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ABSTRACT 

The present work concerns the catalytic effect of VNbO5, a ternary oxide prepared by solid-state 

route, on the sorption performance of MgH2. Three doped systems, namely 5, 10 and 15 wt. % 

VNbO5-MgH2 have been prepared by ball milling and thoroughly characterized. Hydrogen sorption, 

evaluated by temperature programmed desorption experiments, revealed a significant reduction of 

the desorption temperature from 330 °C for the un-doped sample (prepared and tested for comparison) 

to 235 °C for the VNbO5-doped sample. Furthermore, more than 5 wt. % of hydrogen can be absorbed 

in 5 minutes at 160 °C under 20 bar of hydrogen, which is remarkable compared to the 0.7 wt. % 

achieved for the un-doped system. The sample doped with 15 wt.% of additive, showed a good 

reversibility: over 5 wt. % of hydrogen with a negligible degradation even after 70 consecutive cycles 

at 275 °C and 50 cycles at 300 °C. The kinetics analysis carried out by the Kissinger’s method 

exhibited a considerable reduction of the activation energy for the desorption process. Finally, 

Pressure-Composition-Isotherm experiments conducted at three different temperatures allowed to 

estimate the thermodynamic stability of the system and shed light on the additive role of VNbO5.  
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1 INTRODUCTION 

The use of hydrogen as carbon-free energy vector is one of the most suitable technological 

challenges for mitigating the carbon dioxide emissions caused by the extensive exploitation of the 

carbon fossil fuels.1 The commercialization of the hydrogen fuel cell vehicles (FCVs) represents, for 

example, a “greener” and efficient alternative to the gasoline internal combustion engine ICE 

responsible for 17 % of total CO2 emission in EU (2008). However, in order to promote a rapid 

diffusion of this technology into the global market, obstacles related to the storage and the transport 

of hydrogen have to be overcome. The most exploited solutions such as hydrogen liquid and high-

pressure tank, suffer of high costs and safety constrains which limit their exercise in several 

countries.2 

Based on these considerations the search of an efficient, safe and less expensive hydrogen storage 

approach is becoming of primary importance. Solid-state hydrogen storage presents potential 

advantages in terms of volumetric density and safety compared to the pressurized gas technology.3 In 

this framework, vast numbers of materials have been investigated in order to find a valid candidate 

able to ab/de-sorb reversibly hydrogen at moderate temperatures, satisfying the DOE requirements.4-

6 Among them, MgH2 system remains one of the most studied and interesting compound for solid-

state hydrogen storage, due to its high gravimetric capacity of 7.6 wt. % combined with relative cheap 

cost (< 3 €/kg) and abundance (7th element in the earth).7 However, it presents several limitations for 

practical application, for example a very high desorption temperature of 400-450 °C and slow kinetics 

at temperatures below 400 °C.8, 9 Various strategies have been proposed in order to improve the 

hydrogen sorption properties of MgH2, and, among them, the combination with other complex 

hydrides10-14 and the doping with metals,15-18 metals halides19-21 and metal oxides,22-26 probably 

represent the most performing approaches reported in the current literature.  

The addition of metal oxides, in particular, produced a clear benefit in terms of hydrogen sorption 

kinetics and desorption temperature. Since the pioneering work of Barkhordarian et al. 22 which 

demonstrated the extraordinary catalytic effect of Nb2O5 on the MgH2 sorption performance, many 

attentions have been addressed to this additive.22-26 To get insight into the catalytic mechanism, in 

situ experiments have evidenced the crucial role played by the Mg-Nb oxide phases formed during 

the sorption reaction of the Nb2O5-doped MgH2 system.27 This ternary oxide, conversely to MgO, 

facilitate the diffusion of hydrogen into the Mg bulk and assists the hydrogen splitting reaction, then 

improving the sorption properties of the whole system.28 Friedrichs et al. demonstrated that the Mg-



Nb-oxide limits the grain growth of Mg during desorption preserving the grain boundaries for the 

hydrogen diffusion. Further studies conducted by TEM, XPS and EDX, showed that during the 

mechanical treatment, the nanosized Nb oxide diffuses into the MgH2 matrix and starts a reducing 

process of the Nb oxide.29, 30 During the heating treatment, Nb in the high valence state (V) was 

further reduced by Mg, forming various mixed Mg-Nb oxide compounds. The ability to easily change 

the oxidation number during the de/hydrogenation cycles, and the high accessible valence state, 

facilitate the hydrogen transport into the Mg matrix reducing the kinetics barriers.29, 30 Among the 

Mg-Nb oxides families, only Mg3Nb6O11 presented a reversible interaction with H2.
31 This was 

ascribable to the crystal structure of the compound, characterized by the presence of Niobium 

octahedral clusters inside the oxide lattice, different than the other Mg-Nb oxides investigated.31  

From this specific literature, it emerges that the Nb-octahedral coordination geometry could play 

a key role to improve the hydrogen sorption properties of Mg-based systems. Similar microstructure 

properties were also satisfied in vanadium-doped Mg compounds with enhanced hydrogen storage 

properties.32-34 However, despite the several numbers of additives tested, no data are reported in the 

current literature, by our knowledge, concerning a synergic effect of the V-Nb oxide phase 

characterized by octahedral clusters. A restricted number of stoichiometric and non-stoichiometric 

V-Nb-O compounds with different composition have been studied sporadically, and their crystal 

structure were not always determined unquestionably. Among them, only the VNbO5 compound 

meets the local octahedral coordination.35-38 

Based on these considerations, the present investigation provides, for the first time, a detailed study 

of the effect of VNbO5 on the sorption properties of magnesium hydride. The additive, prepared by 

conventional route, is able to improve significantly the sorption properties of the system decreasing 

the desorption temperature and enhancing the cyclability of the whole system. Experimental methods 

are described in the following. 

 

 

EXPERIMENTAL  

Commercial powders of MgH2 (hydrogen storage grade) were purchased from Sigma Aldrich, 

while crystalline VNbO5 was prepared by a prolonged annealing at 500 °C (2 h) of the pre-milled 

powders (200 h) containing a mixture of V2O5 (99%) and Nb2O5 (99%) in a molar ratio 1:1. The 

MgH2-xwt% VNbO5 (x = 0, 5, 10, 15) samples were then prepared by ball milling. For each system, 

8 grams of powders were ball milled for 10 hours in a stainless steel vial with 2 balls (8 grams each 

one). 



All the mechanical treatments have been performed using a Spex/Mixer mill model 8000 working 

at 875 rpm and under inert atmosphere of Ar. Manipulation of the samples was performed inside a 

glove box MBraun with O2 and H2O levels < 1 ppm.  

The sorption properties of the samples were investigated by temperature programmed desorption 

experiment (TPD) using a Sievert-based instrument Setaram PCT-Pro 2000 (pressure accuracy 1%). 

The composite was heated from room temperature to 400 °C at 5 °C/min followed by an isothermal 

treatment of 2 h. A second desorption via heating up to 300 °C was carried out with the same 

modalities. All experiments were carried out under static vacuum. The absorption performance was 

evaluated at 160 °C after submitting the sample to 20 bar of pure hydrogen for 3 h. After that, the 

sample was cooled to room temperature while maintaining a back pressure of 20 bar to prevent any 

desorption process. The life cycle experiment was performed after two activation dis-charging cycles: 

the dehydrogenated sample was measured at 250 °C, 275 °C and 300 °C under static vacuum, while 

20 bar of hydrogen was applied for the absorption step. The Pressure-Composition-Isotherm (PCI) 

experiments were conducted after the cycle life experiment previously described. The measurement 

was carried out at 3 different temperature of 275 °C, 300 °C and 325 °C, with pressures of 0-15 bar 

for the absorption, and 15-0 bar for the desorption steps. All measurements were conducted in Δp 

mode, using an increasing pressure of 1.5 bar per step (dwell time 90 min).  

Calorimetric measurements were performed on the as-milled powders by using a Sensys DSC 

Setaram. The sample holder was charged with ~50 mg of powder under Ar atmosphere (1 bar) and 

the experiment conducted from room temperature to 500 °C. Five increasing heating rates were 

selected for the experiments, namely: 2 °C/min; 5 °C/min; 10 °C/min; 15 °C/min and 20 °C/min.  

Structural and microstructural characterization have been performed by X-ray powder diffraction 

technique, using a Rigaku Smart Lab with a Bragg–Brentano geometry using Cu Kα radiation 

(1.54178 Å) and a monochromator in the diffracted beam. For each analysis 0.3 grams of powders, 

stored in the glove box, were placed in an air-sensitive sample holder covered by an airtight hood of 

Kapton foil to prevent contact with air moisture and oxygen during the analysis. The microstructural 

parameters were then evaluated by fitting the XRPD patterns by means the MAUD, a Rietveld 

refinement software.39 

 

RESULTS AND DISCUSSION 

Sorption and Structural properties 

The synthesis of VNbO5 was successfully demonstrated by ex situ X-ray diffraction and reported 

in Figure 1 together with the patterns of the un-milled (0 h) and milled (200 h) systems. The starting 

reagents were represented by the monoclinic Nb2O5 (ICSD 01-071-0005), space group P2/m, and 



orthorhombic V2O5 (ICSD 01-072-0433) space group Pmnm. The XRD pattern of the composite after 

long milling treatment (200 h) was totally different, with the disappearance of the initial oxides and 

the presence of an amorphous phase together with the orthorhombic Nb16.8O42 (ICSD 01-071-0336) 

phase. After the thermal treatment at 500° C, peaks ascribable to the crystalline VNbO5 (ICSD 00-046-

0046) were observed together with Nb16.8O42 in trace (<5 wt.%). The XRD pattern of VNbO5 obtained 

by the solid-state route can be unambiguously identified and compared with previous data reported 

in the literature.38  

 

Figure 1. XRD patterns and the correspond interpolations of the equimolar mixture V2O5 and Nb2O5 un-milled 

(0h BM, Rwp % 7.4), 200 h ball milled (200h BM, Rwp % 4.2) and of the as-milled sample after the thermal 

treatment at 500 °C (200h BM TT, Rwp % 5.6). In the bottom are reported the ticks of the crystalline phases 

present in the patterns. The experimental patterns, best fit profiles and the backgrounds are represented by blue 

squares, red and green line, respectively.  

.  

 



Three different batch of pristine MgH2 were then ball milled for 10 hours with increasing amount 

of VNbO5, namely, 5 wt.%, 10 wt.% and 15 wt.%. In order to evaluate the effect of VNbO5, 

temperature programmed desorption (TPD) measurements of the samples were recorded and 

compared in Figure 2. The TPD profiles reported in Figure 2a, revealed similar dehydrogenation 

behavior, with all the samples releasing hydrogen in a single step. On the other hand, the onset 

desorption temperatures of the doped and un-doped composites, decreased simultaneously with the 

increasing of VNbO5 amount. Un-doped MgH2 started to release hydrogen at around 330 °C, with a 

total amount of 6.67 wt.% reached at 400 °C, lower than the theoretical gravimetric capacity expected 

(7.6 wt.%). This reduction was probably ascribable to the presence of MgO impurities in the starting 

material and to the partial hydrogen release induced by the high-energy ball milling during the 

preparation. Compared to the un-milled MgH2, the onset temperature was decreased by 100 °C in 

agreement with previous studies.40 When MgH2 was milled with 5 wt. % of VNbO5, the temperature 

release of hydrogen further decreased to 270 °C with a total dehydrogenation of 6.27 wt. % H2 at 400 

°C. For the samples doped with 10 wt.% and 15 wt.% of VNbO5, the onset desorption temperatures 

were reduced to 264 °C (6.07 wt. % - 400 °C) and 234 °C (5.89 wt.% - 400°C), respectively. The 

total amount of hydrogen evolved for these doped systems, at 400°C, was lower if compared with the 

un-doped MgH2. However, considering their theoretical capacity, they desorbed the 86 (5 wt.%), 87 

(10 wt.%) and 89 % (15 wt.%). 

 



Figure 2. a) Temperature programmed desorption (TPD) profiles of the un-doped MgH2 milled 10 h (dark 

squares) and of the MgH2 systems milled (10h) with 5 wt.% (olive triangles), 10 wt.% (orange triangles) and 

15 wt.% (blue circles) VNbO5. b) 1st derivate of the TPD measurements reported in the panel a.  

 

In order to better evaluate the different TPD results, the 1st derivative of the desorption profiles 

were calculated and reported in Figure 2b. The inspection of the first derivative allowed to determine 

the maximum desorption peak and helped to distinguish multiple desorption processes when they 

occur consecutively and/or very close. The graph confirmed the trend observed for the integral 

desorption curves, with a reduction of the onset desorption temperatures when the additive content 

was increased. The same trend was observed for the hydrogen desorption peak maxima. In fact, the 

un-doped MgH2 sample started to release hydrogen at 330 °C, with a peak maximum centred at 349 

°C. For the 5 wt. %, 10 wt. % and 15 wt. % doped samples, the peak temperatures of 320 °C, 297 °C 

and 277 °C were observed. The latter result is quite interesting because the dehydrogenation step 

occurred in a range between 230 °C - 300 °C. Note that, at these temperatures, pristine MgH2 is quite 

stable, suggesting a large destabilization due to the presence of VNbO5. This insight appears of major 

interest if compared with the results obtained by the addition of other transition metals mixed oxides. 

For example, the addition of CoFe2O4, ZnFe2O4, MnFe2O4 and Mn0.5Zn0.5Fe2O4 nanoparticles on 

MgH2, improved significantly the sorption kinetics only at temperatures higher than 300 °C, with the 

maximum peaks located around 330 °C - 350 °C.41 

The de-hydrogenated composites doped with 10 wt.% and 15 wt.% of VNbO5 were re-

hydrogenated and then subjected to a new heating ramp from room temperature to 300 °C. In Figure 

3a, the second desorption cycle versus the heating temperature, is reported. The onset temperature of 

200°C was observed for the both doped samples, with a decrease of 60 °C (15 wt.%) and 30 °C (10 

wt.%), if compared to the first step. Additionally, hydrogen gas was completely released at 285 °C.  



 

Figure 3. a) 2nd TPD profiles of MgH2 doped with 10 wt.% (green triangles) and 15 wt.% (blue circles) of 

VNbO5. b) 1st derivate of the TPD measurements reported in the panel a.  

 

The derivative plot, depicted in Figure 3b, confirmed the data observed in the previous analysis. 

Focusing on the hydrogen storage properties, the sample doped with 15 wt.% of VNbO5 released 50 

% of hydrogen at 250 °C and the 99 % at 275 °C. As clearly emerged in Figure 4, the second 

desorption event of the 10 wt.%-doped sample was lower compared to the 15 wt.% sample, but 

significantly higher with respect to first desorption in the whole range of the temperatures analysed. 

This also confirmed the beneficial effect of the activation process in the composites, although further 

structural investigations are necessary to confirm this point.” 

 



 

Figure 4. Percentage of the total hydrogen released during the first and second desorption step of the MgH2 

doped with 10 and 15 wt.% of VNbO5, as a function of the temperatures ramp. The green (1st des step) and 

light green (2nd des step) cylinders are referred to the 10 wt.% doped sample, whereas the dark blue (1st des 

step) and sky blue (2nd des step) cylinders are referred to the15 wt.% doped sample. The percentage values 

have been calculated starting from the total amount of hydrogen evolved experimentally for each sample.  

 

Concerning the absorption analysis, reported in Figure 5a, the systems with 5 wt. %, 10 wt. % and 

15 wt. % of VNbO5 stored a maximum of 4.60, 5.58 and 5.34 wt. % of hydrogen, after 60 minutes. 

This is a significant improvement if compared with the un-doped MgH2 system able to re-adsorb only 

1.5 wt. % of hydrogen after 60 minutes. However, different sorption kinetics were evidenced during 

the first 30 minutes; in particular the samples doped with 10 wt. % and 15 wt. % of VNbO5 absorbed 

more than the 5 wt. % of hydrogen, higher with respect to the 4.4 wt. % H2 observed in the 5 wt.%-

doped samples.  

 



 

Figure 5. a. Absorption profiles recorded at 160 °C and 20 bar of H2 on the un-doped and doped MgH2. b. 

Zoom panel of the absorption profile in the first 10 minutes.    

 

The sample with 15 wt. % of additive, confirmed the best performance observed in the desorption 

investigation (see Figure 5b): 50 % of the total hydrogen was absorbed just in 1.25 minutes while 5 

minutes were required to reach the 90 % of the theoretical amount under moderate conditions of 

160°C and 20 bar of H2. For comparison, the sample with 10 wt.% of VNbO5, absorbed the 15 and 

72 % after 1.25 and 5 minutes, respectively.  

Based on these promising results, the investigation was then focused on the MgH2 doped with 15 

wt.% of VNbO5 in order to evaluate its performance for several ab-desorption cycles (50). The 

amount of H2 (wt. %) charged and dis-charged versus the cycle number is shown in Figure 6 for three 

different working temperatures (250 °C, 275 °C and 300 °C). At 300 °C (red squares in Figure 6a), 

the sample stored reversibly over 5-5.5 wt. % of H2 for 50 cycles. 

 



 

Figure 6. Amount of hydrogen (wt. %) ab-desorbed in the MgH2 doped with 15 wt% of VNbO5 as a function 

of the cycle number performed at 300 °C (panel a), 275 °C (panel b) and 250 °C (panel c). The desorption was 

carried out under static vacuum (45 minutes) and the absorption under 20 bar of H2 (10 minutes). 

 

At lower temperature of 275 °C (green squares in Figure 6b), the system stored reversibly a 

significant amount of 5-5.25 wt.% H2 for 72 cycles. This result indicated the high stability of the 

composite in these operative conditions. On the other hand, at 250 °C (blue squares in Figure 6c), 

after the 10th cycle, the system ab/desorbed only the 3 wt. % of hydrogen and below the 2 wt.% upon 

the 20th cycle.  

To integrate the results obtained during the cyclability experiments on the 15 wt.% -doped system, 

the hydrogen rate values achieved at 300 °C were reported in Table 1 and compared to those obtained 

in similar conditions for other highly-performing magnesium-catalysed systems presented in the 

recent literature.25, 42-45  

 



 

 

 

 

 

 

 

 

 

 

Additive Desorption at 300 °C 

(wt% H2 min-1) 

Absorption at 300 °C 

(wt% H2 min-1) 

VNbO5 1.49 3.46 

Ni42 0.03 1.86 

V42 1.66 - 

Cr2O3
43 0.07 1.17 

MnFe2O4
44 0.08 - 

Nb2O5 45 2.50 3.00 

Nb2O5+Cr2O5
25 0.25 1.20 

Table 1. Hydrogen kinetic rate values (wt. % H2 min-1) of several catalysed MgH2 systems obtained for the 

desorption and absorption steps under 300 °C.  

 

As clearly emerged from the data reported in Table 1, the kinetics rates achieved with the addition 

of VNbO5 were significantly higher than those obtained in the MnFe2O4-, Cr2O3-, Ni- and 

Nb2O5/Cr2O5- based systems. Furthermore, a substantial enhancement could be also observed with 

respect to the Nb2O5- and V-catalysed systems for both the hydrogenation steps, supporting a 

synergetic effect when the two compounds are combined.  

With the aim to investigate the crystalline phases in the 15 wt.%-doped system during the cycling 

experiments conducted under 275 °C, X-ray diffraction patterns were acquired on the crystalline 

powders after the desorption and absorption steps, and compared with the as-milled mixture. As 

shown in Figure 7, in the initial system, the ball milling promoted a partial conversion of β-MgH2 

(<D> 140 ± 5 Å) in the γ-MgH2 (<D> 180 ± 5 Å) polymorph. Furthermore, the presence of 

nanocrystalline MgO (< 5 wt.%) was also observed. No peaks ascribable to Nb- or V- related phases 



were detected in the initial pattern. VNbO5 reflections could not be observed due to the 

nanostructuring process induced by the mechanical treatment. The XRD analysis on the powders 

upon the desorption (275 °C) revealed the presence of 91 wt.% of Mg metallic (<D> 1100 ± 10 Å) 

together with 7 wt.% of nanocrystalline MgO (<D> 90 ± 5 Å). The peaks related to the γ-MgH2 

completely disappeared while traces of β-MgH2 (< 2 wt.%) could be still detectable. This was 

apparently in contrast with the plateau reached in the volumetric measurements for the catalysed-

systems. However, the H2 evolved upon the desorption step in the reactor, was probably enough to 

react with the dehydrogenated powders before being evacuated at room temperature for the XRD 

measurements. Concerning MgO, its presence could be explained by the long-time collection (12 h) 

of the patterns necessary for achieving a reasonable pattern suitable for the Rietveld refinement. 

Furthermore, a contribution from the VNbO5 can not be excluded although no evidence of crystalline 

V- or Nb- or related phases were visible in the diffraction pattern. It is also important to highlight that 

the amount of MgO extrapolated from the quantitative analysis was in line with the experimental 

measurements of the hydrogen evolved and its strong peaks emerged because log*q scale has been 

used for the intensity, emphasizing smaller reflections. Similar conclusions could be also made for 

the pattern collected on the powders after re-absorption (275 °C) and visualized in Figure 7. β-MgH2 

(<D> 900 ± 10 Å) was the main phase observed in the final pattern (90 wt.%) with trace of unreacted 

Mg (< 3 wt.%) and MgO (< 7 wt.%).  

 



 

Figure 7. Experimental (blue squares) and Rietveld refined (red solid line) XRD patterns of the 15 wt.%- 

doped MgH2 after the desorption and absorption step (5th cycle). XRD pattern of the as-milled system is also 

showed for comparison.  

 

 

 

Kinetics and thermodynamic investigations 

The analysis of the microstructure parameters of the patterns reported in Figure 7, evidenced that 

after cycling the crystallite dimensions of the β-MgH2 phase increased significantly while the 

hydrogen storage performances of the whole system were preserved (see Figure 6). That means that 

the initial nanostructured conditions of the system did not influence the performance of the MgH2-

15wt.% VNbO5 sample. In other words, the activity of the VNbO5 additive should play a central role 

for enhancing the hydrogen storage properties of MgH2. Based on this consideration, in order to better 



evaluate the effect of the additive, the activation energy of the 15 wt%-doped system, has been 

evaluated by the Kissinger method using the following equation:46  

 

𝑑𝑙𝑛(
𝛽

𝑇𝑚
2 ) 

𝑑(
1

𝑇𝑚
)

=  − 
𝐸𝑎

𝑅
         eq. 1 

 

where β corresponds to the heating rate, Tm the peak temperature and R the gas constant.  

DSC profiles, reported in Figure 8, have been acquired for the un-doped (panel a) and doped 

system (panel b), varying the heating rate (2, 5, 10, 15 and 20 °C). As expected, the endothermic 

peaks corresponding to the maximum rate of dehydrogenation shifted to higher temperatures as the 

heating rate was increased for both the samples. 

 

Figure 8. DSC curves of the un-doped (panel a) and doped (panel b) MgH2 recorded at different heating 

ramps of 2 °C/min; 5 °C/min, 10 °C/min, 15 °C/min and 20 °C/min. 

 

For all the heating rates, the hydrogen release onsets and peaks maximum started at lower 

temperatures for the doped systems, corroborating the previous results obtained by the manometric 

apparatus. The discrepancy temperatures with respect to the TPD experiments (static vacuum), were 

due to the different pressure conditions used in the DSC analysis (1 bar Ar). The plot based on the 

Kissinger equation (eq. 1), is shown in Figure 9. 

 



 

Figure 9. Kissinger plots and the related Activation Energy (Ea) values of the un-doped and 15 wt. VNbO5- 

doped MgH2. 

 

A good linear relationship between ln(β/T2
max) and 1/Tmax was obtained for all the samples, 

allowing to calculate an activation energy of dehydrogenation from the slope of the straight lines. The 

activation energies are summarized in Table 2 together with several values reported in the current 

literature for the MgH2-doped systems. 26, 44, 47-57 

 

Additive Ea (kJ/mol) 

VNbO5 99  

MgH2 milled 10h 115 

Pure MgH2
47 174  

FeCl3
48 130  

V49 119  

TiH2
47 131  

Mg2Ni47 98  

C+Nb2O5
26 102  

Ni+rGO50 108  

Cr2O3
51 86  

MnFe2O4
44, 58 65, 108 

Ni52 75 



BiVO4
34 84 

Co2NiO53 118 

TiO2
54 111 

CeO2
55 109 

SrFe12O19
56 114 

Ti57 37 

 

Table 2. Energies Actions (Ea) values (kJ/mol) of several MgH2-doped systems. 

 

It should be noted that the VNbO5-doped system showed a lower activation energy with respect to 

the un-doped system (99 vs 115 kJ/mol), proving that its faster hydrogen desorption kinetics was 

strictly correlated with the action of the dopant. Furthermore, the value extrapolated for the VNbO5-

doped system was similar,47 and in most of case significantly lower26, 48-50, 53-56 if compared with those 

of the most promising additives reported in the recent literature. As for the kinetics rate, the system 

milled with the ternary oxide VNbO5 reported a higher destabilization than V-49 and Nb2O5-

catalyzed26 systems. On the other hand, Ti-doped sample, investigated by Zhu and co-authors,57 

exhibited an extraordinary lower activation energy of 31 kJ/mol H2 if compared with the VNbO5-

doped system here reported. However, in the former case, the catalyst was introduced by coating 

technique instead of mechanical treatment, with the disadvantage to supply solvent reagents and 

increase the cost of production. A lower value of activation energy (65 kJ/mol H2), although no 

comparable with the previous case, was obtained by Li et al., when MnFe2O4 was added to MgH2.
44 

This very interesting value was not confirmed by a recent work published by Ismail and co-authors 

(108), despite the clear benefit, in terms of sorption kinetic, achieved introducing this ternary oxide.58       

Considering the weighting impact of VNbO5 on the hydrogen sorption kinetics of MgH2, it was 

also relevant to investigate the relative thermodynamic stability of the 15 wt.-doped system. For this 

specific purpose, PCI curves (Figure 10) were acquired on the doped compound at 275 °C, 300 °C 

and 325 °C for the desorption (panel a) and absorption (panel b) steps.  



 

Figure 10. PCI desorption (a) and absorption (b) curves of MgH2-15wt.%VNbO5 determined at different 

temperatures. 

 

PCI curves were characterized by a singular plateau pressure, confirming the equilibrium reaction 

(1): 

𝑀𝑔𝐻2 (𝑐𝑎𝑡) ↔ 𝑀𝑔 (𝑐𝑎𝑡) +  𝐻2         (1) 

Any other structural event related to the formation of MgV or MgNb could be then excluded 

suggesting, again, the stability of the catalyst. 

For all the temperatures analysed, roughly 5 wt.% of hydrogen was desorbed and absorbed, 

although the system measured at 275 °C showed the lower equilibrium pressures of 0.87 and 1.81 bar 

for the desorption and absorption curves, respectively. The total equilibrium pressure Peq were 

calculated starting for the plateau pressure values extrapolated from the absorption and desorption 

profiles using the equation 2:59  

 



𝑃𝑒𝑞 =  √𝑃𝑑𝑒𝑠𝑃𝑎𝑏𝑠          eq. 2 

 

The equilibrium pressure can be correlated to the enthalpy reaction by the Van’t Hoff equation 3:  

 

𝑙𝑛
𝑃𝑒𝑞

𝑃0
=  

∆𝐺

𝑅𝑇
=  

∆𝐻

𝑅𝑇
− 

∆𝑆

𝑅
        eq. 3 

 

From the intercept and slope of the ln Peq/P0 versus 1/T (Van't Hoff plot), the entropy and enthalpy 

values of MgH2-15wt.%VNbO5 were derived. As reported in Figure 11, the change of enthalpy and 

entropy of the reaction (1) was 70.65 ± 0.43 kJ/mol H2 and 114.73 ± 0.75 J/K mol H2, respectively.  

 

Figure 11. Van't Hoff plot for the MgH2-15wt.% VNbO5 system. 

 

Comparing the enthalpy reaction value obtained with those of pure MgH2 (77 kJ/mol H2
60) and 

according with other doped ZrF4-
61 (75 kJ/mol H2), NbF5-

61 (77 kJ/mol H2), TaF5-
61 (75 kJ/mol H2), 

TiCl3-
61 (73 kJ/mol H2), SrTiO3-

62 (77 kJ/mol H2) samples, it was possible to conclude that the 

addition of VNbO5 apparently did not modify significantly the thermodynamic properties of MgH2, 

but acted as an effective dopant with a clear reduction of the activation energy.  

 

 

 



 

CONCLUSIONS 

 

In this work, the catalytic effect of the as-synthesized VNbO5 on the sorption properties of MgH2 

was, for the first time, experimentally investigated in detail. The addition of the catalyst, added in 

different concentrations (5, 10 and 15 wt.%), allowed to reduce the desorption temperature of MgH2 

down to 280 °C, which could be further decreased to 220 °C after the first hydrogenation cycle. 

Among the doped systems, the best performing composite was the 15wt. %-doped, which showed a 

total absorption of 5.5 wt. % of hydrogen in 10 minutes at 160 °C under 20 bar of hydrogen, and a 

full reversibility achieved at temperature of 275 °C for more than 50 cycles. Structural and 

microstructural characterizations were performed by X-ray diffraction on the ab-dehydrogenated 

powders. The analysis of the pattern profiles, performed by Rietveld refinement, proved the good 

dispersion of the catalyst in the whole system and any formation of secondary undesired phase. In 

order to quantify the kinetic barrier and thermodynamic stability of the catalysed-powders, the 

activation energy and the reaction enthalpy have been experimentally derived. The activation energy, 

Ea, calculated from the desorption process (99 kJ/mol), was significantly lower if compared to the 

115 kJ/mol values obtained in the un-doped sample. Comparing with many dopants such as FeCl3 

(112 kJ/mol), V (119 kJ/mol), TiH2 (131 kJ/mol), Nb2O5 (102 kJ/mol) and Ni+rGO (108 kJ/mol), the 

VNbO5 showed a superior catalytic activity to destabilize the decomposition of MgH2. Regarding the 

thermodynamic stability, the doped system reported a reaction enthalpy of ~ 71 kJ/mol H2 similar to 

that obtained for the pure MgH2. This value together with the linear equilibrium plateau achieved for 

the PCI curves collected at three different temperatures, confirmed that VNbO5 plays a crucial role 

in the kinetic destabilization of the MgH2 system.  

From the findings reported in this manuscript it emerged that although the working temperature of 

275 °C was significantly lowered with respect to the pure MgH2 (400 °C), it is still too high for PEM 

Fuell cell powdered vehicles. However, the very fast kinetics rate achieved, among the best in the 

current literature, and the high number of cycles sustained, is leading this system to be a very 

promising candidate for off-board applications such as grid energy storage.  
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