow
weight loss of 1.56% before 280 °C, which corresponds to the loss of solvent water molecules (calculated
1.44%). Then with the increase of temperature, the framework collapsed and decomposed. The residues are
NiO and MoOj; (experimental: 32.28% and calculated 33.13%).
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2.

Physical characterization of NiMo,C@C

Fig. S4 (a) and (b) TEM images of NiMo,C@C, displaying that Ni/Mo,C nanoparticles are well coated with
graphitized carbon layers.
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Fig. S5 Raman spectrum of NiMo,C@C with Ig/Ip = 1.2, indicating the partial graphitization at 700 °C.

100000

1 Ols Cls
80000 -

40000 -

Intensity (a.u.)

T ™ T T T T

LB T T T L]
1200 1000 800 600 400 200 0
Binding Energy (eV)

Fig. S6 X-ray photoelectron spectra of NiMo,C@C.

S8



Mo, N
Pyridinic N
Mo 3p3’,2

Intensity (a. u.)

- T ; T v T . T .
402 400 398 396 394 392
Binding Energy (eV)
Fig. S7 The high resolution N 1s XPS of NiMo,C@C.
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Fig. S8 The high resolution C 1s XPS of NiMo,C@C. The position of the C 1s line ascribed to C=C/C-C is
284.6 eV, downshift by about 0.4 eV compared with GO (285.0 eV), which indicates the charge transfer

between NiMo,C and graphene.
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3. Additional electrochemical experiment of NiMo,C@C
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Fig. S10 (a) and (b) Polarization curves of NiMo,C@C with different mass loadings on a glassy carbon
electrode in 0.5M H,SO,4 and 1M KOH.

a) o , b) o4
O  700-2H 4 O 700-2H
0O 700-3H 0 700-3H
~ I 700-4H s ] 700-4H
E 10 O 700-5H £ 0 700-5H
< <
E E 20
= z
z Z
= =
E -20 4 g 30 4
= =
8] =}
40 4
-30 v T v T v T r : . T . T - . .
0.5 0.4 0.3 0.2 041 0.0 0.5 04 03 0.2 0.4 0.0
Potential (V vs RHE) Potential (V vs RHE)

Fig.S11 (a) and (b) Polarization curves of NiMo,C@C with different carburizing time at 700 °C on a glassy
carbon electrode in 0.5M H,SO,4 and 1M KOH.
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Fig.S12 (a) and (b) Polarization curves of NiMo,C@C with different carburizing temperatures on a glassy
carbon electrode in 0.5M H,SO,4 and 1M KOH.
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Fig. S13 PXRD curves of NiMo,C@C catalyst (black) and NiMo,C@C catalyst of mixture (blue).
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Fig. S14 (a) TEM image of NiMo,C@C (mixture) (inset the particle size distribution of Ni/Mo,C in
NiMo,C@C (mixture)), displaying Ni/Mo,C nanoparticles possess a diameter range from 50nm to 160nm,
which is much larger than the Ni/Mo,C nanoparticles in NiMo,C@C catalyst; (b-d) HRTEM images of
NiMo,C@C (mixture). The d-spacing distance of multiple graphene layers, the lattice plane (111) of Mo,C
(JCPDS no. 15-0457) and Ni (JCPDS no. 04-0850) is about 0.36nm, 0.24nm and 0.20nm, respectively, which
is well accordant with the NiMo,C@(C catalyst.
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Fig. S15 The energy dispersive spectrum (EDS) of NiMo,C@C (mixture). The peaks corresponding to C,
N, Mo and Ni elements are observed.
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Fig. S16 X-ray photoelectron spectra of NiMo,C@C (mixture).
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Fig. S17 (a) - (d) XPS spectra of Ni 2p peaks, Mo 3d peaks, Cls peaks and N 1s of NiMo,C@C (mixture).
The Ni 2p XPS spectrum of NiMo,C@C (mixture) also displays the coexistence of Ni® (852.8 e¢V) and Ni2*
(853.7 eV). The Mo 3d XPS spectrum exhibits the existence of Mo® (227.3 eV), Mo?* (228.4 eV and 231.6
eV) and Mo®" (235 eV). The peak located at 284.6 eV of C 1s line is C=C/C-C. The peak located at 398.2 eV
of N 1s XPS can be ascribed to pyridinic nitrogen derived from the bpp ligands. Therefore, the NiMo,C@C
(mixture) shows same binding state with NiMo,C@C.
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Fig. S18 PXRD curves of mixture with glucose.
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Fig. S19 PXRD curves of mixture with urea.
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Fig.S20 (a) and (b) Polarization curves of NiMo,C@C (mixture), mixture with glucose and mixture with urea
on a glassy carbon electrode in 0.5M H,SO,4 and 1M KOH.

S14



[
1=}
I

b
S
I

In 0.5M H, S50, J In IM KOH
-40 < Initial

Initial
After 2000 cycles —,

1 After 2000 cycles
-40 -

Curent density (mA cm™)

&
1
Curent density (mA cm™)

-60 = -50 -

¥ T T T
-0.6 -0.4 -0.2 0.0 -0.6 0.5 -0.4 0.3 0.2 -0.1 0.0
Potential (V vs RHE) Potential (V vs RHE)

d)

(]
—

-10 < -10

15 - -20 4

Curent density (mA cm Z)
Curent density (mA cm™)

-20

- T T T T T T z -30 T T
0 2 4 6 8 10

Time (h) 0 2 4_ 6 8 10
Time (h)

Fig. S21 (a) and (b) Polarization curves after continuous potential sweeps at 50 mV s! in 0.5M H,SO,4 and

IM KOH. (c) and (d) Time-dependent current density curves under 1 = 180 m V in 0.5M H,SO4 and 1M
KOH.
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Comparison of HER parameters of different non-Pt catalysts.

Table S3 Comparison for HER activity in acidic solutions for NiMo,C@C with other electrocatalysts.

Loading mass Surre.:tnt nat di Tafel slope
Catalysts ensity correspongding Ref.
2 -1
(mg cm2) (. mA om?) i @mv) (mV decade!)
NiMo,C@C 0.15 10 169 100 This
work
Mo,C/CNT 2.0 10 152 55.2 S1
Mo,C/CNT-graphene 0.65-0.67 10 130 58 S2
Cog¢Moq 4N, 0.24 10 200 / S3
MosS,/graphene/Ni
5.01 10 141 42.8 S4
foam
Mo, C/Ni B 10 ~150 B S5
NiMoN,
0.25 2 170 359 S6
nanosheets
Mo,C-carbon
0.25 10 147 110-235 S7
nanocomposites
Porous MoCy
0.8 10 142 53 S8
nano-octahedrons
MoO,P,/Mo - 10 135 62 S9
Mo,C and MoB
1.4-2.5 20 ~225 55-56 S10
microparticles
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Table S4 Comparison for HER activity in basic solutions for NiMo,C@C with other electrocatalysts.

C t
Loading mass durrin 1 at correspongding Tafel slope
Catalysts ensity Ref.
(mg cm?) (. mA om?) j (mV) (mV decade™)

. This
NiMo,C@C 0.15 10 181 84 work
Porous MoCy

0.8 10 151 59 S8
nano-octahedrons
Mo,C and MoB
0.8-2.3 20 210-240 54-59 S10
microparticles
Ni-Mo
1 10 ~80 - S11
nanopowder
NiO/Ni-CNT 0.28 10 80 82 S12
NiMo,C/NF - 10 150 36.8 S13
Ni/Mo,C-PC 0.5 10 179 101 S14
CoO@CN 0.12 10 232 115 S15
Mo,C-NCNT 3 10 257 71 S16
Mo,C 0.009 10 270 67 S17
MoB 2.3 10 ~220 59 S18
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