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1. The synthesis and characterizations of the nanocatalysts

Synthesis of GO: The synthesis of GO was followed the literature (ref. 34 in the main
text). 1 g graphite powder was sonicated and stirred in an ice bath in 46 mL H,SO,
with 1 g of NaNO; for 30 minutes. 6 g KMnO4 was then added slowly with
continuous sonication. After 30 minutes, the flask was removed and the mixture was
allowed to stir slowly overnight at 30°C. Then, 50 mL H,O was added slowly under
the nitrogen sparging followed by 1 hour of stirring. Finally, 300 mL 3% H,0, was
added into the flask yielding a yellowish-brown GO suspension. The GO suspension
was washed several times thoroughly with diluted HCI (3%) and deionized water via
centrifugation, until the pH was neutral. After centrifugation it was then sonicated and
thereafter dried in vacuo at 60 °C overnight to obtain a GO powder.
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Figure S1. TEM image of the as-synthesized graphene oxide by modified Hummers’
method.
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Figure S2. Scheme of the operation procedure for the synthesis of the nanocatalyst

RhNPs/GO.
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Figure S3. Reduction of RhCl; by GO in water at 0 °C (water/ice) in air monitored by
UV-vis. spectroscopy. The absorptions at 379 and 480 nm correspond to the d-d
transitions of Rh3*. After reduction to Rh(0)NP/GO, these two absorption bands
disappeared.
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Figure S4. Reduction of RhCl; by GO in water at 45 °C monitored by UV-vis.
spectroscopy. The absorption at 379 and 480 nm correspond to the d-d transitions of
Rh3*. After 1 min string, these two absorption bands disappeared, suggesting fast
reduction of Rh3* by GO at 45 °C.
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Figure SS. The colors of the as-synthesized RhNPs/GO nanocatalysts at different
temperatures.
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Figure S6. TEM and size distribution of the RhNPs/GO-0°C (3.6+0.4 nm).
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Figure S7. TEM and size distribution of the RhNPs/GO-20°C (2.6+0.3 nm).
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Figure S8 Size distribution of the RhNPs/GO-45°C (1.8+0.3 nm).
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Figure S9. TEM-dark field image of the RhNPs/GO-45°C at different magnifications.
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Figure S10. XPS spectrum of Rh 3d over the nanocatalyst RANPs/GO-45C.
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Figure S11. Raman spectra of the nanocatalyst RhNPs/GO-45°C showing no

significant change compared to pure GO.
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Figure S12. Size distribution of the nanocatalyst RANPs/GO-70C (4.5+£0.4 nm).
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Figure S13. TEM images and size distribution of the RhNPs/GO-90C (5.2+0.5 nm).
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2. Reduction of 4-NP by NaBH, (at 20 °C)

N02 NH2

RhNPs/GO, NaBH,

Water, 20 °C

OH OH

Scheme S1. Catalytic reduction of 4-NP by NaBH,.

The standard reaction mechanism of catalytic reduction of 4-NP by NaBH, is shown
below:

NO. NH,
4 _ catalyst -
+ 3BHy ——» 4 + 3BOz +2H,0 (1)
OH OH
- 20 H. _OH
o\% —0 N SN NH NH,
267, +H' +2e", +2H" -Hz0 +267, +2H"
B ——— - _t (2)
-OH"
OH OH
OH OH 0
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Figure S14. UV-vis. spectra of the 4-NP reduction by NaBH, catalyzed by 10 ppm of
RhNPs/GO-0 °C (top); consumption rate of 4-NP -In(C,/Cy) vs. reaction time (bottom,

R2=0.9872).
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Figure S15. UV-vis. spectra of the 4-NP reduction by NaBH, catalyzed by 1 ppm of
RhNPs/GO-0 °C (top); consumption rate of 4-NP -In(C,/Cy) vs. reaction time (bottom,
R?=0.9913).
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Figure S16. UV-vis. spectra of the 4-NP reduction by NaBH, catalyzed by 10 ppm of
RhNPs/GO-20 °C (top); consumption rate of 4-NP -In(C/Cj) vs. reaction time

(bottom, R? = 0.9827).

17



—80 s
—120 s
—160 s
200 s
g —240 s
=] 280 s
[
=
2
-
0 : T J T T T i T E T i I
250 300 350 400 450 300 550
Wavelength (nm)
2.0+
1.5 -3
k., =11.8x10 s
ey | app
U | |
1.0 4
S
3
0.5 4
0.0 4 ]
T T L T L T T T L T I T T T T 1

. —T—
60 80 100 120 140 160 180 200 220 240 260
Time (5)

Figure S17. UV-vis. spectra of the 4-NP reduction by NaBH, catalyzed by 10 ppm of
RhNPs/GO-45 °C (top); consumption rate of 4-NP -In(C/Cj) vs. reaction time

(bottom, R? = 0.9931).
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Figure S18. UV-vis. spectra of the 4-NP reduction by NaBH, catalyzed by 1 ppm of
RhNPs/GO-45 °C (top); consumption rate of 4-NP -In(C/Cj) vs. reaction time
(bottom, R? = 0.9941).
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Figure S19. UV-vis. spectra of the 4-NP reduction by NaBH, catalyzed by 10 ppm of
RhNPs/GO-70 °C (top); consumption rate of 4-NP -In(C/Cy) vs. reaction time
(bottom, R? = 0.9923).

20



Absorbance

250 300 350 400 450 500

Wavelength (nm)

1.4
1.2

1.0

0.8 - B 3 -1
| kgpp=5.32x107 s

-Ln (C/Cp)

T T L T T T T T T T I 1
100 150 200 250 300 350 400
Time (s)

Figure S20. UV-vis. spectra of the 4-NP reduction by NaBH, catalyzed by 10 ppm of
RhNPs/GO-90 °C (top); consumption rate of 4-NP -In(C/Cy) vs. reaction time

(bottom, R? = 0.9968).
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Table S1. Selected

nanocatalysts.“

examples of 4-NP reduction catalyzed by MNPs/graphene based

Catalysts MNPs size Catalyst (mg) Catalyst NaBH,4 kapp Ref
(nm) /Metal  loading | (mol%) (equiv.) (x10-3s71)
(Wt%)
/concentration
RhNPs/GO-45 °C 1.8+0.3 2.5X10° mg 1X10¢ 81 4.29 This
work
Au/G 14.6 2.26 wt% 71 3.17 1
Auw/TWEEN/GO 6-15 62 23 4.23 2
GO-NIPAAm-Au 10 37.1 wt% 100 4.6 3
GO@NH,-Au 14.0£1 4.5 80 35.6 4
Au-silane-GO 10 0.02 mg 40 2.7 5
Au/PDIL-GS 4.7 0.03 mg 100 6.72 6
G/PDA-Au 16 5.6 wt% 1320 3.75 7
Au/SRG 17 80 8.3 8
Py-W/GO/AuNPs 4-11 1.69wt% 28.6 1.76 9
AuAg/PRGO 6 0.03 mg 107.1 3.0 10
Ag:Au=0.82
Au-Ag-GO Au=50 1 mg 53.3 11
Au:Ag=1:2, wt% Ag=5
Au-Pd/GO 3-7 30 mg 214.6 27.1 12
Au:Ag=1:1, mol%
Ag@Pd/G 2.4 nm 0.1 mg 50 8.67 13
Au-Ag/GO 20 AuAg=14.3wt% 114.3 50 14
Au-Ag/GO 5 0.47 mol% 114.3 142.7 15
G-Au@Pt 20 0.825 mg 100 9.44 16
Au@Fe;04-G 5 0.05 mg 250 16.15 17
GOAFe;04/Au 3-7 0.02mg/22.05wt% 66.7 322 18
Au/Fe,05-GO 8 Smol% 50 4.2 (35C) 19
Fe;04-G-Au 50 10 mg/1% 352.9 8.3 20
Ag/rGO(PM) 5-20 3-4X10° ml! 300 26.5 21
GO-Ag(SDBS) 14+ 6 1-2X 1019 m]-! 600 1.7+0.1 22
RGO/Ag/CeO, 10 14.6wt% 150 4.5 23
Pt;/Nips-G 154 4ug 150 24
rGO/Pt-Ni (25:75) 42 3mg/37.85wt% Pt: Ni=1.22 | 300 1.12 25
PdANCs/SnO,-GNS 3.4 0.28mol% 300 20.3 26
Fe;04/graphene/PtPd 3 0.lmg 3243 36.8 27
Pd-CoFe,04-G 2-10 0.04mg 110.8 11 28
Pd@rGO 3-14 0.05mg 200 25 29
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Pd-rGO-CNT 4 Smg/1.12 wt%. 100 20 30
Pd—CNT-GH 2-3 2.98 wt %. 100 7.17 31
Pd/rGO 2.8-3.9 2.4 wt% 333 4.5 32

@ The Table is arranged by catalyst type.
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3. Dehydrogenation of H;N-BH; by RhNPs/GO nanocatalyst
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Figure S21. Time plots of the catalytic dehydrogenation of AB by the nanocatalyst

RhNPs/GO-45°C with various catalyst loading.
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Figure S22. Time plots of the catalytic dehydrogenation of AB by the nanocatalyst

RhNPs/GO-45°C with various amount of AB.
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Figure S23. Time plots of the catalytic dehydrogenation of AB by RhNPs/GO-45°C

nanocatalysts at various temperatures.

The activation energy (E,) was calculated through the Arrhenius equation (Eq.(S1)).

E

a

Ink=In4d-—
RT (S1)

Where: £ is the reaction rate, A is the pre-exponential factor, R is gas constant and T
is temperature.

The apparent activation energy of hydrolysis of AB was determined to be
approximately 21.4 kJ/mol.
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Figure S24. 'H NMR spectrum of NH;BH;. 'H NMR (400 MHz, DMSO) &pm: 0.85-
1.51 (q, 3H), 4.41 (s, 3H).
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Synthesis of NH;BD;-33

In a dried Schlenk tube, sodium borodeuteride (NaBD,, 0.02 mol) and ammonium
carbonate ((NH4),COs3, 0.02 mol) were mixed, dry THF (150 mL) was then added and

the mixture was allowed to stir at 40°C under an argon flow until the hydrogen

evolution ceased. The solvent was then removed by rotary evaporation. The crude
product was then dissolved in dry diethyl ether and filtered to remove any insoluble
materials (repeated 3 times). The solvent was then removed, and the product was then
dried at room temperature to obtain the small needle-like white solids (yield: 70%).
The purity of the product was assessed by means of 'H NMR spectroscopy.

Caution: Hydrogen is generated during the synthesis of NH;-BD; which is a
potential fire hazard. Thus it is recommended that the reaction should be carried out
in a well-ventilated hood with an argon flow, and that the reaction vessel outlet be led
directly into the hood exhaust.
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Figure S25. 'H NMR (400 MHz, DMSO) spectrum of NH3;BDs. 3,pm: 4.38 (s, 3H).
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Figure S26. 'H NMR (400 MHz, DMSO) spectrum of ND3;BH3. 3,pm: 0.92-1.37 (q, 3H).
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Table S2. Performances of the catalyst RhNPs/GO-45°C for the hydrolysis of AB

with various catalytic amounts.

Catalyst amount Maximum H,/AB Completion time TOF
ratio (min) (moly; / molcaaryst -
min
0.15 mol% 3 7.75 min 258.1
0.10 mol% 3 9.5 min 315.8
0.05 mol% 3 24 min 250.0
0.02 mol% 3 112 min 133.9
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Table S3. Recent literature studies of H, generation from aqueous AB catalyzed by
noble metal nanoparticle based catalysts.

Catalyst Metal/AB Maximum H,/AB TOF Activation energy Ref
ratio ratio (moly, molcat!- E,
(mol %) (mol/mol) min!) (KJ/mol)
Rh/CeO2 0.08 3.0 2010 42.6 33
Rh/CNTs 0.25 3.0 706 32+1 34
Pd-Rh@PVP NPs 0.3 3.0 1333.0 46.1 £2 35
Pt@MIiL-101 0.29 3.0 414 40.7 36
RhNPs/GO-45°C | 0.1 3.0 315.8 214 This work
Pt25@TiO, 0.16 3.0 311 -- 37
Ru-Pd@PVP 3.0 308.0 545+2 38
Ru-Pt@PVP 0.3 3.0 308.0 563+2 39
Rh@TiO, 0.116 3.0 260 65.5+ 2. 40
Pd/Si0,-CoFe,04 0.19 3.0 254 52 41
Ru@Ni/C 0.4 3.0 250 37.9 42
Pt/¥-Al,05 1.8 3.0 222 -- 41
Ag/Si0,-CoFe;04 0.28 3.0 204 32+1 43
Pt/CeO, 1.8 3.0 182 -- 44
Pt@SiO, 0.24 3.0 158.6 53.9 45
Rh@PAB 0.05 3.0 130 -- 46
Rh/y-ALO; 1.8 3.0 128.2 21 47
Pd-Pt@PVP 0.3 3.0 125.0 51.7 48
Zeolite-Rh(0) 0.2 3.0 92.0 66.9+1.3 49
Pt7oRus 0.1 3.0 59.6 389 50
40 wt % Pt/C 1.8 3.0 55.56 21-23 51
Co35Pdss/C 2.4 3.0 22.7 27.5 52
PtO, 1.8 3.0 20.83 -- 53
Pt black 1.8 3.0 13.89 -- 53
Au@Co 2 3.0 13.7 --- 54
NXC/AuCo 2 3.0 42.1 50.15 55
PSSA-co-MA-Pd 5 3.0 5 44 56
Ag/Ce0,-SBA-15 0.0074 3.0 0.4 -- 57
Ag-SBA-15 9.3 3.0 0.2 -- 58
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4. Characterizations and click, Sonogashira Reactions
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Figure S27. TEM and size distribution of the nanocatalyst AuNPs/GO (3.3£0.5 nm).
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Figure S28. 4NP reduction catalyzed by AuNPs/GO nnaocatalyst: Consumption rate
of 4-NP: -In(C/C)) vs. reaction time.
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Click reaction between benzyl azide and phenylacetylene by CuNPs/GO

nanocatalyst

Procedure for the azide-alkyne cycloaddition reactions

A glass vessel equipped with a magnetic stir bar was charged with 0.1 mmol of benzyl
azide and 0.105 mmol of phenylacetylene under Ar. The catalyst was added into the
vessel under Ar, and water was added in order to obtain a given volume of aqueous
solution (1 mL). The reaction mixture was then stirred for 24 h at 35 °C under Ar.
After the reaction, 5 mL water was added and the final product was extracted from

water with CH,Cl, (3 X 5 mL). The organic layer was dried over Na,SO, and filtered,

and the solvent was removed in vacuo to give the 1-benzyl-4-phenyl-1H-
[1,2,3]triazole. Crude product was checked by 1H NMR to calculate the conversion.
In parallel, the reaction was checked using TLC. The product was then purified by
silica chromatography.
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Characterizations of CuNPs/GO sample
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Figure S29. TEM images and Size distribution of the CuNPs/GO (3.0 0.4 nm).
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XPS of Cu/GO nanocatalyst
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Figure S30. X-ray photoelectron spectroscopy of Cu 2p.

In sample Cu/GO both species are almost in the same proportion (51.9% in Cu?* and
48.1% in Cu?).

Bond Binding energy Cu/GO
(eV)

C-C 284.6 73.2 %

C-O0 286.3 19.1 %

C=0 288.3 7.7 %

The percentage composition of interest elements is resumed in the table:

Cu/GO
Cu 2.1 %
C 45.1 %
(0) 52.8 %
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Figure S31. The C 1s XP spectra (left) and O 1s XP spectra (right) of Cu/GO sample.
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Figure S32. '"H NMR spectrum of 1-benzyl-4-phenyl-1H-[1,2,3]triazole.
'H NMR (300 MHz, CDCl3) 8ppm: 7.84-7.79 (m, 2H), 7.67 (s, 1H), 7.41-7.67 (m, 7H),
5.59 (s, 2H).

39



Procedure for the Sonogashira Reaction

A dry Schlenk flask equipped with a magnetic stir bar was charged with alkyne (0.6
mmol), iodobenzene (0.5 mmol), and triethylamine (1.5 mmol) under Ar. Catalyst
(0.05 mol%) was then added under Ar, and water was then added in order to obtain a
given volume of aqueous solution (2 mL). The mixture was allowed to stir for 24 h at
room temperature. After the reaction, 3 mL water was added and the aqueous phase
was extracted three times with 5 mL Et,O. The organic phase was dried over Na,SOy,
and the solvent was removed in vacuo. In parallel, the reaction was checked using
TLC with petroleum ether as the eluent and 'H NMR spectroscopy. Purification by
flash chromatography was conducted with silica gel as the stationary phase and
petroleum ether as the mobile phase. No yield difference when water/EtOH mixture
(1:1, 2 mL) solvent was used.
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Figure S33. TEM images and size distribution of the PANPs/GO (2.8 £ 0.5 nm).
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Figure S34. TEM images and size distribution of the PACuNPs/GO (3.5 0.4 nm).
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XPS of the PdCu/GO nanocatalyst

Figure S35. X-ray photoelectron spectroscopy of Cu 2p.
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Figure S36. X-ray photoelectron spectroscopy of Pd 2p.

The percentage composition of elements of interest is summarized in the following
table:

CuPd/GO
Cu 2.7%
C 38.8 %
0] 56.5 %
Pd 2%

Explanations of Pd XPS:

The CuPd NPs surface showed both the surface Cu(0) and the Cu?* oxidation states of
Cu (Figure S36), however the Pd XPS peak at 335.9 eV seemed to be associated with
the peak 3ds, of palladium oxide or Pd*". Previously it has been suggested that, for
the PdCu nanoalloys, the binding energies of Pd 3ds;, region shifted to higher binding
energy with increasing Cu content, as compared with 335.1 eV for pure Pd. For
instance the binding energies of Pd 3ds,, region for Pd;5Cuys, PdsoCusg and Pd;oCuyg
are located at 335.4, 335.6 and 336.0 eV, respectively.[S*1 In our case, as suggested
by XPS, the Pd: Cu molar ratio is 1:1.35, which is located at the range between
Pds5oCusy and Pd3oCuy in that case. Thus the presence of the binding energy for Pd
3ds, at 335.9 eV is reasonably ascribed to the present Pd 3ds, binding energy to
Pd(0).
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Figure S37. The C 1s XP spectra (left) and O 1s XP spectra (right) of CuPd/GO
sample.

Bond Binding energy CuPd/GO
(eV)

C-C 284.6 86.6 %

C-0 286.3 9.55 %

C=0 288.3 3.85 %
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Figure S38. 'H NMR spectrum of diphenylacetylene (CDCl; 400 MHz) §ppm: 7.34-
7.40 (m, 6H), 7.54-7.57 (m, 4H).

46



5. Reusability tests of thenanocatalyst RhNPs/GO-45°Cfor the hydrolysis of AB

Figure S39. TEM and size distribution of the nanocatalyst RANPs/GO-45C after the

reusability test.
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