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A B S T R A C T   

We utilized differential scanning calorimeter (DSC), Fourier-transformed infrared spectroscopy (FT-IR), and 
solid-state nuclear magnetic resonance spectroscopy (NMR) techniques to understand the dehydrogenation 
mechanism of ammonia borane (AB) and its polymer composites. The results indicated that the polymeric 
composites with higher polyethylene oxide (PEO) mass ratio involve the possible breakdown of dative bond and 
the formation of new interaction (H-bonding) between the AB and the polymer. The activation energies were 
calculated in the temperature range of 25 ◦C and 300 ◦C which were found to be lower than the pristine AB. 15N 
and 11B NMR studies at room temperature showed evidence for a possible interaction, H-bonding, between AB 
and PEO. The NMR experiments at 85 ◦C were conducted to investigate the isothermal decomposition during 
several hours. Results indicated that the pristine AB takes longer incubation time, however the polymeric 
composite readily decomposes at 85 ◦C. Both showed proof for the formation of byproducts. Moreover, IR study 
showed evidence to support the interaction between AB and PEO.   

1. Introduction 

Storing hydrogen, and hydrogen-like light element will revolutionize 
the electrochemical energy conversion process by making energy supply 
system more-lighter and efficient. Hydrogen is one of the most attractive 
alternative energy carrier. It is the ninth most abundant element in the 
earth crust, (1400 mg/kg), second most abundant element in the ocean, 
(1.08×105 mg/L), high energy to mass ratio (120 kJ/g) which is 3 times 
higher than the petroleum [1]. Other than that, hydrogen gas when 
oxidized gives only water as a byproduct. 

In chemical storage method to store hydrogen it is produced by the 
chemical reaction. The most common chemicals used for chemical 
hydrogen storage are ammonia [2,3], metal hydride [4], formic acid [5], 
carbohydrates [6], methane [7], methanol [8], liquid organic hydrogen 
carriers (LOHC) [9] and ammonia borane [10–13].Boranes have been 
widely studied as a candidate for solid-state hydrogen storage medium 
[14], and ammonia borane (AB) is one of the promising candidate [15]. 
AB is a white crystalline powder at room temperature with melting point 
of 115 ◦C [16]. Some literature has reported different melting point, 
112–114 ◦C [17–19]. AB has the dipole moment of 5.05 D. The density of 
AB is 0.74 g/cm3, and the molecular weight is 30.7 g/mol [17]. 

The presence of dihydrogen bond (DHB) in AB makes it way different 
from its isoelectric partner ethane. DHB is the electrostatic interaction 
between protic and hydridic hydrogen [20]. DHB makes it possible to 
dehydrogenate at relatively lower temperature below 100 ◦C [21]. The 
dehydrogenation of AB was first studied using thermomanometry, py-
rolysis, DSC, DTA and TGA [22]. It was found that the thermal decom-
position of AB starts at around 120 ◦C. While decomposing AB to 300 ◦C 
a white solid residue was obtained. AB upon pyrolysis released H2 along 
with the mixture of polyaminoborane, polyimidoborane, borazine [23]. 
At melting point, DSC curve showed the sharp endothermic peak at 
115 ◦C [16]. The endothermic peak is followed by exothermic peak 
considered as first hydrogen release at 117 ◦C [16]. Although, AB has 3 
equivalent hydrogen, it is possible to get only 2 equivalent hydrogen 
below 300 ◦C. 

Despite having all these benefits, application of AB in real world is 
limited only in lab because the rate of hydrogen release below 85 ◦C 
requires longer incubation time. In addition, during thermolysis AB 
decomposes to give borasic impurities that may poison the fuel cell, the 
release of other volatiles like borazine, ammonia during decomposition 
of ammonia borane, hydrogen get trapped in those compounds and 
wasted, foaming during hydrogen release is another problem [24,25]. 
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Moreover, even during hydrolysis of ammonia borane using the catalyst 
Au@Cu2O core@shell nanocrystals, ammonia and borate are released 
which not just wasted the hydrogen in the form of ammonia but also 
poisoned the catalyst [26]. 

To decrease the dehydrogenation temperature and improve the ki-
netic properties of AB, various approaches to modify AB has been 
studied. The examples include dispersion in polymer matrix like poly-
acryl amide (PAM) [16,27], poly(methyl acrylate) (PMA) [28], poly-
ethylene oxide (PEO) [18,29], polyvinylpyrrolidone (PVP) [23–32], 
poly(amidoamine) (PAMAM) [33] nanoconfinement [34–38], 
ruthenium-based cat.lyst [39,40], palladium based catalyst [41] 
platinum-based catalyst [42,43], bimetallic catalyst like Ni1-xPtx [44], 
CoNi [45], PdPt nanocubes [46], platinum-loaded titanium dioxide 
[47], dispersion in organic and ionic liquid [48], nanoconfinement of 
ammonia borane into metal organic frameworks (MOFs) like Isoreticular 
metal-organic frameworks (IRMOFs) and UiO-66 [49], platinum nano-
particle functionalized carbon nanotubes [42], AB milled with zeolite 
ZIF-8, AB milled with nonporous zinc chloride [50]. Use of Tm based 
MOFs (Tm(BTC)-CH3OH) not only decreased the dehydrogenation 
temperature but also eliminated the formation of degradants like 
ammonia, diborane and borazine [51]. 

In the current study, we prepared composites of AB with high Mv 
(400,000) PEO using sol-gel technique with slight modification on the 
method explained by Li et al. [27] A catalyst, MgCl2,was also added to 
study the effect of alkaline earth metal on dehydrogenation. We per-
formed, high-temperature dehydrogenation study using standard and 
isothermal mode of DSC. The decomposed sample were further studied 
using IR technique. Furthermore, we used room temperature 15N 
CP-MAS NMR, room temperature and isothermal 11B MAS-NMR to un-
derstand the dehydrogenation in ABPEO composites. All the isothermal 
studies were performed at 85 ◦C. The enhanced dehydrogenation effi-
ciency observed in ABPEO compared to pristine AB can be attributed to 
several key mechanistic factors. One significant aspect is the presence of 
MgCl2 catalyst, which plays a pivotal role in facilitating the dehydro-
genation process by promoting hydrogen release through destabilization 
of the AB bonds resulting in the release of H2 molecule from the catalyst 
complex [52]. Additionally, as per the density functional theory calcu-
lation, the introduction of PEO chain in AB can result in the increased 
electron density in the AB molecule due to the interaction of the ethereal 
oxygen atom with the protic hydrogen atom in the amine moiety of AB 
molecule. As a result of which the hydridic hydrogen atom become more 
negatively charged resulting in the greater nucleophilicity of the hy-
drides which enhance the formation of highly polar diammoniate of 
diborane (DADB) an intermediate ion which is unstable in PEO Solution 
leading to rapid oligomerisation accompanied by the release of 
hydrogen [18]. 

2. Experimental 

2.1. Materials 

Ammonia borane (AB, NH3BH3 97 % pure), PEO (Mv = 400,000) and 
MgCl2 were all purchased from sigma aldrich and used as received. 

2.2. Preparation of ABPEO composites 

AB (0.1 g) was first dissolved in 1 ml of water. For the preparation of 
1:1 ratio of AB and PEO (ABPEO11), the same proportion of PEO was 
weighed and put into the schlenk flask where 1 ml of aqueous AB was 
added. We have modified the sol-mixing technique as mentioned by Li 
et al. [27] to make the transfer easier which did not make any difference 
in spectroscopic and thermal studies. The amount of water used was 10 
wt% to maintain the viscosity so that there will be proper mixing of AB 
in the PEO matrix. The gel was stirred for 6 h to confirm the uniform 
mixing and later it was dried under vacuum for six more days to confirm 
the uniform drying of the sample [16,27,30]. The composites with the 

mass ratio of 1:2 (ABPEO12) and 1:3 (ABPEO13) was prepared by using 
0.05 g and 0.025 g of AB respectively and repeating the same process. 
Similarly, for the preparation of cat.ABPEO (MgCl2 doped ABPEO 
composites), MgCl2 (1 g) was dissolved in water, and the final volume 
was made to 10 ml, and the primary stock solution was prepared. The 
concentration needed for the experiment was obtained by the serial 
dilution from the primary stock solution to 10 ml. The mixture was 
stirred for 6 h then dried under vacuum for six days. By this time, a 
rubbery material of AB/PEO doped with MgCl2 was obtained and stored 
in a desiccator until further use. The composites with the mass ratio of 
1:2 and 1:3 was prepared by dissolving 0.05 g and 0.025 g of AB in the 
MgCl2 solution. 

2.3. Characterization 

Dehydrogenation study of AB and its polymeric composites were 
performed using Q20 differential scanning calorimeter DSC in standard 
and isothermal mode. In isothermal mode, pristine AB and bulk com-
posites were heated at 85 ◦C for 1 h.3–5 mg of sample was loaded in 
standard aluminum pan with small hole on the lid. The hole serves as an 
outlet for the hydrogen gas and other volatile components during 
decomposition. The samples were heated from 25 to 300 ◦C to investi-
gate dehydrogenation kinetics. Different ramp rates (1, 3, 5, 10, 15 and 
20 ◦C/min) were used to study the linear dependence of dehydrogena-
tion temperature with ramp rate. The linear dependence enables us to 
determine the activation energy using Ozawa and Kissinger methods as 
shown in equations I and II below where β is the ramp rate, R is the gas 
constant, Ea is the activation energy, T is the temperature.  

• Ozawa method [53]. 

ln β=
− Ea

RTd
+ C (I)    

• Kissinger method [53,54]. 

ln
(

β
T2

d

)

=
− Ea

RTd
+ C (II) 

Nicolet iS50 FTIR/ATR was used to study the different modes of 
vibration, change in vibration frequency (Δω) in pristine AB and its 
polymeric composites. The resolution for IR study was 2 cm− 1 with 64 
number of scans. All NMR measurements were carried out on a Bruker 
Avance 600 MHz (14.1 T magnet) NMR spectrometer with Larmor fre-
quencies of 60.81 and 192.55 MHz for 15N and 11B, respectively, using a 
Bruker 4 mm double-resonance MAS NMR probe. The sample spinning 
rate was controlled within 10 kHz ±3 Hz by a Bruker pneumatic MAS 
control unit. 15N was performed to understand the changes in nitrogen 
environment in ABPEO composites. The 15N signals were enhanced 
through cross polarization (CP) from protons with a contact time of 1 
ms, during which a 1H spin-lock field of 35 kHz was used and the 15N 
radiofrequency was ramped from 30 to 40 kHz. During the 15N acqui-
sition, a high power 1H decoupling was used. A range of 1000–7000 
scans was used to accumulate the 15N signals with a recycle delay of 15 s. 
The 15N chemical shifts were referenced to the ammonium nitrogen 
resonance of glycine at 33.2 ppm. Similarly, 11B MAS-NMR was carried 
out for the isothermal dehydrogenation study to have an insight on the 
change in boron environment and to study the of incubation time. The 
11B signals were recorded using the standard spin-echo sequence with a 
90◦ pulse length of 2.25 μs and the echo time of 400 μs (4 rotor periods) 
with a recycle delay of 2 s. AB and its polymeric composites were heated 
at 85 ◦C for 6 h during this study. 
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3. Results and discussion 

3.1. Thermal decomposition of AB and its polymeric composites 

Thermolytic decomposition of AB and its composites were performed 
from 25 ◦C to 300 ◦C to understand the dehydrogenation properties. The 
graph between heat flow versus temperature was plotted to track the 
changes in melting point (Tm) and decomposition temperature (Td) of 
AB and its composites as shown in Fig. 1 (a.) and (b.) The melting and 
decomposition of the sample were noticed with a sharp endothermic and 
exothermic peak respectively in the thermogram. For pristine AB and 
PEO, the first endothermic peak referred to as melting was observed at 
113 ◦C and 68 ◦C respectively. However, upon trapping AB in a polymer 
matrix, there is a significant reduction in Tm and foaming of AB. The 
reduced foaming effect, when mixed in polymer matrix, is contributed to 
the change in dihydrogen bonding network [18]. The first hydrogen 
release for pristine AB was observed at 118 ◦C. Upon the addition of 
polymer in AB, the first hydrogen release at a ramp rate of 5 ◦C/min for 
ABPEO11, ABPEO12, ABPEO13 was detected at 108 ◦C, 107 ◦C, and 
104 ◦C respectively. 

We observed two different peaks below 120 ◦C after using 5 wt % of 
MgCl2, the first peak for cat.ABPEO11, cat.ABPEO12, and cat.ABPEO13 
at a ramp rate of 5 ◦C/min was detected at 85 ◦C, 85 ◦C, and 94 ◦C 
respectively. The second peak for cat.ABPEO11, cat.ABPEO12, and cat. 
ABPEO13 was observed at 108 ◦C, 108 ◦C, and 109 ◦C respectively. 

Fig. 1 (a.) and (b.) shows the melting and hydrogen release of pristine AB 
and different ABPEO composites with and without the catalyst. No sig-
nificant difference for different polymeric composites regarding dehy-
drogenation temperature was observed. However, the most obvious 
change was the dehydrogenation temperature being lower upon using 5 
% MgCl2 when compared with pristine AB. The dehydrogenation tem-
perature started to increase when 75 % PEO was used in the composites. 
For all the ramps, the dehydrogenation temperature first decreased and 
later started to increase with the increase in the polymeric content. 
While comparing the melting point of different polymeric composites, 
the one with the catalyst was lower than the one without for ABPEO11 
and ABPEO12 composites, ABPEO11 = 71.8 ◦C, and cat.ABPEO11 =
68.7 ◦C, ABPEO12 = 73.5 ◦C and cat.ABPEO12 = 70.32 ◦C. Unlike 
ABPEO11 and ABPEO12 composites, the melting point for ABPEO13 
was almost the same for the one with catalyst and without catalyst 
ABPEO13 = 67.9 ◦C and cat.ABPEO13 = 68.0 ◦C. 

3.2. Kinetic studies of AB and ABPEO composites 

AB and ABPEO composites were heated from 25 ◦C to 300 ◦C with the 
ramp rates of 1, 3, 5, 10, 15 and 20 ◦C/min for the kinetic study. The 
activation energies were determined by Ozawa and Kissinger methods 
[16,30]. The corresponding increase in the decomposition temperature 
for the composites are linearly correlated with the ramp rate. This cor-
relation between heating rate and decomposition temperature was uti-
lized to determine the activation energy of pristine AB and different 
polymeric composites. 

Figs. 2 and 3 show the activation energy fits by using Kissinger 
method. The activation energies for pristine AB were calculated to be 
149 and 155 kJ/mol by Kissinger and Ozawa method respectively. 
Similarly, the activation energy for different polymeric composites of AB 
with and without catalyst was determined. The activation energies for 
ABPEO11, ABPEO12, ABPEO13 were calculated to be 115 kJ/mol, 113 
kJ/mol, 144 kJ/mol according to Kissinger method and 115 kJ/mol, 
119 kJ/mol, and 137 kJ/mol according to Ozawa method. Similarly, the 
activation energies for the catalytic polymeric composites of AB were 
determined to be 118 kJ/mol, 114 kJ/mol, and 108 kJ/mol according to 
Kissinger method and 124 kJ/mol, 120 kJ/mol, 114 kJ/mol according to 
Ozawa method for cat.ABPEO11, cat.ABPEO12 and cat.ABPEO13 
respectively. There is a significant difference in the activation energy of 
pristine AB and different polymeric composites showing enhanced ki-
netic. However, when polymeric ratio increases, the Ea value started to 
increase. The polymeric composites with the catalyst showed earlier 

Fig. 1. Decomposition of AB and ABPEO composites without catalyst (a.) and 
with catalyst (b.) with the ramp rate of 5 K/min. 

Fig. 2. Activation energy fits by using Kissinger method for AB (black) and 
ABPEO11 (red), ABPEO12 (blue) and ABPEO13 (green) composites without 
using catalyst. 
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decomposition as shown in Fig. 1 (a.) and (b.) However, regarding 
activation energy, there is no significant improvement. Table 1 displays 
the activation energy by Ozawa and Kissinger method (Standard devi-
ation is in the range of ±3–5 for all, except 1:3 ratio is about ±10 kJ/ 
mol) and the hydrogen release temperature at ramp 5 ◦C/min. Unlike 
other polymers, as reported by Kharel et al. [16] and Seemaladinne et al. 
[30], the dehydrogenation temperature started to increase with the 75 % 
polymeric composites with the catalyst. This could be due to the inter-
action between the formation of new MgCl2/AB phase as explained by 
Ding et al. [55] and PEO. Additionally, this may also be due to inter-
action between PEO/MgCl2 system which is the ratio of molar of etherial 
oxygen atom to the molar of magnesium cation as explained by Yang 
et al. [56] and AB. Yang et al. explained the formation of two different 
crystalline phase which corresponds to pure PEO and the MgCl2 complex 
and coexisting elastomeric phases [57]. Furthermore, having less 

amount of AB (about 25 %) in cat.ABPEO13 composite, all the AB pre-
sent might have formed new MgCl2-AB-PEO complex which is entirely 
different from MgCl2/AB complex and ABPEO complex by itself. And it 
might have increased the dehydrogenation temperature when compared 
to the corresponding cat.ABPEO11 and cat.ABPEO12. 

3.3. Spectroscopic studies 

3.3.1. IR studies 

3.3.1.1. Room temperature IR (ATR) studies of AB and its polymeric 
composites. To understand the vibrational properties of AB and its 
composites we performed solid state Fourier Transform Infrared Spec-
troscopic studies at room temperature for pristine AB and its composites 
was performed. Vibrational properties of the decomposed sample at 
85 ◦C was also studied. There was no significant difference detected in 
the IR spectrum with catalyst from without catalyst. 

Fig. 4 shows the ATR spectra of pure AB and PEO at room temper-
ature with proper peak assignment. N–H stretching was seen in the re-
gion between 3000 and 3500 cm− 1. The peaks at around 3317 and 3250 
cm− 1 were assigned for the N–H asymmetric and symmetric stretching 
mode respectively. The peaks are in proper agreement as reported by 
Petit et al. [58] and Smith et al. [59] Similarly, the peaks at 3194 and 
3172 cm− 1 were assigned as N–H … …H–10B and N–H … …H–11B 
hetero-polar interaction. The peaks in the region of 2500 to 2000 cm− 1 

were assigned to the B–H stretching mode. At room temperature, in B–H 
stretching mode of pristine AB and its composites shows five different 
peaks. The peaks at 2379 and 2329 cm− 1 were assigned for the asym-
metric stretching of 11B–H and 10B–H stretching mode respectively. 
Similarly, the peaks at 2280 and 2214 cm− 1 were assigned for 11B–H and 
10B–H symmetric stretching. The small peaks at 2114 and 1895 cm− 1 are 
due to the N–H … …H–11B and N–H——H–10B heteropolar interaction. 
Petit et al. reported the similar kind of interaction [58]. They observed 
the stretching modes at 2372 cm− 1 (asymmetric), 2310 cm− 1 (sym-
metric) and 2276 cm− 1 (asymmetric) and 2210 cm− 1 (symmetric) for 
10B–H and 11B–H respectively [58]. According to Xie et al., 2453 
cm− 1and 2337 cm− 1 were assigned as BH asymmetric and symmetric 
modes respectively. However, they did not give any clue regarding the 
presence of vibration mode for different isotopes of boron [60]. 

Fig. 5 displays the ATR spectrum of AB and its composites without 
catalyst at room temperature. The dotted lines in Fig. 5 display the 
proper alignment of the different vibration modes with AB and different 
polymeric composites. The difference in the vibration frequency for 
different polymeric composites in NH3 deformation region was observed 
probably due to the interaction caused by PEO. The asymmetric and 

Fig. 3. Activation energy fits for first hydrogen release using Kissinger method 
for AB (black), Cat1.ABPEO11 (red), Cat1.ABPEO12 (blue) and Cat1.ABPEO13 
(green) composites with a catalyst. 

Table 1 
Activation energy values of AB and its composites with first hydrogen release 
and melting point.  

Sample AB (%) PEO (%) Ea 

(Ozawa) 

Ea 

(Kissinger) 

Tm Td 

PEO 0 100   68.2 – 
AB 100 0 155.6 149.1 113.3 117.9 
ABPEO11 50 50 122.2 108.0 73.4 108.3 
ABPEO12 33.3 66.6 119.6 113.3 73.6 107.5 
ABPEO13 25 75 137.5 131.1 72.5 104.6 
Cat1. 

ABPEO11 
50 50 145.6 138.0 71.2 85.3 

Cat1. 
ABPEO12 

33.3 66.6 173.5 167.5 70.3 85.5 

Cat1. 
ABPEO13 

25 75 114.5 108.4 70.0 94.4 

Cat2. 
ABPEO11 

– – 124.8 118.5 – 94.0 

Cat2. 
ABPEO12 

– – 120.7 113.3 – 93.6 

Cat2. 
ABPEO13 

– – 110.6 104.2 – 97.9 

Ea(Kissinger) = Activation energy by Kissinger method in kJ/mol, Ea(Ozawa) =

Activation energy by Ozawa method in kJ/mol, Tm = Melting temperature in ◦C, 
Td = Hydrogen release temperature at ramp 5 ◦C/min, Cat1. = polymeric com-
posite with catalyst and subscript 1 stands for the first peak (i.e. first hydrogen 
release), Cat2. = polymeric composite with catalyst and subscript 2 stands for 
the second peak (i.e. second hydrogen release). The ratio between AB and PEO 
for the composites with catalyst are same as the one without catalyst. The 
composites with catalyst were doped with 10 mg of MgCl2 for AB used. Fig. 4. The ATR spectrum of AB and PEO vibration modes.  
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symmetric NH3 deformation for pristine AB were detected at 1603 and 
1376 cm− 1 respectively. Different literature observed NH3 deformation 
at 1602 [61], 1599 [58], 1584 [60], 1597 [62](asymmetric) and 1375 
[61], 1373 [58], 1362 [60], 1372 [62] (symmetric) cm− 1. Δω is the 
difference in the wavenumber between AB and the composite for spe-
cific region of our interest. Δω is the change in the vibration frequency 
for different vibration modes relative to pure AB. The higher Δω in-
dicates the relative change in the interaction probably due to breaking of 
dihydrogen bonding network present in pristine AB or change in the 
characteristic of dative bond due to the presence of electron dense 
ethereal oxygen. NH3 asymmetric deformation for different polymeric 
composites, ABPEO11, ABPEO12 and ABPEO13 were observed at 1609 
(Δω = 6.0), 1625 (Δω = 22.0) and 1628 (Δω = 25.0) respectively. NH3 
symmetric deformation for ABPEO11, ABPEO12 and ABPEO13 were 
detected at 1377 (Δω = 1.0) 1402 (Δω = 26.0) and 1402 (Δω = 25.0) 
respectively. BH3 asymmetric and symmetric deformation for pristine 
AB was detected at 1159 and 1064 cm− 1 respectively. Asymmetric and 
symmetric BH3 deformation for ABPEO11 was observed at 1162 (Δω =
3.0) and 1064 (Δω = 0.0) respectively. Similarly, BH3 deformation for 
ABPEO12 is at 1168 (Δω = 9.0) and 1094 (Δω = 30.0) for asymmetric 
and symmetric deformation respectively ABPEO13 was observed at 
1168 (Δω = 9.0) and 1096 (Δω = 32.0) for asymmetric and symmetric 
deformation respectively. The vibration mode for BH3 is in close 
agreement with Petit et al. (1155 and 1053 cm− 1 asymmetric and 
symmetric respectively) [58]. Xei et al. found BH3 deformation at 1216 
cm− 1. [60] Komova et al. observed BH3 symmetric and asymmetric 
deformation at 1055 and 1155 cm− 1 respectively [62]. The peaks at 782 
and 797 cm− 1 were assigned for 11BN stretching and 10BN stretching. 
Kharel et al. observed the similar peaks at 797 and 783 cm− 1 for pristine 
AB. For the polymeric composites, ABPEO11, BN stretching was detec-
ted at 782 and 797 cm− 1 for 11B and 10B respectively. Unlike ABPEO11, 
the BN stretching in ABPEO12 was broad and only one peak was 
observed at 803 cm− 1. For ABPEO13, BN stretching peak was not that 
distinct. BN bending mode for AB and ABPEO11 was observed at 726 
cm− 1 however for ABPEO12 and ABPEO13 it moved more toward lower 
wavenumber at 619 cm− 1. With the increase of polymeric content in the 
composite sample, blue shift or hypsochromic effect is observed in NH3 
symmetric and asymmetric mode, BH3 symmetric mode. The effect is 
more pronounced for composite sample with higher amount of PEO as 
seen in ABPEO12 and ABPEO13. In contrast, red shift or bathochromic 
effect was observed for BN bending mode. All these differences could be 
due to the interaction between the polymer and AB. 

Fig. 6a displays the IR spectrum of isothermally decomposed AB and 
different ABPEO bulk composites at 85 ◦C in NH stretching region for 1 
h. Similarly, Fig. 6b and c shows the IR spectrum of isothermally 

decomposed AB and ABPEO composites in BH stretching and NH3 
deformation region for the same time. Table 2 displays the different 
vibrational mode for AB at room temperature and simulated spectrum 
using Spartan. Similarly, the table also present the different vibration 
modes for different polymeric composites. There is not much difference 
in different vibration modes of pristine AB at room temperature and at 

Fig. 5. ATR spectrum of AB and its composites without catalyst.  

Fig. 6. Absorbance spectra (a. NH stretching, b. BH stretching and c. NH3 
deformation) of AB and its composites at room temperature and 85 ◦C. 
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85 ◦C. However, for the polymeric composites, we observed the broad-
ening of the peak at NH and BH stretching region. In NH3 deformation 
region, there is no shift in the vibration frequency for AB before and after 
1hrs. decomposition. Unlike AB, we see a significant change in vibration 
frequency for the polymeric composites of AB even at room temperature 
probably due to the interaction with ethereal oxygen and H-bonding. 
For pristine AB, in NH stretching region, the symmetric and asymmetric 
vibration was observed at 3247 and 3307 cm− 1 respectively. However, 
for the polymeric composites, the peak in NH symmetric stretching re-
gion was observed at 3251 cm− 1 for ABPEO11 and ABPEO12. Similarly, 
it was observed at 3253 cm− 1 for ABPEO13. NH asymmetric and NH 
stretching modes were observed at ~3310 cm− 1 for all polymeric 
composites. The most significant difference in this region was the 
splitting of peak for NH asymmetric mode in polymeric composites at 
room temperature. The decomposed polymeric sample at 85 ◦C has 
single broad peak centered ~3250 cm− 1. 11BH asymmetric region for AB 
and its polymeric composites were observed at ~2316 cm− 1. With the 
increase in the polymer content, the peak at 2372 cm− 1 assigned as 10BH 
asymmetric stretching became more intense. For the symmetric 10BH 
stretching, the shift was observed from 2277 cm− 1 for AB to ~2270 
cm− 1 for bulk ABPEO composites. Unlike NH stretching, BH stretching 
was observed as two peaks centered at 2315 and 2365 cm− 1 for the 
polymeric composites. NH3 deformation mode is significantly affected 
by the addition of polymer in AB. For pristine AB, NH3 deformation was 
observed at 1597 cm− 1. However, for the polymeric composites, it was 
observed around 1612 cm− 1. The splitting of peak in this region was 
rarely detected. Upon decomposition, the peak was broader. Tempera-
ture dependence of different vibration modes will be discussed in vari-
able temperature infrared spectroscopic study of AB and its polymeric 
composites elsewhere [63]. 

3.3.2. NMR studies 

3.3.2.1. 15N NMR study of AB and its polymeric composites. The 15N CP/ 
MAS-NMR spectra for Pristine AB, ABPEO11, cat.ABPEO11, ABPEO12, 
and ABPEO13 are shown in Fig. 7. Pristine AB (Fig. 8a.) has a single peak 
centered at a chemical shift (δ) = 16.4 ppm confirming the presence of 
tertiary nitrogen atom. 15N is a spin (I) = 1

2 nuclei with low sensitivity 
due to its low abundance and low gyromagnetic ratio, γ15N

γ1H
= 0.10. Upon 

mixing AB in a polymer matrix at 1:1 ratio (i.e. ABPEO11), the tertiary 
nitrogen peak at 16.4 ppm remained, although it shifts upfield slightly 
due to the increased electron density around the nitrogen atom when 
interacted with the ethereal oxygen present in PEO. However, two 
additional peaks at 11.7 and 8.9 ppm were observed likely due to the 
presence of different AB species when interacting with the PEO matrix. 
As hypothesized in Fig. 8, the peak at 16.4 ppm arises from the tertiary 
nitrogen of the dihydrogen bonded AB in the pristine AB, and the peak at 
11.7 ppm might come from the relatively mobile phase of AB whose 

upfield shift as compared with the chemical shift in the pristine AB is 
caused by increased electron density around nitrogen which might be 
due to the electronegativity difference (N = 3.04, H = 2.20 and B =
2.04). While the third peak for 15N at 8.9 ppm might be from the ni-
trogen whose bonded protons are forming hydrogen bonds with the 
oxygen in PEO, as diagramed in Fig. 8c. Because ethereal oxygen is a 
good electron donor, the electron density around nitrogen is increased 
further, resulting in a large upfield shift. These observation confirms the 
change in the nitrogen environment upon the addition of polymer ma-
trix. Upon increasing the amount of polymer content in AB, as in 
ABPEO12 and ABPEO13, the peak at 16.4 ppm completely disappeared, 
but those resonances at 11.6 and 8.9 ppm that are associated with the 
interaction between AB and PEO remain. H-bonding between the oxy-
gen atom of PEO and proton from AB is the main cause of this change 
which has been discussed in the literature [29,65,66]. The dihydrogen 
bonding network of AB is affected by this H-bonding. The lone pair of 
electron from the oxygen of PEO may be increasing the electron density 
of nitrogen in ammonium moiety similar to established fiber composites 
of AB and PEO [29]. In this study in the polymeric composites with mass 
ratio 1:2 and 1:3, the tertiary N shift disappears which strongly support 
the interaction of AB/PEO and the disturbed dihydrogen bonding 
network of AB. 

3.3.2.2. 11B NMR study of AB and its polymeric composites heated in situ 
at 85 ◦C. The NMR spectrum for pristine AB and its polymeric com-
posites were recorded at room temperature before increasing the 

Table 2 
Theoretical and experimental vibration frequency for AB in pure and polymeric bulk composite form.  

Modes of vibration Comp. Current study Reference 

AB ABPEO11 ABPEO12 ABPEO13 AB 

N–H (a) 3722 3318 3316 3313 3294 3312 3294 3315 [61] 
N–H (s) 3606 3250 3250 3255 3254 3248 [61] 
B–H (a) 2608 2325 2364 2365 2269 2361 [61] 

2318 [62] 
B–H (s) 2555 2280 2279 2222 2222 2324 [61] 
NH3 a.def 1855 1601 1612 1613 1636 1614 1634 1602 [61] 
NH3 s.def 1465 1376 1376 1402 1402 1375 [61] 
BH3 (a.def) 1293 1162 1167 1168 1168 1156 [61] 
BH3 (s.def) 1273 1064 1065 1080 1080  
N–B (stretch)  782 782 781 781 781 [64] 
N–B (bend) 643 727 726 741 744  

*Units for peak position are in cm− 1 s (symmetric stretching), a (asymmetric stretching), a.def (asymmetric deformation), H.int (Heteropolar interaction), s.def 
(symmetric deformation). 

Fig. 7. 15N CP/MAS-NMR spectra for Pristine AB and ABPEO composites 
at 25 ◦C. 
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temperature to 85 ◦C. Once the temperature reached 85 ◦C, the spectrum 
was recorded every half hour. All of the gaseous products evolved during 
the thermolytic dissociation of AB and its polymeric composites were 
evaporated so the peaks associated with a gaseous product like H2, NH3 
were not observed. Fig. 9 displays the major peaks associated with AB 
and AB byproducts upon decomposition. At room temperature, 11B 
spectrum shows the typical second-order quadrupolar broadened line-
shape with singularities appearing at 26.6 and − 25.2 ppm, which is 
contributed to the BH3 moiety of AB. Once AB started to decompose at 
85 ◦C, this lineshape remained but additional peaks started to show up. 
The peak at − 39.2 ppm is assigned to diammoniate of diborane (DADB) 
which is the reaction intermediate before releasing hydrogen. In addi-
tion to that, we observed the peak at − 23.9 ppm which is due to the BH3 
moiety in mobile phase of AB [18]. The relatively lesser intense peak 
was observed at − 22.9 ppm assigned for BH3 end group. Similarly, the 
peak at − 14.6, − 13.6 and, − 12.3 ppm is from BH2 of DADB, BH2 linear 
dimer and BH group respectively [18]. 

Fig. 10 shows the 11B spectra for the pristine AB, ABPEO11, and 
ABPEO12 at 25 ◦C Clearly, the lineshapes for ABPEO11 and ABPEO12 
become complex as compared with that for the pristine AB, implying the 
presence of different BH3 moieties of AB when composited with the PEO 
matrix, thus confirming the interaction of AB with PEO. It is reasonable 
to assume, based on the 11B lineshape for the pristine AB, that the central 
transition lineshape for each BH3 moiety has two singularities. There-
fore, it is expected to have a total of six and four singularities for 
ABPEO11 and ABPEO12, respectively, based on their 15N spectra (c.f. 
Fig. 7). 

Figs. 11–13 display 11B MAS NMR spectra at 85 ◦C for over 6 h for the 
pristine AB, ABPEO11, and ABPEO12 respectively. As shown in Fig. 11, 
when holding the pristine AB at 85 ◦C for up to 0.5 h, no change could be 
observed in the spectra. However, when incubating at 85 ◦C for 1.0 h, 

new peaks at δAB = − 24 ppm and δAB = − 39 ppm start to appear and 
gain in intensities with a longer incubation time. The former one can be 
assigned as mobile phase of AB (AB*) and the later as BH4 in dia-
mmoniate of diborane (DADB) [29]. The upfield movement of DADB 
peak indicated the decreased symmetry for boron which might present 
in the vicinity of boron atom of polyamidoborane (PAB) moieties [67]. 
This supports the hypothesis proposed by Shaw et al. for the nucleation 
and growth of the PAB chain by the addition of new AB molecule [68]. 
AB after the decomposition for 1.5 h three different peaks were observed 
at δAB = − 14.66, − 13.67 and − 12.31 ppm in Fig. 11b assigned for BH2 

Fig. 8. (a.) AB without any interaction showing dihydrogen bonding (b.) mobile phase of AB and (c.) Possible interaction of AB with ethereal oxygen present in PEO.  

Fig. 9. 11B MAS NMR of pure AB at room temperature and 85 ◦C with major 
peak assignments. 

Fig. 10. 11B MAS-NMR spectra for Pristine AB, ABPEO11, and ABPEO12 
at 25 ◦C. 

Fig. 11a. 11B MAS-NMR spectra for Pristine AB at 85 ◦C for 6 h.  
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of DADB, BH2 of linear dimer and BH group respectively as also seen in 
Fig. 9 with a zoomed scale. After the decomposition for 2 h the peak 
associated with BH3 of AB completely disappeared. Only the peaks 
associated with DADB and AB* were observed. However, there is no 
significant change for the polymeric composites. After the incubation 
time of 3 h, the peak assigned for DADB moved slightly upfield to 
− 38.46 ppm. After 4.5 h, a new peak starts to appear at δAB = − 7.5 ppm 
assigned for BH. The three different peaks about the proximity of δAB =

− 14 ppm merge to form a single peak at δAB = − 14.9 ppm. The peak for 
AB and AB* are less intense by the end of 4 h but became more intense at 
4.5 h. The spectrum was stable after 4.5 h. There were no new peaks 
formed. However, upon cooling back to room temperature after 6 h, the 
peaks for DADB, BH3 BH2 (DADB, linear dimer) BH became broad. 

Unlike the pristine AB that starts to decompose after 1 h incubation 
time at 85 ◦C as indicated by the presence of DADB and AB*, ABPEO11 
and ABPEO12 got readily decomposed at 85 ◦C as indicated by the 
presence of BH4 (δABPEO11 = − 39.1 and δABPEO12 = − 39.2) due to the 
formation of DADB and presence of AB* [68,69]referred as the mobile 
phase of AB with the δABPEO11 = − 23.28 and δABPEO12 = − 23.34 ppm in 
both ABPEO11 and ABPEO12. After 1 h of incubation at 85 ◦C. a broad 
peak at δABPEO11 = − 14.21 was assigned for BH2 in Figs. 12 and 13 
respectively. BO interaction was also observed at around 0.29 ppm for 
ABPEO11 and ~0.12 ppm for ABPEO12 as observed by Nathanson et al. 

[29]. There is also a shift for DADB from ~ − 39 ppm moving upfield to 
~ − 38 ppm for both ABPEO11 and ABPEO12. The further decomposi-
tion of ABPEO11 and ABPEO12 were characterized by the lowering in 
the intensity of AB*, increased intensity of BO and upfield movement of 
DADB. 

The polymeric composites of AB showed improved decomposition 
and favored the path for the early formation of PAB which might have 
lowered the decomposition temperature for the polymeric composites of 
AB. 

4. Conclusion 

The primary objective of the study was to have a comparative 
investigation on the dehydrogenation properties of AB and its polymeric 
composites with and without using MgCl2 as a catalyst. We used ther-
mal, IR, room temperature 15N MAS-NMR, room temperature and 
isothermal 11B MAS-NMR techniques to understand the interaction of 
AB with PEO. The high-temperature decomposition study of AB and its 
composites revealed the decrease in the decomposition temperature 
when AB is mixed in the polymer matrix. For pristine AB and ABPEO 
composites at ramp 5 ◦C/min, the first dehydrogenation temperature 
ranged from 117 ◦C for pristine AB to 85 ◦C for cat.ABPEO12. Unlike 
pristine AB and its bulk polymeric composites, the polymeric composites 
with 5 % MgCl2 catalyst showed early decomposition. We also observed 
a decrease in the activation energy of the polymeric composites when 
compared with pristine AB. Though we observed early decomposition of 
catalytic composites, the activation energy is relatively higher when 
compared with the one without the catalyst of same mass ratio. Unlike 
catalytic composites, polymeric composites have relatively lower acti-
vation energy. The activation energy for AB was calculated to be 149 kJ/ 
mol. However, for ABPEO11, the activation energy was calculated to be 
108 kJ/mol according to Kissinger method. The kinetics of AB was 
improved when it was dispersed in polymer matrix. 

IR study was performed to understand the chemical interaction of AB 
with PEO. ATR study was performed to identify different vibration fre-
quency for AB and PEO. At room temperature, NH3 stretching frequency 
for AB and ABPEO11 is close to each other, but there is a significant 
difference in the vibration frequency with the higher mass ratio. Room 
temperature IR study revealed that NH3 moiety in ABPEO composites 
were significantly affected. The splitting of peaks in NH stretching and 
NH3 deformation region was observed at room temperature. It may be 
due to the formation of H-bonding between the ethereal oxygen and 
hydrogen atom from NH3 moiety. Also, from the decomposition IR 
study, pristine AB took longer time for decomposition at 85 ◦C. Unlike 
AB, the polymeric composites readily started to decompose. 

Fig. 11b. The corresponding spectra with vertically enlarged scale in the re-
gion of − 10 and − 18 ppm. 

Fig. 12. 11B MAS-NMR spectra for ABPEO11 at 85 ◦C for 6 h.  

Fig. 13. 11B MAS-NMR spectra for ABPEO12 at 85 ◦C for 6 h.  
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15N and 11B high-resolution MAS-NMR techniques were conducted to 
understand the possible interaction, bonding, and dehydrogenation 
mechanism. 15N NMR enabled us to observe the change in the nitrogen 
environment. The presence of a single peak in pristine AB confirms only 
one type of nitrogen. However, upon the addition of polymer, three 
different peaks were observed which may be due to the breaking of 
dihydrogen bonding network of AB and forming hydrogen bonding with 
the ethereal oxygen of PEO. The three-hydrogen atom in AB might 
interact in two different ways either by dative H-bonding between the 
molecule or H-bonding with the ethereal oxygen giving rise to different 
peaks for the polymeric composites in 15N NMR. For the polymeric 
composites with higher mass ratio, ABPEO12 and ABPEO13, the peak 
from NH3 moiety of pristine AB is lost, which may be due to the inter-
action of all AB molecule within the polymer. Mixing AB with PEO is 
expected to produce a new crystalline phase. These changes in AB with 
the addition of polymer was caused by the electron dense ethereal ox-
ygen (-O) in PEO backbone. 11B NMR study also supports the possible 
interaction of AB with PEO molecule. At room temperature, two peaks 
for BH3 from AB was observed at − 25.18 ppm and − 26.67 ppm. How-
ever, for ABPEO11 composites, two additional peaks were observed at 
− 24.64 ppm and − 26.16 ppm. The appearance of these two peaks other 
than the peak form BH3 of moiety is another proof of possible interaction 
with PEO. Upon increasing the polymer content, one of the additional 
peak for the mobile phase of AB at − 24.64 ppm was lost. From the 
decomposition IR study and isothermal 11B NMR study, we concluded 
the longer incubation time is needed for pristine AB, however, PEO 
composites decompose readily at 85 ◦C. 

In summary, we investigated the thermal and vibrational properties 
of AB and its ABPEO bulk composites. Mixing AB in the polymer matrix 
improved the thermal and kinetic properties of AB. The hydrogen 
release temperature is lower when compared with pristine AB. The NMR 
study revealed the change in the nitrogen and boron environment when 
AB is confined in PEO matrix. This change may be due to the interaction 
of more electronegative ethereal oxygen with nitrogen. ABPEO com-
posites decompose earlier without incubation time which makes them 
one of the alternative for the solid-state hydrogen storage medium. 
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V. Subramani, A. Basile, T.N. Veziroğlu (Eds.), Compendium of Hydrogen Energy, 
Woodhead Publishing, Oxford, 2015, pp. 109–136. 

[7] S. Saxena, S. Kumar, V. Drozd, Int. J. Hydrogen Energy 36 (2011) 4366–4369. 
[8] T. Kobayashi, H. Takahashi, Novel CO2 electrochemical reduction to methanol for 

H2 storage, Energy Fuels 18 (2004) 285–286. 
[9] P. Preuster, C. Papp, P. Wasserscheid, Liquid organic hydrogen carriers (LOHCs): 

toward a hydrogen-free hydrogen economy, Acc. Chem. Res. 50 (2017) 74–85. 
[10] X.-B. Zhang, S. Han, J.-M. Yan, M. Chandra, H. Shioyama, K. Yasuda, N. Kuriyama, 

T. Kobayashi, Q. Xu, A new fuel cell using aqueous ammonia-borane as the fuel, 
J. Power Sources 168 (2007) 167–171. 

[11] M. Diwan, D. Hanna, A. Varma, Method to release hydrogen from ammonia borane 
for portable fuel cell applications, Int. J. Hydrogen Energy 35 (2010) 577–584. 

[12] E. Pawelczyk, N. Łukasik, I. Wysocka, A. Rogala, J. Gębicki, Recent progress on 
hydrogen storage and production using chemical hydrogen carriers, Energies 15 
(2022) 4964–4997. 

[13] M. Liu, L. Zhou, X. Luo, C. Wan, L. Xu, Recent advances in noble metal catalysts for 
hydrogen production from ammonia borane, Catalysts 10 (2020) 788–822. 

[14] J. Zhang, J.W. Lee, Progress and prospects in thermolytic dehydrogenation of 
ammonia borane for mobile applications, Kor. J. Chem. Eng. 29 (2012) 421–431. 

[15] X. Yang, D.A. Bulushev, J. Yang, Q. Zhang, New liquid chemical hydrogen storage 
technology, Energies 15 (2022) 6360–6377. 

[16] K. Kharel, R. Gangineni, L. Ware, Y. Lu, E.K. Wujcik, S.Y. Wei, O. Gunaydin-Sen, 
Dehydrogenation properties of ammonia borane-polyacrylamide nanofiber 
hydrogen storage composites, J. Mater. Sci. 52 (2017) 4894–4902. 

[17] W.W. Zhan, Q.L. Zhu, Q. Xu, Dehydrogenation of ammonia borane by metal 
nanoparticle catalysts, ACS Catal. 6 (2016) 6892–6905. 

[18] A.R. Ploszajski, M. Billing, A.S. Nathanson, M. Vickers, S.M. Bennington, Freeze- 
dried ammonia borane-polyethylene oxide composites: phase behaviour and 
hydrogen release, Int. J. Hydrogen Energy 43 (2018) 5645–5656. 

[19] M. Navlani-García, D. Salinas-Torres, D. Cazorla-Amorós, Hydrolytic 
dehydrogenation of ammonia borane attained by Ru-based catalysts: an auspicious 
option to produce hydrogen from a solid hydrogen carrier molecule, Energies 14 
(2021) 2199–2218. 

[20] X. Chen, J.-C. Zhao, S.G. Shore, The roles of dihydrogen bonds in amine borane 
chemistry, Acc. Chem. Res. 46 (2013) 2666–2675. 

[21] A. Rossin, M. Peruzzini, Ammonia–borane and amine–borane dehydrogenation 
mediated by complex metal hydrides, Chem. Rev. 116 (2016) 8848–8872. 

[22] M.G. Hu, R.A. Geanangel, W.W. Wendlandt, The thermal decomposition of 
ammonia borane, Thermochim. Acta 23 (1978) 249–255. 

[23] V. Sit, R.A. Geanangel, W.W. Wendlandt, The thermal dissociation of NH3BH3, 
Thermochim. Acta 113 (1987) 379–382. 

[24] T. Hugle, M.F. Kuhnel, D. Lentz, Hydrazine borane: a promising hydrogen storage 
material, J. Am. Chem. Soc. 131 (2009) 7444–7446. 

[25] M. Valero-Pedraza, D. Cot, E. Petit, K.F. Aguey-Zinsou, J.G. Alauzun, U.B. Demirci, 
Ammonia borane nanospheres for hydrogen storage, ACS Appl. Nano Mater. 2 
(2019) 1129–1138. 

[26] Mei-Jing Fang, Yu-Chang Lin, Jen-Yu Jan, Ting-Hsuan Lai, Ping-Yen Hsieh, Ming- 
Yu Kuo, Yi-Hsuan Chiu, Chun-Wen Tsao, Yi-An Chen, Yu-Ting Wang, Yi-Jia Hong, 
Jhen-Yang Wu, Yew Chung Sermon Wu, Yan-Gu Lin, Tso-Fu Mark Chang, Chun- 
Yi Chen, Masato Sone, Sue-Min Chang, Chung-Liang Chang, Yung-Jung Hsu, Au@ 
Cu2o Core@Shell nanocrystals as sustainable catalysts for efficient hydrogen 
production from ammonia borane, Appl. Catal. B Environ. 324 (2023) 
122198–122211. 

[27] S.F. Li, Z.W. Tang, Y.B. Tan, X.B. Yu, Polyacrylamide blending with ammonia 
borane: a polymer supported hydrogen storage composite, J. Phys. Chem. C 116 
(2012) 1544–1549. 

[28] J. Zhao, J. Shi, X. Zhang, F. Cheng, J. Liang, Z. Tao, J. Chen, A soft hydrogen 
storage material: poly(methyl acrylate)-confined ammonia borane with 
controllable dehydrogenation, Adv. Mater. 22 (2010) 394–397. 

[29] A.S. Nathanson, A.R. Ploszajski, M. Billing, J.P. Cook, D.W.K. Jenkins, T.F. Headen, 
Z. Kurban, A. Lovell, S.M. Bennington, Ammonia borane–polyethylene oxide 
composite materials for solid hydrogen storage, J. Mater. Chem. A 3 (2015) 
3683–3691. 

[30] R. Seemaladinne, S. Pati, K. Kharel, A. Bafana, A. al-Wahish, E.K. Wujcik, 
O. Gunaydin-Sen, Ammonia borane with polyvinylpyrrolidone as a hydrogen 
storage material: comparison of different molecular weights, J. Phys. Chem. Solid. 
110 (2017) 394–400. 

K. Kharel et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0022-3697(24)00312-3/sref1
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref1
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref1
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref2
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref2
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref3
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref3
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref3
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref4
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref4
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref4
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref5
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref5
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref5
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref6
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref6
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref6
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref7
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref8
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref8
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref9
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref9
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref10
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref10
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref10
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref11
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref11
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref12
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref12
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref12
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref13
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref13
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref14
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref14
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref15
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref15
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref16
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref16
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref16
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref17
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref17
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref18
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref18
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref18
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref19
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref19
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref19
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref19
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref20
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref20
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref21
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref21
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref22
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref22
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref23
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref23
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref24
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref24
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref25
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref25
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref25
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref26
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref26
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref26
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref26
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref26
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref26
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref26
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref27
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref27
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref27
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref28
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref28
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref28
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref29
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref29
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref29
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref29
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref30
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref30
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref30
http://refhub.elsevier.com/S0022-3697(24)00312-3/sref30


Journal of Physics and Chemistry of Solids 193 (2024) 112177

10

[31] O. Metin, S. Ozkar, Hydrogen generation from the hydrolysis of ammonia-borane 
and sodium borohydride using water-soluble polymer-stabilized cobalt(0) 
nanoclusters catalyst, Energy Fuels 23 (2009) 3517–3526. 
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