Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2023

Supporting Information

Encapsulated Ni nanoparticles in the incomplete graphite layer anchored on NiMo

oxides enabling superior hydrogen evolution to Pt

Jiajia Lu,2 Peng-Jun Deng,® Anyong Chen,?* Chen Yang,? Hongwei Zhu®! and Han-
Pu Liang*abed

a Key Laboratory of Biofuels, Qingdao Institute of Bioenergy and Bioprocess
Technology, Chinese Academy of Sciences, Qingdao 266101, China

b Center of Materials Science and Optoelectronics Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China

¢ Dalian National Laboratory for Clean Energy, Chinese Academy of Sciences, Dalian
116023, China

4 Shandong Energy Institute, Qingdao 266101, China

* Corresponding author. E-mail address: lianghp@qibebt.ac.cn (Han-Pu Liang)



Theoretical models for the water dissociation and hydrogen desorption

To investigate the effect of encapsulated Ni nanoparticles in the incomplete
graphite layer on water dissociation and hydrogen desorption, we constructed the
Ni(111), Ni(200), Ni(220), Pt(111) and C@Ni models. For a reasonable repeated
period, 3x3 supercells were used for Ni(111), Ni(200) and Pt(111) surfaces, as well as
2x3 supercells were used for the Ni(220) surface. Two layers of metal atoms on the
surface were fully relaxed, while the remaining atomic layers were frozen during the
calculation of water dissociation. In the case of the C(@Ni model, the 3x3 supercells of
graphene covers the 3x3 supercells of Ni(111), where the lattice mismatch between
them is less than 0.5%. One graphene layer and two layers of metal atoms on the surface
were fully relaxed, and the remaining three atomic layers were frozen during the
calculation of Gibbs free energy of hydrogen adsorption.

The adsorption (£,4), active (E,) and reaction (E.,) energies of water dissociation

were calculated by following equations:

E,, = E(H,0%)— E(slab) — E(H,0)
E, = E(TS)— E(H,0%)
E., = E(OH *+H#*)— E(H,O%)

where E(slab) and E(H,0O%*) are the total energy of models before and after water
adsorption. £(H,0) is the energy of water. E(TS) is the energy of transition state of
water dissociation. E(OH*+H*) represents the total energy of models after water
dissociation. Transition states were identified by the complete linear synchronous
transit / quadratic synchronous transit (LST/QST) method, where the reactant and
product configurations were the above models of water adsorption (H,O*) and water
dissociation (OH*+H?*).

The Gibbs free energy of hydrogen adsorption (AG(H*)) was calculated by the

following equation:

AG(H¥) = AE+AZPE —TAS
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in which, AE, AZPE and AS are the binding energy, zero point vibration energy change
and entropy change of hydrogen adsorption, respectively. Among them,
AE=[E(9H*)—-E(H*)—4E(H,)]/8, where E(9H*) or E(H*) is the total energy of the
model adsorbed by nine or one hydrogen atom, and E(H,) is the energy of single
hydrogen molecule. Furthermore, AZPE=ZPE(H*)—1/2ZPE(H,) is used to estimate
zero point vibration energy change. It is noted that the ZPE(H,) value is about 0.264
eV, which is very close to the one (0.270 eV) reported by Norskov et al. ! Additionally,
AS=S(H*)—1/28(H,)=—1/2S(H,) is obtained due to the negligible vibrational entropy of
hydrogen adsorbed on models. The TAS thus is —0.205 eV, in view of the case that
TS(H,) is about 0.41 eV for H, at 298 K and 1.0 atm.
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foam fabricated at 160 °C for 3 h in an oven. (d-f) The corresponding EDS mapping
images of Ni and O. The inset in (d) shows their atomic ratio.
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Fig. S2 (a) The XRD pattern and (b) SEM image of Ni(SO4)¢3(OH); 4-Ni(OH), grown
on a Ni foam fabricated at 160 °C for 12 h in an oven. (c-f) The corresponding EDS
mapping images of Ni, S and O. The inset in (c) shows their atomic ratio.
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Fig. S3 Optical images of the Ni(SO4)o3(OH);4-Ni(OH), grown on a Ni foam
fabricated at 160 °C after 12 h in an oven (a) with and (b) without solution.
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Fig. S4 (a) The XRD pattern and (b and ¢) SEM images of C@(NH4)H,xNis.
xO(OH)(M00,),-Ni(OH), grown on a Ni foam fabricated at 170 °C for 12 h in an oven.
(d-1) The corresponding EDS mapping images of C, N, O, Ni and Mo. The inset in (d)
shows their atomic ratio.
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Fig. S5 (a) The SEM image of IG@Ni-NiMoOy. (b-f) The corresponding EDS mapping
images of Ni, Mo, C and O. The inset in (b) shows their atomic ratio.
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Fig. S6 (a) TEM and (b and c) HRTEM images of IG@Ni-NiMoOy. (d) EDS line-
scanning curves of IG@Ni-NiMoO.
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Fig. S7 (a) The XRD pattern and (b-d) SEM images of NiMoO,. (e-h) The
corresponding EDS mapping images of Ni, Mo and O. The inset in (e) shows their
atomic ratio.

al: Ni Foam N
*

S
©
- *
> 4
= ’
2 J !
[<] 1 ! |
- ' ! |
E o -

Ni#89-7128 (111) I 1 (200) (ZZD)E

. . . . L

10 20 30 40 50 60 70 80}
20 / degree

% 250 nm

Fig. S8 (a) The XRD pattern and (b-d) SEM images of Ni-NiMoOy fabricated in the
absence of glucose.
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Fig. S9 (a) TEM and (b-¢) HRTEM images of Ni-NiMoO.
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Fig. S10 (a) Nyquist plots of all the investigated catalysts at =50 mV versus RHE and
the corresponding fitted curves in 1 M KOH aqueous solution. (b) Nyquist plots of
IG@Ni-NiMoOy, Ni-NiMoOy, Pt/C and Pt foil and the corresponding fitted curves. The
inset in (a) shows the equivalent electric circuit and charge-transfer resistances (Rct) of
all the investigated catalysts.
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Fig. S11 (a-d) SEM images of IG@Ni-NiMoO, after stability tests at different
magnifications.

S8



a * Ni Foam - * b
. 938

=]
S ©
S = 887 p g [lo/l=0.70
< BN
z :
[<] 1 4 c e e
= | 1 . —
= o ;

Ni #89-7128  (111) | ! (200) (220) i
L 1 L 1 1 1 i 1 L L L
10 20 30 40 50 60 70 80 500 1000 1500 2000 2500
20/ degree Wavenumber (cm™)

c Survey
= O Auger ‘Ni 2p O1s
© I |
:‘i" Hi Auger Mo 3d
7] T Mo 3p |
c
3 \
£

200 1000 800 600 400 200 0
Binding energy (eV)

-

o

Ni 2py; Mo 3d

Intensity / a. u.

Intensity / a. u.

867 864 861 858 855 852 849 238 236 234 232 230 228 226
Binding energy (eV) Binding energy (eV)

Fig. S12 (a) The XRD pattern and (b) Raman spectrum of IG@Ni-NiMoOy after
stability tests. (¢) Survey and high-resolution XPS spectra of (d) Ni 2p;,, and (e) Mo 3d
of IG@Ni-NiMoOy, after stability tests.
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Fig. S13 (a-d) The top and side views of Ni(111), Ni(200), Ni(220) and C@Ni1 surfaces,
in which the blue and grey spheres denote the Ni and C atoms.

Fig. S14 Schematic diagram of water dissociation for the Ni(111) surface, in which the
blue, red and white spheres denote the Ni, O and H atoms.
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Fig. S15 Schematic diagram of water dissociation for the Ni(200) surface, in which the
blue, red and white spheres denote the Ni, O and H atoms.

Fig. S16 Schematic diagram of water dissociation for the Pt(111) surface, in which the
dark green, red and white spheres denote the Pt, O and H atoms.
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Table S1 Atomic ratios of catalysts from XPS.

Ni Mo O C

IG@Ni-NiMoO, 9.40 15.31 47.07 28.22

Table S2 Comparison of representative HER catalysts in 1 M KOH aqueous solution.

Current Overpotential  Tafel Slope
1 f
Catalyst (mA cm?) (mV) (mV dec) C
-10 61.88
Ni-NiMoO, 62.59
-100 123.72
-10 44.35
IG@Ni-NiMoOy 39.88
-100 76.70
=10 74.02
Pt foil 58.01 )
~100 159.91 This
work
-10 56.49
Pt/C 51.81
-100 209.30
-10 245.29
Ni foam 91.35
-100 358.00
) -10 221.62
NiMoO, 100 350.09 102.03
Ni-Mo,C@NPC -100 260 64 2
Cu NDs/Ni3S, NTs- 100 265 76 3
CFs
NisCos;Mo-OH -100 245 59 4
Ni-Mo-N/CFC -100 240 70 >
Niz;N-VN/NF -100 218 37 6
NiMoCo -100 115 34 7
Ni/Mo,C-NCNFs —100 195 58 8
Ni-FeP/C -100 160 72 ?
Ni/Ni(OH), -100 155 53 10

NiSe,/NizSes/NF —100 228 70 1
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Table S3 Water adsorption on top sites of Ni and Pt surfaces: Zg (A) is the height of O
atom in water above the slabs, do.;; (A) is the distance between oxygen and hydrogen
atoms, the angle (°) is the angle of water and E,4 (eV) is the adsorption energy of water.

Surface Zo (A) don (A) Angle (°) E,q (eV)
Pt(111) 2.320 0.988, 0.988 104.426 —0.294
Ni(111) 2.140 0.988, 0.989 104.592 —0.556
Ni(200) 2.101 0.988, 0.988 105.320 —0.622

Ni(220) 2.097 0.986, 0.986 105.182 —0.645
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