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Abstract 

Thermodynamics and kinetics studies of hydrolytic dehydrogenation of ammonia borane over a Pt/CNT 

catalyst were carried out. Combination of thermodynamic analysis and experimental characterizations 

indicates that the reaction is exothermic, and the dominant forms of B-containing species are more likely 

to be NH4BO2∙2H2O in equilibrium with H3BO3, lowering the systemic energy density compared with 

the unhydrated species. The measurement of a kinetic isotope effect (KIE) could provide valuable 

information about the reaction mechanism. A prominent KIE (kH/kD=1.9) resulting from H/D substitution 

implies that the breaking of O-H bond of water contributes to the overall reaction rate. Furthermore, 

Langmuir-Hinshelwood kinetic models are proposed based on the reaction mechanism. H2/D2 isotope 

switching of the reaction atmosphere strongly suggests the first hydrogenation step as the rate-

determining step. Finally a complete kinetic model is developed, which agrees well with the rate of 

hydrogen generation. The insights revealed here could guide rational design and optimization of Pt-

based catalysts and catalytic process.  
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Hydrogen is an ideal energy carrier for a long-term 

solution to current energy problems because of its high 

energy-efficiency and non-polluting nature, and its safe 

and efficient storage is of great significance to fulfill the 

goal of hydrogen-powered transport systems. With a high 

hydrogen capacity of 19.6 wt%, good stability and being 

non-toxic, ammonia borane (AB, NH3BH3) has recently 

attracted considerable attention as a hydrogen reservoir. 

Typically, the hydrogen stored in AB can be released by 

thermal dehydrogenation and hydrolytic dehydrogenation. 

Compared to the thermal dehydrogenation, the hydrolytic 

dehydrogenation is more attractive because of the mild 

reaction conditions and high H2 selectivity. Recently, we 

have unraveled the origin of size effects and support 

effects in Pt/CNT catalyzed hydrolytic dehydrogenation of 

ammonia borane (Chen et al., 2014, 2014 and 2015).  

       This system, however, loses hydrogen storage 

efficiency owing to two aspects: (i) hydrolysis requires 

large quantities of excess water because of the 

participation of H2O as reactant and low solubility of AB, 

as shown in [Eq. (1)]: 

3 3 2 2 4 2 2(2 ) 3NH BH x H O H NH BO xH O                                (1) 

where x is the excess hydration factor. Minimizing x in Eq. 

(1) is key to maximizing the available specific energy and 

energy density. (ii) The reaction rate suffers from decline 

at the late stage of hydrolysis.  

In this work, thermodynamics and kinetics studies of 

hydrolytic dehydrogenation of ammonia borane over a 



  
 

 

Pt/CNT catalyst were carried out, aiming to guide rational 

design and optimization of Pt-based catalysts and catalytic 

process. Thermodynamic analysis and experimental 

characterizations were combined to understand the nature 

of the reaction. Measurements of kinetic isotope effect 

were performed, and then Langmuir-Hinshelwood kinetic 

model were proposed and developed to fit well the 

experimental data. 

Results and discussions  

Based on the thermal data of the reactants and 

products in the reaction, the reaction thermochemistry of 

the different borate-hydrated reactions can be calculated. 

The reaction becomes more exothermic with increase in 

the excess hydration factor, while the Gibbs free energy 

remains unchanged for x>0. It could be concluded that the 

borate hydrated reactions are more thermodynamically 

favored compared to borate-unhydrated reactions. 

The intrinsic compositions and properties of the 

products are further investigated using FT-IR and TG. 

Both B(4)-O and B(3)-O symmetric stretchings have been 

observed in IR spectrum, highlighting the possibility of the 

product are mixtures containing four coordinated and three 

coordinated boron. TGA have confirmed a mass loss of 

40 % equivalent to the two molecules of water in 

NH4BO2∙2H2O (NH4B(OH)4). Changes are that the 

occurrence of the acid-base couple B(OH)3-B(OH)4
-
 

(pKa=9.2) within NH4BO2∙2H2O in equilibrium with 

H3BO3, with the pH value ranging from 9.1 to 9.4 during 

the whole reaction. 

The adsorption of AB on catalyst surface to form 

some activated complex species has been recognized as the 

key step, while possibly existed vital role of H2O is 

neglected. A strong isotope solvent effect has been 

obtained, which NH3BH3/H2O show significantly different 

rate constant with respect to NH3BH3/D2O and the 

estimated water isotope effect is 1.9, indicating the 

cleavage O-H bond also contribute to the overall reaction 

rate. It is reasonable that the hydrolysis likely follows such 

a mechanism: 

2 2* *H O H O                                                                    (2) 

3 3 3 3* *NH BH NH BH                                                         (3) 

2 3 3 3 2 2( )H O NH BH NH BH OH H                                 (4) 

3 2 2 3 2 2( ) ( )NH BH OH H O NH BH OH H                          (5) 

3 2 2 3 3 2( ) ( )NH BH OH H O NH B OH H                             (6) 

3 3 2 4 4( ) ( )NH B OH H O NH B OH                                   (7) 

4 4( ) ( )B OH B OH                                                            (8) 

Although many efforts devoted to studying the 

mechanism, it is still highly desirable to identify the rate-

determining step from either step 4, 5 or 6, involving the 

breaking of both B-H and O-H bonds. In order to 

characterize the rate-determining step, all other elementary 

steps are assumed to attain instantaneous equilibrium. It is 

interesting to note that if the reaction atmosphere contains 

D2 and the second or the third hydrolysis step is the rate-

determining step, the first step could be written as: 

2 3 3 3 2 2 2( ) ( ) /x xH O NH BH D NH BH OH H D                  (9) 

where there should be deuterium labelled residues (e.g., 

NHxD3-x∙H2O) in the product. However, only unlabeled 

NH3 is detected by mass spectrum upon heating the 

product, which suggests the step 4 is the rate-determining 

step. Based on these, the reaction rate could be given by: 

2 2H H O ABr mk                                                                    (10) 

As water is excessive in respect with AB and its coverage 

is deemed to be constant, the step 10 is further written as: 
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                                                                (11) 

Separating and integrating Eq. (11) gives a plot of VH2+ 

372.9/K×In(VH2,max/VH2,max-VH2) as a function of time 

which should show a straight line and the slope can be 

used to calculate the reaction rate constant. By fitting the 

kinetic data, the adsorption constant and reaction rate 

constant are estimated as 62.934 L/mol and 4.46 mol/s∙kg, 

respectively. 

Conclusions 

In summary, we have carried out thermodynamic and 

kinetic studies of Pt/CNT catalyzed hydrolytic 

dehydrogenation of ammonia borane. Combined 

thermodynamics calculations with experimental 

characterizations shows that the reaction is exothermic, 

and the dominant forms of B-containing species are more 

likely to be NH4BO2∙2H2O in equilibrium with H3BO3. The 

kinetics isotope effects highlight the role of water in this 

reaction and suggest the first hydrogenation step as the 

rate-determining step. Finally, the Langmuir-Hinshelwood 

kinetic model is developed, which gives reasonable 

behavior description and good prediction for experiments. 

The insights revealed here provide a better understanding 

of the reaction mechanism for the rational development of 

catalytic systems for the hydrolysis of ammonia borane. 
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