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2.2. Kinetics of CoPd @ PVP nanoparticle-catalyzed hydrolysis of AB and HB

CoPd @ PVP nanoparticles are effective catalysts for the hydrolysis of AB and HB. The plots of mol H2/mol

H3NBH3 (n H2 /n AB) against time for the hydrolysis of 100 mM H3NBH3 solutions by CoPd @ PVP

nanoparticles at catalyst concentrations of 1.0 mM to 5.0 mM (1.0, 2.0, 3.0, 4.0, 5.0) at 25.0 ± 0.1 ◦C are

shown in Figure 4a. The immediate hydrogen release starts quickly and goes on to the complete hydrolysis of

AB. The rates of hydrogen release obtained from the linear parts of the plots in Figure 4a were plotted against

catalyst concentration and a straight line that has a slope of 1.123 was acquired for the hydrolysis of AB as

shown in Figure 4b. These results indicate that the hydrolysis reaction of AB has first-order dependency on

catalyst concentration.

Figure 4. a) Plots of mol H2 /mol H3NBH3 versus time for the hydrolysis of 100 mM H3NBH3 catalyzed by CoPd

@ PVP nanoparticles at different catalyst concentrations (1.0, 2.0, 3.0, 4.0, and 5.0 mM) at 25.0 ± 0.1 ◦C. b) Plots of

the hydrogen release rate versus the catalyst concentration in the hydrolysis of H3NBH3 catalyzed by CoPd @ PVP

nanoparticles at different catalyst concentrations.

Similarly, the plots mol H2/mol N2H4BH3 (n H2/n HB) against time for the hydrolysis of 100 mM

N2H4BH3 solutions by CoPd @ PVP nanoparticles at catalyst concentrations of 1.5 mM to 3.5 mM (1.5, 2.0,

2.5, 3.0, 3.5) at 25.0 ± 0.1 ◦C are shown in Figure 5a. Again, there is quick hydrogen release and it goes on

to complete hydrolysis of HB. It is noteworthy that two types of hydrolysis/decomposition reactions for HB

can be found in the literature: in the first and most common one, HB gives up to 3 mol of hydrogen gas by

hydrolysis of the BH3 group, and in the second type, HB yields up to 6 mol of gas (5 mol of hydrogen and 1

mol of nitrogen gases) upon decomposition of the N2H4 group in addition to the hydrolysis of the BH3 group.

Our study falls into the first category since the second type of reactions can only be found in the presence of

nickel-based bimetallic catalysts.43−46

The rates of hydrogen release obtained from the linear parts of the plots in Figure 5a were plotted against

catalyst concentration and a straight line that has a slope of 1.174 was acquired for the hydrolysis of HB, as

shown in Figure 5b. These results indicate that the hydrolysis reaction of HB also has first-order dependency

on catalyst concentration. The hydrolysis reactions of AB and HB were found to have no dependency on

H3NBH3 and N2H4BH3 substrate concentrations. Therefore, they proceed via zeroth order with respect to

substrate concentration. In light of these combined kinetic results, rate laws for the hydrolysis of H3NBH3 and

N2H4BH3 are given in Eq. (3) and Eq. (4):
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Figure 5. a) Plots of mol H2 /mol N2H4BH3 versus time for the hydrolysis of 100 mM N2H4BH3 catalyzed by CoPd

@ PVP nanoparticles at different catalyst concentrations (1.5, 2.0, 2.5, 3.0, and 3.5 mM) at 25.0 ± 0.1 ◦C. b) Plots of

the hydrogen release rate versus the catalyst concentration in the hydrolysis of N2H4BH3 catalyzed by CoPd @ PVP

nanoparticles at different catalyst concentrations.
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2.3. Determination of energies of activation for AB and HB hydrolysis reactions catalyzed by

CoPd @ PVP nanoparticles

In order to obtain the activation energies, CoPd @ PVP nanoparticle-catalyzed hydrolysis reactions of AB and

HB were performed at different temperature values. The plots of mol H2 /mol H3NBH3 (n H2 /n AB) and mol

H2 /mol N2H4BH3 (n H2/n HB) against time for the hydrolysis of 100 mM H3NBH3 and 100 mM N2H4BH3

catalyzed by CoPd @ PVP nanoparticles (3.0 mM for hydrolysis of AB and 2.5 mM for hydrolysis of HB) at

various temperatures from 5 ◦C to 30 ◦C (10, 15, 20, 25, 30 ◦C for hydrolysis of AB and 5, 10,15, 20, 25
◦C for hydrolysis of HB ) are shown in Figures 6a and 6b, respectively. Complete hydrogen release (3.0 mol

H2 /mol H3NBH3 and 3.0 mol H2 /mol N2H4BH3) for the hydrolysis reactions of AB and HB are obtained

by CoPd @ PVP nanoparticles (3.0 mM for hydrolysis of AB and 2.5 mM for hydrolysis of HB) within 200 s

and 160 s, respectively, at 25.0 ± 0.1 ◦C. They correspond to average TOF values of 30 min−1 and 45 min−1 .

The average TOF value of CoPd @ PVP nanoparticles in the hydrolysis of AB is lower than that of noble

metals like Ru, Rh, or Pt but still much higher than that of NiCo @ GO (6.8 min−1),8 AgCo @ PAMAM

(15.8 min−1),9 PdxSn100−x (13.6 min−1),16 Cu75Pd25 (29.9 min−1),17 NiPd @ rGO (28.7 min−1),22 and

Cu0.2Ni0.8 @ MCM-41 (10.7 min−1),24 as seen from Table 1. Similarly, the average TOF value of CoPd @

PVP nanoparticles in the hydrolysis of HB is lower than that of Rh @ HAP NPs (115 min−1)36 and RhCl3

(100 min−1)37 but higher than that of Ni0.9Pt0.1 @ graphene (4 min−1),31 Pd @ PVP NPs (42.9 min−1),32

NiPt @ CeO2 (3.9 min−1),33 PSSA-co-MA stabilized Co(0) NPs (6.2 min−1),34 PSSA-co-MA stabilized Ni(0)

NPs (3.1 min−1),35 CeOx -RhNi @ rGO (11.1 min−1),38 and Cu @ SiO2 (7.6 min−1),39 as seen from Table

2.
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Figure 6. Plots of a) mol H2 /mol H3NBH3 versus time in the hydrolysis of 100 mM of H3NBH3 catalyzed by CoPd

@ PVP (3.0 mM) at various temperatures (10, 15, 20, 25, and 30 ◦C) and b) mol H2 /mol N2H4BH3 versus time in

the hydrolysis of 100 mM N2H4BH3 catalyzed by CoPd @ PVP (2.5 mM) at various temperatures (5, 10, 15, 20, and

25 ◦C).

The observed rate constants (kobs) for hydrogen release from hydrolysis reactions of AB and HB were

calculated from the linear parts of the plots given in Figure 6 and are shown in Tables 3 and 4, respectively.

They were used to calculate the activation energies (Ea = 48.6 ± 2 and 50.6 ± 2 kJ mol−1 for H3NBH3 and

N2H4BH3) from Arrhenius plots shown in Figures 7a and 7b for the hydrolysis reactions of H3NBH3 and

N2H4BH3 , respectively.

Table 3. The observed rate constant values, kobs , for the hydrolysis of AB starting with a solution of 100 mM of

NH3BH3 and 3.0 mM of CoPd @ PVP nanoparticles catalyst at different temperatures.

T (K) kobs (mmol H2 (mmol catalyst)−1 s−1)
283 0.19133
288 0.26933
293 0.42000
298 0.53567
303 0.74400

Table 4. The observed rate constant values, kobs , for the hydrolysis of HB starting with a solution of 100 mM of

N2H4BH3 and 2.5 mM of CoPd @ PVP nanoparticles catalyst at different temperatures.

T (K) kobs (mmol H2 (mmol catalyst)−1 s−1)
278 0.21104
283 0.27900
288 0.40736
293 0.61608
298 0.89284

The energy of activation value of CoPd @ PVP nanoparticles in the hydrolysis of AB is higher than

that of RuCuCo @ MIL-101 (48 kJ mol−1),6 RuCuNi @ CNTs (36.7 kJ mol−1),11 AuCo @ CNT (38.8 kJ

mol−1),15 and NiAgPd/C (38.4 kJ mol−1),21 but lower than that of Ru @ nanodiamond (50.7 kJ mol−1),12
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