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ABSTRACT: In this article, the dehydrogenation properties of Na3AlH6 doped with X wt% of NbF5 (X=5, 
10, 15, 20) was studied for the first time. The Na3AlH6 composite has formed after 20 h of mechanical 
alloying between NaH and NaAlH4 (in a mole ratio of 2:1) as observed by X-ray diffraction measurement. 
Temperature-programmed-desorption results displayed that the decomposition temperature of milled 
Na3AlH6 was reduced after adding with NbF5 along with the improvement of desorption kinetics 
behaviors. The onset desorption temperature of Na3AlH6 doped with NbF5 starts at around 180-195 °C, 
while the decomposition process of Na3AlH6 alone starts at a temperature of 225 °C. Results obtained 
shows that the 10 wt% of NbF5 additives promote better effect on the dehydrogenation properties of the 
Na3AlH6 as compared with other samples. From the Kissinger analysis, the apparent activation energy of 
Na3AlH6 added with 10 wt% NbF5 composite was reduced about 31 kJ/mol as compared to Na3AlH6 alone. 
The observation of SEM image have shown that the composite particles is less agglomerate. Based on the 
X-ray diffraction measurement, the new phase of NaF and Al-Nb in the doped composite were observed 
after the decomposition process. These two species were believed to provide a synergistic effect in 
accelerating the dehydrogenation properties of the Na3AlH6. 
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1. Introduction 
      Hydrogen-powered vehicles undoubtedly will become one of the important assets towards green worlds 
in near future. It is widely accepted that hydrogen could play a crucial role as a future energy carrier due to 
high energy density, renewable and pollution-free [1]. However, the application of hydrogen as energy 
sources has not gone too far because of hydrogen storage problems. Safe and efficient hydrogen storage need 
to be achieved in order to bring hydrogen as an energy that can be used in a commercial field. In recent years, 
lots of hydrogen storage technologies have been investigated including pressurized gaseous [2], cryogenic 
liquefaction [3], liquid organic [4-6] and solid-state hydrogen storage [7-11].  
      Hydrogen storage technology’s criteria such as high hydrogen storage density, hydrogen recovery speedy 
and operating safety are some of the technical targets that must be considered [12]. For this reason, storing 
hydrogen in solid form is considered to be the suitable option due to its high volumetric storage capacity and 
minimal costs for refueling of hydrogen as compared with other types of storage [13]. Until now, lots of 
solid-state hydrogen storage materials with high hydrogen storage capacity, better uptake, and release of 
hydrogen, moderate operating temperature, and better cycle ability had been studied, including metal 
hydrides [14-16] and complex hydrides [17-20]. Recently, due to the high content of hydrogen and favorable 
hydrogen decomposition temperature [21], complex hydrides materials seemed promising for hydrogen 
storage media. 
      In view of that, Na-Al-H combination, Na3AlH6 had received intensively studied [22-25]. Besides being 
formed during the decomposition of NaAlH4, Na3AlH6 also can be synthesized by a chemical milling between 
NaH and NaAlH4 with a molar ratio of 2:1 [26]. Although the Na3AlH6 has a hydrogen content of about 3.0 
wt% [27], the process of hydrogen absorption takes place at lower hydrogen pressures (40-60 bar) compared 
to the NaAlH4 (130-150 bar) [28], making it more likable to be considered for possible upcoming commercial 
purposes. However, the irreversibility and low desorption kinetics had prevented Na3AlH6 to be directly used 
for onboard applications. Therefore, in order to overcome these drawbacks, efforts such as adding with a 
different kind of catalyst [29-31] and combining with other hydrides, also known as a destabilized system 
[32, 33] have been reported. 
      In the current study, the effect of the catalyst to Na3AlH6 is an interesting work to be carried out where 
catalyzed hydride complexes had shown the greatest promise in fulfilling the requirements for onboard 
applications. Kang et al. [29] found that the TiF3 and TiCl3 additives promote a favorable thermodynamic 
modification of Na3AlH6. Meanwhile, Ti catalyst has been found to lowering the energy barrier of Na3AlH6 
as reported by Pozzo and co-workers [30], and had significantly reduced the dehydrogenation energy of 
Na3AlH6 [31]. Based on their findings, it is of interest to further examine the effect of another potential 
catalyst on the hydrogen storage performance of the Na3AlH6 composite. 
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      To date and the best of author’s knowledge, there is no studied was reported on the ability of NbF5 
additive in enhancing the hydrogen storage behaviors of the Na3AlH6. Work done by Kim et al. [34] 
determined that the addition of NbF5 additive was reduced the operating temperature and improved the 
sorption kinetics performance of MgH2. On the other hand, previous work [35] shows that the NbF5 had 
played a catalytic role by weakening the Al-H bond and thus lead to a better desorption properties of LiAlH4. 
Therefore, it is interesting to investigate and assuming that the NbF5 additive could play the same catalytic 
effect to enhance the desorption properties of Na3AlH6. In this present work, lowering the onset desorption 
temperature of Na3AlH6 together with enhancing their desorption kinetics by the addition of NbF5 are the 
primary goal of this study. The experimental results of the Na3AlH6-NbF5 composite were then discussed. 
 
2. Experimental 
       The starting materials, NaAlH4 (hydrogen storage grade, 93% purity), NaH (hydrogen storage grade, 
93% purity) and NbF5 were purchased from Sigma-Aldrich, and were used directly without undergone any 
purification process. As for the samples preparation, the work was done in the high-purity argon filled 
Glovebox (MBraun Unilab Glovebox). The NaH was mixed with NaAlH4 (in a mole ratio of 2:1) to 
synthesize Na3AlH6 through mechanical alloying [26]. The NaH and NaAlH4 were introduced into a stainless 
milling vial with a ball-to-powder ratio of 40:1. The composite mixture was then milled for 20 h using a 
planetary ball mill (NQM-0.4) at the rate of 400 rpm. Then, the Na3AlH6 sample was milled with NbF5 for 1 
h under the same conditions. 
      The temperature-programmed desorption (TPD) and dehydriding properties of the sample were measured 
by a Sieverts-type pressure-composition-temperature (PCT) apparatus (Advanced Materials Corporation). 
The sample with an amount of 60 mg was loaded into a sample vessel in a glove box. For the TPD experiment, 
all the samples were heated from room temperature to 300 °C with a heating rate of 5 °C/min under vacuum 
conditions. In addition, the desorption kinetics performance of the samples were carried out at temperature 
of 150 °C under 33 atm hydrogen pressure. Meanwhile, the thermal properties of the sample is determine by 
DSC analysis. DSC measurement was conducted by using a Mettler Toledo TGA/DSC 1. The samples of 
about 5-10 mg were loaded into an alumina crucible and were heated from room temperature to 450 °C under 
Ar flow 50 mL/min. The experiments were repeated for several heating rates. 
      For X-ray Diffraction (XRD) analysis, the experiment was carried out using Rigaku MiniFlex Xray with 
Cu Ka radiation. The phase structures of the samples after milling and desorption, as well as after 
rehydrogenation process, were determined over diffraction angles from 20° to 80° with a speed of 2.00°/min. 
Meanwhile, the surface morphology of the samples was observed by scanning electron microscope (SEM; 
JEOL JSM-6360LA). 
 
3. Results and discussion 
3.1 Formation of Na3AlH6 composite 
      XRD pattern of the 2NaH-NaAlH4 composite ball milling for 20 h are shown in Figure 1. As for 
comparison purposes, XRD pattern of the individual NaH and NaAlH4 were also included. Figure 1a and b 
display the XRD pattern of NaH and NaAlH4 phases, respectively. In addition, the phase of Na3AlH6 is clearly 
observed after ball milling for 20 h of the 2NaH-NaAlH4 composite (Figure 1c), while the phase corresponds 
to the two initial materials, NaH and NaAlH4 were did not detect. Based on the results obtained, it was 
suggested that the solid-state reaction for the NaH-NaAlH4 (2:1) composite has been completed during the 
milling process as follows: 
                                                   2NaH + NaAlH4 → Na3AlH6                                               (1) 
 
Meanwhile, the peaks of the metastable β-Na3AlH6 phase were also observed. It was believed that the 
polymorphic transformation from Na3AlH6 to β-Na3AlH6 was taken place during the milling process as 
discussed in previous work [32, 33, 36]. 
 
3.2 Catalytic effect of NbF5 on the Na3AlH6 composite 
3.2.1 Dehydrogenation Temperature 

Figure 2 shows the TPD results for milled Na3AlH6 and Na3AlH6 doped with a various amount of NbF5 
additives. From the figure, all the samples exhibit a similar pattern of the decomposition process, which was 
believed originated from the decomposition of Na3AlH6. As shown, the milled Na3AlH6 starts to decompose 
hydrogen at around 225 °C with a hydrogen content of 2.6 wt%. Meanwhile, after added with several amounts 
of NbF5, which are 5, 10, 15, and 20 wt%, and respectively, the operating temperature of Na3AlH6 was 
decreased. All the samples start to decompose below 200 °C as shown in Figure 2. For the 5 wt% NbF5 
doped-sample, the dehydrogenation temperature lowers to 200 °C and desorb hydrogen of about 2.5 wt%. 
Further increase the amount of NbF5 to 10 wt%, the doped sample starts to decompose at 185 °C and 
accomplished at 250 °C with a hydrogen content of 2.3 wt%. On the other hand, the decomposition 
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temperature of the NbF5 doped sample with an amount of 15 wt% and 20 wt% is at 185 and 180 °C, which 
are 40 and 45 °C lower than Na3AlH6 composite, respectively. These results conclude that the NbF5-doped 
samples reveal superior catalytic effect in lowering the dehydrogenation temperature of the Na3AlH6 
composite. 
 

 
 
 

Figure 1: XRD profile of the as-received NaH (a), as-received NaAlH4 (b) and 2NaH-NaAlH4 composite 
after 20 h of milling. 

 

 
 
 

Figure 2: Comparison of TPD profiles of the milled Na3AlH6 and the Na3AlH6 added with X wt% NbF5 
composite. (X= 5, 10, 15 and 20). 
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3.2.2 Desorption Kinetics 
The isothermal dehydrogenation behavior of the NbF5-doped and un-doped samples were shown in 

Figure 3. From the figure, hydrogen of only about 0.5 wt% can be desorbed by Na3AlH6 within 180 min. 
Compared to the doped samples, the capacity of hydrogen desorb had been increased. The Na3AlH6 doped 
with 5 wt% of NbF5 sample desorb hydrogen of about 1.2 wt% within the same time of period. Meanwhile, 
after increasing the amount of NbF5 to 10 wt%, the capacity of hydrogen desorb of the sample reaches 1.8 
wt%. Moreover, about 1.5 wt% of hydrogen release can be obtained for both 15 wt% and 20 wt% doped 
samples. By comparing the desorption kinetics results of doped and un-doped samples, it is clear that the 
addition of NbF5 leads to the enhancement of the dehydriding performance of Na3AlH6. On the other hand, 
within the range of our experimental parameters, it is reasonable to conclude that 10 wt% of NbF5 exhibits 
the optimal dehydrogenation performance. Thus, 10 wt% doped samples are the best option to further analyze 
for the following measurement. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Isothermal dehydrogenation kinetics of the milled Na3AlH6 and the Na3AlH6 added with X wt% 
NbF5 composite at 150 °C. (X= 5, 10, 15 and 20). 

 
3.2.3 Differential Scanning Calorimetry 

The thermal properties of Na3AlH6-10 wt% NbF5 composite is shown in Figure 4. The thermal 
properties of milled Na3AlH6 composite was also measure for comparison purposes. From the result, a strong 
endothermic peak at 270 °C has been observed for milled Na3AlH6 composite, which was suggested to be 
originating from the decomposition of Na3AlH6 itself. On the other hand, a strong endothermic peak at 
approximately 247 °C was observed in DSC pattern for Na3AlH6-10 wt% NbF5 composite. These results 
show that the peak temperatures were reduced after the addition of 10 wt% of NbF5 on the Na3AlH6 
composite, which were lower than the endothermic peak of the un-doped composite. Thus, represent that 
DSC results are in good agreement with the TPD results obtained (Figure 2). 
 

 
 
 

 
 
 
 
 
 



Int. J. Electroactive Mater., Vol. 6, 2018                                                                                           Yap et al.   

52 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: DSC curves of the milled Na3AlH6 and the Na3AlH6-10 wt% NbF5 samples at a heating rate of 20 

°C/min. 
        
        Further study is needed to explain the role of NbF5 additives on the improvement of the dehydrogenation 
performance of Na3AlH6. It is well known that the rate of kinetics reaction is related to the amount of energy 
absorbed in the decomposition process. Therefore, to better understand the improvement of the 
decomposition process of the Na3AlH6-10 wt% NbF5 composite, the apparent activation energy was 
calculated. In this present work, the apparent activation energy of the Na3AlH6 added 10 wt% NbF5 composite 
was obtained using the Kissinger equation [37] as follows: 
 
                                                          ln [β/Tp

2] = -Ea/RTp + A                                                (2) 
 
Where β is the heating rate, Tp is the peak temperature in the DSC curve, R is the gas constant, and A is a 
linear constant. The apparent activation energy, Ea, can be calculated based on the slope of the graph’s plot 
of ln [β/Tp

2] versus 1000/Tp. The DSC curves at different heating rates of the milled Na3AlH6 and Na3AlH6-
10 wt% NbF5 composites were collected and were shown in Figure 5. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: DSC traces of the (a) milled Na3AlH6 and (b) the Na3AlH6-10 wt% NbF5 composites at different 
heating rates. 
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      Figure 6 shows the Kissinger plot for the calculated value of the apparent activation energy of milled 
Na3AlH6 and Na3AlH6-10 wt% NbF5 composite. The Kissinger analysis shows that the apparent activation 
energy of Na3AlH6-10 wt% NbF5 composite was found to be 145 kJ/mol. By comparing with milled Na3AlH6 
(176 kJ/mol), the apparent activation energy was lowered for about 31 kJ/mol. These values show that the 
energy barrier of Na3AlH6 was reduced after doped with NbF5. Therefore, based on the apparent activation 
energy calculation, it is noteworthy to assume that NbF5 was provided a catalytic activity in lowering the 
decomposition process of the Na3AlH6. 

 
 

 
 

Figure 6: Kissinger's analysis of (a) the milled Na3AlH6 and (b) the Na3AlH6-10 wt% NbF5. 
 
 

3.2.4 Scanning Electron Microscopy 
      The observation of SEM image of milled Na3AlH6, as-received NbF5, and NbF5-doped sample were done 
in order to see the changes on the surface morphology of the composite as can be seen in Figure 7. The SEM 
image shows that the milled Na3AlH6 (Figure 7a) have agglomerates particle and some of the particle’s size 
are larger than 1µm. Meanwhile, as-received NbF5 (Figure 7b) showed that the particles are quite sticky like 
a chewing gum. On the other hand, Figure 7c displayed that the particles of NbF5-added Na3AlH6 are less 
agglomerate. The size of the particles was also found to be smaller (some of particle’s size are less than 1 
µm) as compared to individual Na3AlH6 (Figure 7a). As suggested by Liang [38], the reducing of the 
particle’s size will improve the hydrogen storage properties and reduce the apparent activation energy of the 
composite due to the larger surfaces of reactive particles and a reduction of the diffusion length of hydrogen. 
So, these results may explained that the presence of the NbF5 additive could help to break down the particle’s 
size of Na3AlH6 and thus lead to the enhancement of dehydrogenation performance of Na3AlH6. 
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Figure 7: SEM images of (a) the milled Na3AlH6, (b) the as-received NbF5 and (c) Na3AlH6-10 wt% NbF5. 
 

3.2.5 Structural Mechanism 
      XRD pattern of the phase structures of NbF5-added Na3AlH6 composite after ball milling, after 
desorption, and after absorption process has been collected as shown in Figure 8. As observed by XRD 
analysis, the characteristic peaks of Na3AlH6 and β-Na3AlH6 were presence along with the peak of NbF5 after 
milling for 1 h (Figure 8a). After the composite was heated up to 185 °C, the XRD spectra consist of NaH 
and Al peaks as represented in Figure 8b. These results demonstrating that Na3AlH6 have been decomposed 
as shown in Eq. 3: 
                                                 Na3AlH6 → 3NaH + Al + 3/2H2                                           (3) 
Then, the dehydrogenation products were believed to reacts with NbF5 to produce NaF and Al-Nb species as 
detected by XRD measurement. However, after the rehydrogenation process (Figure 8c), the same 
characteristics peak in XRD pattern as before rehydrogenation process were observed. Peaks of NaF and Al-
Nb along with the NaH and Al are detected. Hence, the presence of NaH and Al after absorption process 
suggest that the Na3AlH6 are not reversible for this composites. 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: XRD spectra of the Na3AlH6-10 wt% NbF5 composite after ball milling for 1 h (a), after 
dehydrogenation (b) and after rehydrogenation. 
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      The formations of the NaF and Al-Nb after decomposition and absorption process were believed to play 
a crucial role in the improvement of the desorption performance of the NbF5-doped Na3AlH6 composite. In 
work conducted by Ivanov et al. [39], NaF, NaCl, MgF2, and CrCl3 has been found to modify the metal 
surface of magnesium and thus leads to an acceleration of the hydrogen uptake and release of the composite 
along with the high hydrogen content around 5.5 wt%. Meanwhile, Liu et al. [40] believe that the formation 
of NaF as one of the dehydrogenated products in K2TiF6-NaAlH4 composite has worked as active species in 
improving the hydrogen storage performance of NaAlH4. On the other hand, Zhou et al. [41] show that Nb-
based compounds have remarkably improved the dehydrogenation performance of LiBH4–MgH2 composite. 
They report that the doped composite starts to decompose at a temperature of 150 °C, which is lower about 
170 °C compared to the LiBH4–MgH2 composite alone. Consequently, based on the reported literature, it 
was suggested that the dehydrogenated products in Na3AlH6-NbF5 composite, NaF and Nb-Al would possibly 
serve as the active species by providing a synergetic catalytic effect, and contributing further in lowering the 
decomposition temperature and improving the desorption kinetics of Na3AlH6. 
  
4. Conclusion 
      In short, the experimental investigations show that the introduction of several amounts of NbF5 additives 
had improved the dehydrogenation properties of the Na3AlH6 system. Based on the XRD experiment, the 
Na3AlH6 composite was formed through the mechanical alloying of NaH-NaAlH4 (2:1) composite for 20 h. 
Meanwhile, TPD results present that all the NbF5-added Na3AlH6 samples start to decompose below 200 °C. 
In addition, the desorption kinetics was also improved. Among the samples, Na3AlH6 added with 10 wt% of 
NbF5 shows the optimal performance of the dehydrogenation behaviors of the Na3AlH6 composite. In the 
meantime, Kissinger analysis shows that apparent activation energy of the Na3AlH6-10 wt% of NbF5 
composite is 145 kJ/mol, which was lowered for about 31 kJ/mol compared to the individual Na3AlH6 
composite. As for microstructure, SEM image shows that the particle’s size of the doped composite is smaller 
as compared to un-doped sample. Moreover, XRD patterns show that NaF and Al-Nb species were formed 
after the decomposition and absorption process of Na3AlH6-10 wt% NbF5 composite. These new species were 
believed to act as active species and play a crucial role that leads to significant enhancement of the 
dehydrogenation performance of the Na3AlH6 composite. The results obtained have provided experimental 
evidence to conclude that the addition of NbF5 had promoted better performance of the dehydrogenation 
properties of Na3AlH6. 
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