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Fig. S1 XRD patterns of ZnO@Fe,O,4 nanoparticle catalysts.
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Fig. S2 Co/ZnO@NiFe,04 NPs particle size histograms.
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Fig. S3 Co/ZnO@NiFe,04 NPs TEM EDX mapping analysis. The scale bar is 500 nm.
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Fig. S4. FE-SEM images of ZnO and Co/ZnO@NiFe,04 NPs and elemental mapping analysis of
(C)Ni, (D) Zn, (E) Co and (F) Fe, scale bar: 100 nm.

The surface morphology of catalyst is one of the important parameters that affect the hydrogen
generation efficiency. The NPs catalysts were investigated by FE-SEM image as shown in Figure
S4 The FE-SEM images shows that the ZnO and Co/ZnO@NiFe,O, NPs were formed in a very
uniform manner in the form of cubes and a few of them appeared spherically. In order to better
discern the composition of the sample, elemental mapping analysis has been done. Figure S4
(C)~(F) illustrates the Energy-dispersive X-ray spectroscopy (EDX) mapping analysis of Co, Ni,
C, Fe, and O for the Co/ZnO@NiFe,04 NPs sample. The results confirm the presence of all these
elements in the sample which distributed quasi uniformly in the studied section. This result

demonstrates the successful preparation of the powder sample.
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Fig. S5 TEM images of nickel ferrite with the scale bar of (a) 50 nm, and (b) show the

corresponding size distribution and SAED patterns, (c) The particle size histograms of NiFe,O4

NPs , (d) TEM images of nickel ferrite with the scale bar of 5 nm, (e) TEM-EDX spectrum of

NiFCQO4 NPs.
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Fig. S6 TEM images of ZnO@NiFe,O4 NPs (a) and (b) show the corresponding size distribution.

A transition electron microscopy (TEM) image (Fig. S6a) reveals clearly that NiFe,0O4 NPs are
coated with ZnO forming a core and shell structure, with an average particle size of 73.53 nm (Fig.
S6b). This structure facilitates electron transfer in composite (between NiFe,O, and ZnO) and
gives the benefit to hydrogen generation from decomposition of hydrazine in aqueous solution.
Further ZnO@NiFe,0, NPs TEM EDX spectrum with a cobalt load of 2.0 wt%, indicating that
cobalt is the only element detected in the sample in addition to the ZnO@NiFe,O4 NPs (O, Ni, Fe,

Zn) framework elements.
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Fig. S7 the XPS spectrum of the fresh Co/ZnO@NiFe,O4 NPs.
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Fig. S8 XPS spectra of (a) Ni 2p, (b) Fe 2p, (¢) O 1s for NiFe,O4 NPs.

Fig. S8 describes the Ni 2p (Fig. S7a), Fe 2p (Fig. S8b), and O 1s (Fig. S8c) core-level XPS
spectra for NiFe,0O, calcined at 750 °C, respectively. The peaks with BE of 855.30 eV refer to the
Ni?* ions in the lattice.S! Meanwhile, there is a BE component at 855.10 eV consistent to reduced
Ni?*, which is well-known to occur as a result of the high NiFe,O4 NPs catalyst crystallization at
this temperature. Ni deficiency sites occur on the surface, or corresponding to the high NiFe,O,
NPs catalyst crystallization, in which the Ni atoms migrate Ni3* (857.01 ¢V) to the most favorite

crystalline sites.
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The XPS spectrum of Fe 2p core-level calcined at 750 °C is depicted in Fig. S8b. Three
components were identified: at BE of 710.99 eV (Fe 2ps/;) and 724.90 eV (Fe 2p;.) corresponding
to Fe3* ions present in the tetrahedral and the octahedral sites of the spinel structure, respectively.
The high binding energy (HBE) component with BE of 717.54 eV might be the satellite shake-up
structure of tetrahedral and octahedral ions. After calcination at 850 °C (Fig. S8b), no significant
changes were observed in the Fe 2p core-level of NiFe,O4 NPs. Fig. S8c shows the O 1s spectra.
The peak at 529.55 eV is assigned to the contribution of crystal lattice oxygen. Additionally, the
peaks at 531.90 are ascribed to the defects, impurities, and captivated oxygen on the spinal

surface.5?

It has been reported that hydrazine decomposition (N;Hs — Ny(g) + 2H; (g)) may proceed
through different pathways related to the reaction conditions including reaction temperature. In
one pathway, N, is formed intra-molecularly and not by the recombination of nitrogen species

(equation I-1 to I-5).

Pathway-I
H,NNH; — NoH3* + H* ......... (I-1)
NoH3* — NoH* +H* oo (I-2)
H*+H* > Hy(g)...oovnvnnnnnne (I-3)
NoH* — NoH* +H* ... (I1-4)
NoH* = Ny (g) +H*........... (I-5)
H*+H* > Hy(g)....ovevennen (1-6)

In the second pathway the N-N bond breaks to form the NH, species on the surface [Equation (II-

1)], which further decomposes into nitrogen and hydrogen [Equation (II-3) and (II-4)]. It has been
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reported that activity energy (Ea) for one pathway is always smaller than Ea for the second
pathway.
Pathway-I1

H,NNH, — NH* + 2H* +N*...... (II-1)

NH* — N* +2H*.........ooo, (I1-2)
N 4+ N* > N (€)eeeevreeeinnnnn, (11-3)
2H* + 2H* — 2Hs (). (11-4)

At lower temperatures, the Ea value is 44.84 kJ/mol, indicating that the second hydrazine
decomposition pathway is increasing. This is the reason the H, evolution plots at higher

temperatures slightly faster than those at lower temperatures.
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3 Fig. S9 (a) Time course plots and (b) the corresponding TOF values and hydrogen selectivity for
4 hydrogen generation from aqueous N,H, solution (2 mmole, T =25 °C) and different amount of
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Fig. S10 demonstrates the XPS investigation of used Co/ZnO@NiFe,O, NPs, in which the
statistics of emitted photoelectrons are given as a function of the binding energy up to 1300 eV.
Six photoemission peaks (Co 2p, Fe 2p, Ni 2p, Zn 2p, O Is and C Is) perform in the extensive
spectra of the Co/ZnO@NiFe,04 NPs (Fig. S11). The detailed spectrum of Co 2p peaks in Fig.
Slla are equivalent to Ni 2p peaks, and the peaks of Co 2p3, and CoZp;;, equally can be
fragmented to two peaks with BE values of 778.15, 783.37 eV, and 792.56, 796.60 eV, respectively
(Table S1), resemble to Co (III) and Co (II). As a trace of Co (II) in the catalyst surface can be
oxidized to Co (III) in the sample load and characterization, Co (III) can be perceived. As seen
from Fig. S11b (Fe2p spectra), trace iron content resulted in strong peak intensity. Both samples
exhibit three peaks at 709.63 eV, 715.98 eV and 723.53 eV, which correspond to the binding
energy of Fe3" 2p;», shake-up satellite Fe3" 2p;, and Fe3* 2p, », respectively. The detailed spectrum
of Ni 2p peaks magnified from the wide spectrum of the Co/ZnO@NiFe,04 NPs shows two peaks
at 856.93 eV and 874.94 eV due to the spin—orbit splitting of 2p;, and 2p,,, respectively (Fig.
S11c), and two satellite peaks at 861.88 and 883.34 eV are two shakeup type peaks of nickel at the
high binding energy side of Ni 2ps/; and Ni 2p;/,. As shown in Fig. S11d, the XPS spectrum of Zn
2p reveals the binding energies of Zn 2p;); at about 1,021.71 eV and Zn 2p,; positioned at 1,044.95
eV, respectively. The de-convoluted peaks at 528.32 and 530.17 eV correspond to lattice oxygen,
oxygen vacancies in the NiFe,O4 environment and insecurely bound oxygen at the NiFe,O4 and
Zn NP surface, respectively (Fig. S11e). In Fig. S11f, the C 1s spectra of the Co/ZnO@NiFe,04
NPs was de-convoluted into three peaks, which corresponds to O—C=0 (285.04 e¢V), C-0 (283.62
eV), and C=C (281.79 eV). The results reveal that Co, Fe, Ni, Zn, O and C ions in both samples
(before and after catalytic decomposition of hydrazine in aqueous solution) have the same

valances at the surface and internal.
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Fig. S10 the XPS spectrum of the used Co/ZnO@NiFe,O4 NPs.
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2 Fig. S11 XPS analysis of Co/ZnO@NiFe,04 NPs and detailed analysis of Co 2p (a),

W

Fe 2p (b), Ni 2p (c), Zn 2p (d), O 1s (e) and C Is.
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6 Fig. S12 XRD pattern of the post-used Co/ZnO@NiFe,0,4 NPs catalyst after fifteen cyclic usages.
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Fig. S13 TEM images of used Co/ZnO@NiFe,04 NPs with the scale bar of (a) 50 nm, (b) 5 nm

and TEM images of Co/ZnO@NiFe,O4 NPs with a Co load of 2.0 wt%, (c) show the corresponding

size distribution and SAED patterns (d) TEM-EDX spectrum of Co/ZnO@NiFe,O4 NPs, (e)

contrast intensity profile indicates the lattice parameter of Co and (f-j) EDS mapping results.
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Fig. S14 The particle size histograms of used Co/ZnO@NiFe,O4 NPs.
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Fig. S15 TGA and DTA curves of Co/ZnO@NiFe,0,4 nanoparticles catalyst.
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1 Table S1. XPS survey data for the elements on the sample surface before and after the

2 decomposition reaction.

Mztals Fresh catalysts After used catalysts
2p3peV | 2pp(eV) | Difference | Satellite 2p3n (eV) 2p12 (€V) Satellite (eV)
Co 781.22 797.48 16.21 778.15, 783.37 | 792.56, 796.60 -
Fe 709.79 723.91 14.13 709.63, 715.98 723.53 -
Ni 855.07 872.76 17.69 862.25 861.88 883.34 861.88, 883.34
Zn 1022.28 | 1045.61 233 1021.71 1044.95 -
O 530.73 529.25 1.48 528.32 530.17 -
4

5 Table S2. Activities in terms of TOF values of different catalysts tested in hydrogen generation

6 from N,H, aqueous solution.

S.No Catalysts Temp. | TOF (h!) Ea Reusability Ref.
(K) (kJ/mol) | Run (No) | Activity (%)

1. Pd/Ag/Ni 313 30.2 75.9 5 100 S3
2. NizoFe;0Pdyg 323 21.5 40.0 5 100 S4
3. CoRuyg 11/v-AlL,O4 298 21.9 51.9 3 100 S5
4. Pt ,Nig¢/C 323 673 45.7 5 100 S6
5. NiCo/NiO-CoOx 295 - 45.15 10 99 S7
6. RhsNi;9P30/rGO 298 101 58.8 5 100 S8
7. Rhy 7Nig3/MnOx-MXene 323 1101.9 36.8 6 100 S9
8. Rh34Nigs@ZIF-8 323 140 58.1 5 100 S10
9. NigoPto /MIL-101 303 140 48.4 8 100 S11
10. RhssNiys/Ce(OH)CO; NCs 323 395 38.8 4 100 S12
1. Nig¢FeopsMo 323 28.8 50.7 3 100 S13
12. Nig25Feg25Pdg 5/Ui0-66 333 120.3 43.5 5 100 S14
13. Nig 6Pty 4/g-C3N4 NSs 323 2194 35.9 5 100 S15
14. NF7; 333 6.9 52.07 5 100 S16
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15. Nig Pty 1/Ce, 05 298 28.1 423 4 100 S17
16. Co/ZnO@NiFe,0, 298 4445.37 44 .84 15 100 Present
work
17. Co/ZnO@NiFe,04 318 | 11159.14 - - 100 Present
work
18. Nilrg 959/ Al,O3 303 12.4 38.6 10 99 S18
19. Pty ¢Nig4@ZrO,/C/rGO 323 1920 62.3 5 100 S19
20. NigoPtso/meso-CeO, 323 1363 58.2 20 100 S20
21. NigW/WO,/NiWO, 323 33 - 10 99 S21
22. Ni;oMo/Ni-Mo-O 323 54.5 55 10 - S22
23. Ni-Mo 303 - 40 10 99 S23
24. NiPt/NC 323 1602 48.3 10 100 S24
25. NigoPtso/MNC-800 303 1667 32.2 6 100 S25
26. NigsPt¢/graphene 298 133 40 3 100 S26
27. NiPt/La(OH); 323 2400 53.2 5 100 S27
CoPt/La(OH); 2400 45.2 5 100
28. Cug4NipsMo 323 108 10 100 S28
29. Nig gPto»/DT-TizC,Tx 323 1220 67.1 - 100 S29
1
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