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Abstract 

This is a first report on the use of the bis(tricyclohexylphosphine)nickel(II) dichloride complex 

(abbreviated as NiPCy3) into MgH2 based hydrogen storage systems. Different composites were 

prepared by planetary ball-milling by doping MgH2 with (i) free tricyclohexylphosphine (PCy3) without 

or with nickel nanoparticles, (ii) different NiPCy3 contents (5 – 20 wt%) and (iii) nickel and iron 

nanoparticles with/without NiPCy3. The microstructural characterization of these composites 

before/after dehydrogenation was performed by TGA, XRD, NMR and SEM-EDX. Their hydrogen 

absorption/desorption kinetics were measured by TPD, DSC and PCT. All MgH2 composites showed 

much better dehydrogenation properties than the pure ball-milled MgH2. The hydrogen 

absorption/release kinetics of the Mg/MgH2 system were significantly enhanced by doping with only 

5 wt% of NiPCy3 (0.42 wt% Ni); the mixture desorbed H2 starting at 220 °C and absorbed 6.2 wt% of H2 

in 5 min at 200 °C under 30 bars of hydrogen. This remarkable storage performance was not preserved 

upon cycling due to the complex decomposition during the dehydrogenation process. The hydrogen 

storage properties of NiPCy3-MgH2 were improved and stabilized by the addition of Ni and Fe 

nanoparticles. The formed system released hydrogen at temperatures below 200 °C, absorbed 4 wt% 

of H2 in less than 5 min at 100 °C, and presented good reversible hydriding/dehydriding cycles. A study 

of the different storage systems leads to the conclusion that the NiPCy3 complex acts by restricting 

the crystal size growth of Mg/MgH2, catalyzing the H2 release, and homogeneously dispersing nickel 

over the Mg/MgH2 surface.  
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1. Introduction 

Hydrogen has been widely identified as a promising and clean energy carrier for the future, as a way 

to store energy and also as an attractive substitute to fossil fuels in the transportation area [1–5] 

Storing hydrogen in a safe and efficient way is a key challenge for the large-scale use of hydrogen in 

both stationary and mobile applications [6,7]. Nowadays, it is mostly stored under pressure, but, 

hydrogen being the lightest element, very high pressures are required to reduce the volume, which 

leads to safety and cost issues [8]. Liquid storage is hardly practicable as cryogenic temperatures are 

required to maintain hydrogen under this physical form. Hydrogen storage in solid-state materials like 

metal/metal hydride systems, stable compounds at moderate pressures and temperatures able to 

reversibly absorb large amounts of hydrogen, is highly desirable for the hydrogen sector development 

and especially for mobile applications [9].  

Magnesium/magnesium hydride system has been under focus as a favorable hydrogen storage 

medium since the late 1960s [10]. Its advantages, potential applications and limitations have been 

discussed in different review articles [10–16]. In summary, magnesium is an abundant element, cheap, 

recyclable, lightweight and non toxic. Theoretically, it can reversibly absorb 7.65 wt% of hydrogen to 

form magnesium hydride, MgH2, a stable compound under normal conditions of temperature and 

pressure. Mg/MgH2 systems have been extensively investigated as solid-state hydrogen storage 

material for mobile and stationary applications without [10–12,17] or in combination with a heat 

storage media (e.g. adiabatic tanks [18]) and as potential electrode materials in solid-state ion batteries 

[19,20]. However, challenges remain for large-scale implementation. Indeed, the systems based on 

MgH2 present significant net energy loss due to its high thermodynamic stability (decomposition 

enthalpy of 75 kJ/mol H2 [13,21]) necessitating temperatures exceeding 300 °C at 1 bar H2 for hydrogen 

release [14]. Furthermore, the system suffers from slow sorption kinetics limiting the rate at which 

hydrogen can be stored and released, and poor stability of hydrogen sorption performance during 

cyclic dehydrogenation/re-hydrogenation at high temperatures [10,15]. Additionally, because MgH2 

has very low thermal conductivity and the absorption/desorption of hydrogen are exothermic and 

respectively endothermic reactions, heat transport in the material can affect the sorption properties 

of the system [22]. Consequently, the challenge for the use of Mg/MgH2 storage systems is to enhance 

the hydrogenation and dehydrogenation kinetics in order to decrease the storage and delivery 

temperatures, without losing the high reversible hydrogen storage capacity. 

To overcome the drawbacks of the Mg/MgH2 system, different approaches have been explored in 

the past decades including (i) surface and structure modification [23–26], (ii) addition of nano-scale 

transition metals or transition metal oxides as catalytic activators [10,16,27–38] and (iii) formation of 

composites with other metal hydrides or hydrogen storage materials [39–43]. The impact of these 

approaches on the hydrogen storage properties of MgH2 has been the subject of extensive studies 

[25,27–43] and the main findings have been widely reported in literature reviews [10–16,23,24,26]. 

Table 1 summarizes part of these reports chosen for the similar experimental conditions (e.g. high-

energy milling, thermal analyses performed at a rate of 5 °C/min, apparent activation energy for 

dehydrogenation determined by DSC analyses) which makes the comparison of results possible.  

 



Table 1 – Literature review of the approaches explored in the past decade to overcome the 

Mg/MgH2 system drawbacks – impact on the dehydrogenation properties 

Explored Approach  
Experimental  

conditions 

Peak desorption 

temperature (°C) 

Capacity 

(wt%) 

Ea 

(kJ/mol H2) 
Ref. 

None – commercial MgH2 
≈420 

437 

7.1 

7.0 

n.d. 

239 

[31] 

[45] 

Nanostructuration 

by grinding 

1 h milling 

5 h milling 

5 h milling 

≈370 

354 

346 

7.2≠ 

7.0≠ 

6.8≠ 

167 

162 

176 

[31] 

[36] 

[45] 

Addition of 

transition metals 

≈2.2 wt% Ni nano 

5 wt% Fe nano 

≈210 

≈225 

6.5 

6.3 

94* 

74 

[27] 

[28] 

Addition of metals 

oxides 

10 wt% TiVO3.5 

10 wt% Ni/TiO2 

≈18 wt% Li2TiO3 

≈250 

231 

211 

6.8 

6.5 

6.0 

62.4 

44 

84 

[29] 

[30] 

[38] 

Formation of 

composites 

Mg2NiH4 

Mg-La-Fe-H 

240 

250 

3.5 

5.5 

103 

100.3 

[42] 

[43] 

Addition of 

complexes 

10 wt% Ni(C5H5)2 

5 wt% RuH2(H2)2(PCy3)2 

     ≈300 

     331 

7.0 

6.4 

110 

141 

[44] 

[45] 

n.d. = not determined 
≠ The differences observed in the storage capacity are due to the purity of the starting MgH2. 
* Determined for ≈4.4 wt% Ni 

 

The lowest hydrogen desorption temperatures are observed when MgH2 is doped with transition 

metal based additives (nanoparticles or oxides), but the resulting systems suffer generally from poor 

operational cycle lifespans because of sintering and oxidation issues [27]. However, the use of high 

amounts of catalytic phase allows better behavior upon cycling [29]. Metal hydride composites also 

allow to overcome the lifespan issue, but the storage capacities of the formed alloys are most of the 

time low [42,43]. The studies aimed at assessing the potential of Mg/MgH2 as a hydrogen storage 

system by doping with transition metal complexes are scarce. Kumar et al. [44] used 

bis(cyclopentadienyl) nickel II complex (10 wt%) as a precursor for homogeneous doping of nickel (3.1 

wt%) over the MgH2 surface during ball milling. Both hydrogen absorption and desorption 

temperatures of Mg/MgH2 system were decreased by doping. However, the authors neither address 

in this study the reversibility issue after sorption cycling, nor the role of the organic derived species 

formed during milling, which can enhance the dehydrogenation properties as we have recently shown 

in [45]. In our previous work, we studied the impact of two bis-dihydrogen ruthenium complexes on 

the hydrogen storage properties of Mg/MgH2. We observed that during ball milling with MgH2, the 

complexes act as precursors to the ruthenium active species and give rise to an organic coating at the 

surface of the MgH2 particles. The hydrogen storage properties of the Mg/MgH2 + complexes mixtures 

were significantly enhanced compared to Mg/MgH2. The improved dehydrogenation properties of 

MgH2 were found to be related to the active organic species formed during milling preparation. The 

presence of ruthenium metallic centers coming from the complexes did not show a significant impact 

on the MgH2 decomposition kinetics but considerably improved the Mg hydrogen absorption kinetics. 

Addressing the reversibility issue, we showed that the poor cycling stability was directly related with 

the low thermal stability of the complexes which decomposed around 150 °C. By modifying the nature 

of the ligands and/or the metallic center of such complexes, further reduction of the hydrogen release 

temperature can be anticipated, thus approaching a range where reversibility could be feasible.  



The present study follows previous works [44,45] related to the use of transition metal complexes 

and shows the impact of the thermal stability of the complex and of the nature of the transition metal 

center on the storage properties of the Mg/MgH2 system. The addition of 

bis(tricyclohexylphosphine)nickel(II) dichloride complex, (NiCl2(PCy3)2 labeled NiPCy3 throughout the 

paper) as doping agent to MgH2 is reported on for the first time. This family of complex is often used 

as catalyst in water oxidizing and cross-coupling reactions [46–49]. NiPCy3 complex decomposes at 

284 °C and is formed with a nickel center, a transition metal known for enhancing both formation and 

decomposition kinetics of MgH2 [27,30,36,42,44]. The hydrogenation properties of the “MgH2 + 

bis(tricyclohexylphosphine)nickel(II) dichloride complex” mixture prepared by ball milling are 

investigated via volumetric measurements. The effect of the milling process on the microstructural 

properties of the obtained storage system is studied by X-ray diffraction (XRD), scanning electron 

microscopy (SEM-EDX) and nuclear magnetic resonance spectroscopy (solid-state NMR). The kinetic 

properties of MgH2 decomposition are determined by Temperature Programmed Desorption (TPD) 

and calorimetric (DSC) measurements. For comparison, the effect on the storage properties of doping 

magnesium hydride with free tricyclohexylphosphines (PCy3) and metallic (Ni, Fe) nanoparticles is also 

investigated. 

2. Experimental 

2.1. Materials 

The magnesium hydride powder was provided by McPhy Company (La Motte-Fanjas, France) and its 

physico-chemical and hydrogen storage properties are reported elsewhere [45]. XRD patterns revealed 

the presence of low amounts of Mg and MgO (5 and 4 wt%, respectively, as evaluated from Rietveld 

refinement) in as-received MgH2 and a mean size of crystallites of about 200 nm. The hydrogen storage 

capacity of the Mg/MgH2 system was measured to be 7 wt%, as expected given the powder purity. The 

MgH2 decomposes at temperatures higher than 400 °C.  

The organic additives (bis- (tricyclohexylphosphine)nickel(II) dichloride complex of 97% purity and 

free tricyclohexylphosphine of >94% purity) and the metallic nanoparticles (Ni and Fe/C of average 

particle sizes <100 nm and 25 nm respectively) used in this study were purchased from Sigma-Aldrich. 

Fig. 1 shows the schematic representation of the organic species namely here NiPCy3 for the nickel 

complex NiCl2(PCy3)2, and PCy3 for free tricyclohexylphosphine. 

 

bis(tricyclohexylphosphine)nickel(II) dichloride complex  

C36H66Cl2NiP2 

“NiPCy3” 

tricyclohexylphosphines  

(C6H11)3P 

“PCy3” 

  

Fig. 1 – Schematic representation of the organic additives used in the study. 



All the mixtures of MgH2 with different additives (organic species and metallic nanoparticles) were 

prepared by planetary ball milling using a PM100 apparatus from Retsch under an inert argon 

atmosphere. The milling bowl was hermetically closed inside the glovebox to prevent any oxidation of 

the powders. The MgH2 based storage systems were obtained by milling for 5 h using balls of zirconium 

dioxide of 1 mm diameter and a milling frequency of 300 revolutions per minute. The ball to powder 

mass ratio was 100:1. The rotation of the ball in the mill was paused every 2 min and inverted every 5 

min to limit the temperature increase in the milling cell. For comparison, MgH2 was milled under the 

same conditions without any additive and the obtained powder is denoted as m-MgH2. Table 2 shows 

the different MgH2-based mixtures studied in this work and the labels used further on for these storage 

systems. 

 

Table 2: Studied MgH2-based storage systems: label and composition 

System label 
Metallic nanoparticles (wt%) Organic additives (wt%) 

MgH2 (wt%) 
Ni Fe/C NiPCy3 PCy3 

5-PCy3 - - - 5 95 

5-NiPCy3 - - 5 - 95 

20-NiPCy3 - - 20 - 80 

20-(Ni+PCy3) 1.7 - - 16.2 82.1 

NiFe-NiPCy3 10 5 5 - 80 

NiFe 10 5 - - 85 

 

Two composites have been prepared by milling MgH2 with respectively 5 and 20 wt% of NiPCy3 

complex (5-NiPCy3 and 20-NiPCy3, labeled in relation to the complex used as additive and its amount, 

Table 2). For a better understanding of how the complex can impact the absorption and desorption 

kinetics of the Mg/MgH2 system, MgH2 was also doped with free tricyclohexylphosphines (PCy3) and 

nickel nanoparticles (Ninano). In order to achieve Ni and PCy3 contents similar to 20 wt% of Ni-complex, 

1.7 wt% of Ninano and 16.2 wt% of PCy3 were added to MgH2 before milling and the system obtained 

was labelled 20-(Ni+PCy3). The effect of free tricyclohexylphosphines on the storage properties of 

Mg/MgH2 was also investigated by the preparing of a mixture “MgH2 + 5 wt% of PCy3” (5-PCy3). Finally, 

based on literature reports claiming the benefic effects of nickel and iron on the storage properties of 

Mg/MgH2, systems containing Ni and Fe nanoparticles were also prepared. For this, MgH2 was co-

milled with both Ni (10 wt%) and Fe (5 wt%) in the absence and in the presence of 5 wt% of NiPCy3 

complex. The obtained mixtures were labelled NiFe (without NiPCy3 complex) and NiFe-NiPCy3 (with 

NiPCy3 complex).  

2.2. Characterization 

The temperature stability of the additives was analyzed by Thermogravimetric Analysis (TGA) with a 

TG Discovery from TA Instruments. The analyses were performed from ambient to 450 °C (heating rate 

of 2 °C/min) under an argon flow of 25 mL/min. Hermetic aluminum pans with a pin hole, sealed inside 

the glove box, were used to prevent any oxidation. 

The XRD structural characterization of the samples was carried out with a Bruker D8 Advance A25-

ray diffractometer using Cu–Kα radiation. The diffraction patterns were analyzed by the Rietveld 



method, using the Topas software to determine the phase composition and crystallites mean size. X-

ray sample holders were filled inside the glove box and covered with a kapton foil to minimize air 

contact during X-ray measurements.  

The sample morphology was characterized by Scanning Electron Microscopy (SEM) with a Philips 

5800 apparatus. The powders were dispersed on carbon grids using ethanol. The mean size and size 

distribution of the MgH2 particles were determined from SEM images, using ImageJ software to count 

the particles. Energy-dispersive X-ray (EDX) analyses were carried out in parallel with SEM 

measurements in order to determine the presence of different elements in the samples (e.g. Ni, Fe, O, 

Mg...). 

31P solid-state NMR experiments were performed on a Bruker Advance III 500WB spectrometer 

equipped with a 4 mm probe at 202.4 MHz. The chemical shifts of 31P nuclei are given relative to H3PO4 

at 0 ppm. 

2.3. Storage properties 

The hydrogen desorption properties of the different storage systems were studied by Temperature 

Programmed Desorption (TPD) with a TPD/R/O-1100 apparatus from Thermo. The analyses were 

performed from ambient temperature to 450 °C (2 °C/min) under an argon flow of 20 mL/min. A 

calibration curve obtained from the reduction of different masses of copper (II) oxide was used to 

determine the amount of hydrogen desorbed by the samples. 

Calorimetric measurements were performed with a DSC Q100 from TA Instruments by using 

hermetic aluminum pans with a pin hole, sealed inside the glovebox. The measurements were carried 

out under a flow of high-purity argon (40 mL/min) at different heating rates (2, 5, 7.5 and 10 °C/min) 

from room temperature to 450 °C. The apparent activation energy of the samples was determined 

using Kissinger's method as described in the ESI (eqn. S1) [50,51]. 

The absorption kinetics were measured by a volumetric method with a HVPA-200 Sievert 

apparatus from Micromeritics. The absorptions were performed at 100, 200 and 300 °C under 30 bar 

of H2 and the absorption rates were calculated at 80 % of the maximum capacity of the sample. Before 

the isotherms, the powders were outgassed under vacuum at temperatures between 200 and 300 °C 

(the lowest temperature possible based on the TPD data to ensure the complete desorption of 

hydrogen). 

Finally, in order to study the reversibility of the formed storage systems, hydrogen 

absorption/desorption cycles were performed under three different temperature conditions:  

− “Hard” conditions: desorption under vacuum at 300 °C and absorption under 30 bars of H2 at 

300 °C, 

− “Medium” conditions: desorption under vacuum at 225 °C and absorption under 30 bars of H2 

at 200 °C, 

− “Mild” conditions: desorption under vacuum at 200 °C and absorption under 30 bars of H2 at 

100 °C. 

The evolution of the hydrogen release properties of the different storage systems was monitored by 

performing TPD analyses from ambient temperature to 450 °C (2 °C/min) under argon flow (20 



mL/min) after each dehydrogenation/hydrogenation cycle. The results obtained were compared with 

the hydrogen desorption properties of the powders immediately after milling.  

3. Results and discussion 

3.1. Thermal stability of the organic additives: TGA analyses 

Fig. 2 presents the thermogravimetric analyses for the two additives used in this study, the free 

phosphine PCy3 and the nickel complex NiPCy3. Mass loss and DTG signals are presented as a function 

of temperature. The decomposition of free tricyclohexylphosphine starts around 100 °C, reaches its 

maximum rate at 231 °C, and is complete at 250 °C. The Ni-based complex shows a higher thermal 

stability compared to PCy3. The beginning of its decomposition is observed at around 270 °C with the 

maximum weight loss rate at 280 °C. At 450 °C, the complex is decomposed at 81.6 wt%, the remaining 

18.4 wt% corresponding to the mass of the Ni and Cl atoms present in NiPCy3 (theoretical value of 18.5 

wt%). Therefore only the tricyclohexylphosphine ligands of NiPCy3 decompose in this temperature 

range. 

 

 

Fig. 2 – Thermogravimetric analyses: mass loss and DTG signal of the organic additives heated 

under argon to 450 °C at 2 °C/min. 

 

3.2. Microstructural characterization of the mixtures: XRD, SEM and NMR analyses  

Although reported elsewhere [45], the physico-chemical and storage properties of milled MgH2 (m-

MgH2) are also given for the sake of comparison with the new systems studied here.  

 



 

Fig. 3 – X-ray diffraction patterns of the studied samples. 

Fig. 3 presents the as-prepared powder XRD patterns. The samples are mostly composed of 

magnesium hydride with traces of metallic magnesium and magnesium oxide, as also detected in as-

received MgH2 [45]. For all samples, the amount of nickel in the mixtures is expected to be close to the 

theoretical one, taking into account the ball milling method of preparation and the thermal stability of 

the additives. The absence of characteristic nickel diffraction peaks in the samples doped with NiPCy3 

and (Ni+PCy3) could be due to the low amounts involved (0.4, 1.7 and 1.7 wt% for 5-NiPCy3, 20-NiPCy3 

and 20-(Ni+PCy3), respectively) and to its homogeneous dispersion on the MgH2 surface. For 20-

NiPCy3, peaks corresponding to carbon-based species are noticed at 17.2 and 18.8°, which were not 

further analyzed due to their appearance in the Kapton foil 2 Theta region (used to protect the sample 

from oxidation). Characteristic diffraction lines of Ni and Fe are detected for NiFe-NiPCy3 and NiFe 

systems containing much higher amounts of nickel (10 wt%) and iron (5 wt%) when compared with 

only complex-based powders. 

Table 3 presents the mean sizes of MgH2 crystallites for the 

prepared samples, as determined by the Rietveld method. Milling 

as received MgH2 significantly reduces its mean crystallite size 

from ≈213 to ≈34 nm [45]. The grinding is even more effective in 

the presence of the organic additives with mean crystallite size 

decreasing to around 17 nm. The use of free 

tricyclohexylphosphine or Ni-based complex may reduce the cold 

welding of the MgH2 particles during milling preventing further 

aggregation. For NiFe-NiPCy3 and NiFe, further crystal size 

reduction is observed, probably because of ductility differences 

between the metallic nanoparticles and MgH2 [52]. 

 

Table 3 – Average crystal sizes of 

the prepared samples 

Samples 
Crystal size 

(nm) 

NiFe 10 ± 3 

NiFe-NiPCy3 12 ± 4 

20-(Ni+PCy3) 17 ± 3 

20-NiPCy3 23 ± 5 

5-NiPCy3 17 ± 2 

5-PCy3 17 ± 3 

m-MgH2 34 ± 13 



 

Fig. 4 – MgH2 particles size distribution within the samples, measured by SEM analyses. 

 

The MgH2 particle size distributions within m-MgH2, 5-PCy3, 5-NiPCy3 and 20-NiPCy3 samples 

were obtained from SEM micrographs as presented in Fig. 4. It is observed that the particle size 

distribution is broader in m-MgH2 than in the other samples. No major differences can be noticed 

between 5-PCy3, 5-NiPCy3 and 20-NiPCy3, except a shift toward slightly larger particles for 20-NiPCy3 

as also observed by XRD (Table 3). This difference may be explained by the use of 20 wt% of complex 

in 20-NiPCy3 mixture. Indeed, NiPCy3 is a softer material than MgH2 and its presence in high amount 

may reduce the milling efficiency. The MgH2 particle size distributions confirm the limitation of the 

powder aggregation in presence of the organic additives. 

 

 

Fig. 5 – SEM images of the prepared samples.  

 

The morphology of the samples was also studied by SEM imaging. Fig. 5 shows the obtained 

micrographs for m-MgH2, 5-PCy3, 5-NiPCy3 and 20-NiPCy3. EDX analyses and corresponding SEM 

images for NiFe-NiPCy3, 20-NiPCy3 and NiFe systems are given in Fig. S1. For the samples doped with 

NiPCy3 complex, an organic coating shell surrounding MgH2 particles is observed, modifying their 

morphology (Fig. 5). Such coating is not visible in 5-PCy3 which can be explained by a possible partial 

decomposition of PCy3 during milling. The presence of a homogeneously dispersed organic phase in 



the systems containing NiPCy3 can be related to its higher stability compared to PCy3. No information 

can be given concerning this organic phase structure. The EDX analyses of these mixtures (see for 

example 20-NiPCy3 in Fig. S1) indicate the presence of phosphorus, chlorine and nickel together with 

magnesium. Oxygen is also detected due to both the EDX experimental conditions and the presence 

of some MgO in the starting MgH2 powder, as observed by XRD. As expected, the amount of nickel 

determined by EDX is close to that in the additives (e.g. 1.5 wt% Ni in 20-NiPCy3 while 1.7 wt% Ni are 

present in 20 wt% of NiPCy3 complex). It is worth noticing that iron is also detected by EDX for NiFe-

NiPCy3 and NiFe systems. 

To further investigate if the structure of the NiPCy3 complex was preserved during ball-milling 

with MgH2, 31P solid-state NMR experiments were performed. In Fig. 6 the main spectroscopic features 

of the starting complex NiPCy3 and of free PCy3 are compared with those of 5-PCy3, 5-NiPCy3, 20-

NiPCy3 and 20-(Ni+PCy3) samples. Free PCy3 displays a 31P NMR signal at 6.8 ppm shifted at 9.8 ppm 

in 5-PCy3. This result means that by milling free tricyclohexylphosphine with MgH2 a new phosphorus 

based species is in situ formed. Interestingly, 5-NiPCy3 presents a similar signal at 9.8 ppm. This signal 

is significantly shifted from that of the starting complex NiPCy3 which resonates at 1.9 ppm. Further, 

as seen in Fig. 6 for 20-NiPCy3, by increasing the amount of complex, the signal at 9.8 ppm is 

accompanied by a second signal at 6.8 ppm which corresponds to the signal of free PCy3. This indicates 

that in spite of the higher thermal stability of NiPCy3 in comparison with PCy3, the degradation of the 

complex takes place during milling, and the released PCy3 partly interacts with MgH2 to form new 

phosphine based species. The presence of the signal corresponding to free phosphines with increasing 

amount of complex and/or PCy3 may be the result of a complete coverage of the MgH2 surface by the 

new formed species. Indeed, 20-(Ni+PCy3) presents similar signals to those observed for 20-NiPCy3 as 

two main signals are detected by 31P NMR at 9.8 and 6.8 ppm together with a minor one at 8.4 ppm. 

This suggests that nickel nanoparticles partly interact with free tricyclohexylphosphine to form 

Ni/phosphine derived species dispersed on the MgH2 surface during milling.  

 

Fig. 6 – 31P NMR spectra of the studied systems. Comparison with PCy3 and NiPCy3.  

 

 



3.3. Hydrogen desorption properties: TPD and DSC analysis  

The impact of the additives on MgH2 decomposition was studied by TPD analysis. Fig. 7a displays the 

TPD plots while the evolution of the amount of hydrogen desorbed as a function of temperature is 

given in Fig. 7b. In Table 4, the onset and desorption peak maximum temperatures as well as the 

amount of hydrogen released are summarized together with the apparent activation energy of MgH2 

decomposition. To calculate the apparent activation energy, DSC analyses were performed at different 

heating rates (Fig. S2) and the values were determined using Kissinger's method (Fig. S3).  

As shown on Fig. 7, m-MgH2 desorbs 6.8 wt% of hydrogen within a broad temperature range (300 to 

400 °C). The amount of hydrogen evolved is slightly lower than for as-received MgH2 [45], probably 

due to partial MgH2 decomposition during ball-milling. The MgH2 crystal size reduction during milling 

induced both a decrease of the hydrogen desorption temperature (by 81 °C) and of the apparent 

activation energy (by 36 %) compared to as-received powder. The broad hydrogen desorption TPD 

profile presenting two maxima at 330 and 360 °C as observed in Fig. 7a are due to the large particle 

size distribution in m-MgH2 (peaks at 200, 600, 900 and 1200 nm, Fig. 4). 

The doped systems exhibit improved hydrogen desorption properties compared to pure milled MgH2 

powder. The onset temperatures of hydrogen desorption are up to 100 °C lower than that of m-MgH2, 

most probably due to the synergetic effects of crystal size reduction and formation of catalytic active 

sites derived from the organic additives during milling. Generally, the TPD peaks are narrower and 

show only one desorption peak (Fig. 7a), consistent with the monomodal MgH2 particle size 

distribution within these samples (centered on 200 nm, Fig. 4). The amount of released hydrogen varies 

between 6.5 and 5.3 wt% depending on the quantity of added dopant. 

 

 

Fig. 7 – (a) TPD profiles and (b) corresponding thermally programmed H2 desorption capacities 

curves of studied MgH2-based powders. Experiments performed under argon from 40 to 450 °C 

with a heating rate of 2 °C/min. 

 

 

 

 

 



 

5-NiPCy3 composite shows the best hydrogen release properties among all the presented 

systems, with the maximum of desorption at 272 °C and almost the same amount of H2 desorbed as in 

m-MgH2. A low quantity of complex containing only about 0.4 wt% of nickel is thus able to significantly 

improve the storage properties of MgH2 without reducing its high hydrogen capacity. Interestingly, the 

TPD experiments indicate that PCy3 also reduces the decomposition temperature of MgH2. The 

thermodesorption curve of 5-PCy3, slightly shifted towards higher temperatures compared to 5-

NiPCy3, presents a maximum of hydrogen release at 282 °C and small peaks in between 300 and 400 

°C. No nickel is involved in this sample, and the better hydrogen storage properties of 5-PCy3 compared 

to m-MgH2 cannot be only explained by the MgH2 particle size difference (i.e. presence of particles 

around 200 nm in both samples as seen in Fig. 4, but different hydrogen release temperatures, Fig. 

7a). Therefore the significant kinetic impact observed at temperatures below 300 °C must be related 

with the phosphorus-based species formed by the partial decomposition of PCy3 during milling as 

revealed by NMR. The enhancement of the dehydrogenation properties of nanoconfined MgH2 by P-

doping has already been reported [53] based on both theoretical and experimental investigations. He 

et al. [53] demonstrated by using density functional theory calculations that the reaction energy for 

the release of one H2 can be reduced in the presence of phosphorus to 0.20 eV, versus 0.75 eV for bulk 

MgH2.  

The shift toward lower MgH2 decomposition temperatures for 5-NiPCy3 in comparison with 5-

PCy3 may be explained by the presence of nickel and its important kinetic impact on H2 desorption as 

widely reported in the literature [30,42,44]. Although the synergetic catalytic effect of Ni and in-situ 

formed phosphorus based active species is evident (decrease in the dehydrogenation peak 

temperature and increase of the dehydrogenation capacity in the presence of Ni) the nickel content is 

too low for a more pronounced kinetic impact. 

Increasing the amount of nickel in the storage system should enhance the MgH2 dehydrogenation 

kinetics [27,35,36]. MgH2 milled with 20 wt% of NiPCy3 was therefore studied and the 

thermodesorption curve is also given in Fig. 7. It can be seen that 20-NiPCy3 releases hydrogen at 

higher temperatures than 5-NiPCy3, despite a content of nickel 4 times higher (Table 4). This surprising 

behavior can be explained by the presence of chlorine in NiPCy3 complex reported as kinetics inhibitor 

for MgH2 decomposition [31,32,54]. The expected impact of Ni on kinetics in sample 20-NiPCy3 seems 

therefore to be overcome by the negative impact of chlorine and its increased amount.  

Table 4 – Hydrogen desorption properties of the samples obtained by TPD and DSC 

Samples 

TPD DSC 

Onset 

temperature 

(°C) 

Peak 

temperature 

(°C) 

Hydrogen 

released a 

(wt%) 

Normalized 

hydrogen 

released b (wt%) 

Activation 

energy 

(kJ/mol) 

m-MgH2 310 330 – 360 6.8 7.5 176 

5-PCy3 232 282 6.1 7.1 126 

5-NiPCy3 221 272 6.5 7.5 145 

20-NiPCy3 208 285 5.4 7.7 196 

20-(Ni+PCy3) 243 280 – 364 5.3 7.4 n.d.c 
a ��� ������	⁄  
b ��� �����⁄  

c Not determined. 



The hydrogen release properties of 20-(Ni+PCy3) composite were further investigated. As shown 

in the experimental part, this system, free of chlorine, contains similar amounts of Ni (1.7 wt% added 

as nanoparticles) and PCy3 (16.2 wt%) as in 20 wt% of NiPCy3. 20-(Ni+PCy3) composite desorbs 5.3 

wt% of H2, similar to 20-NiPCy3, but in a two-step process. The main hydrogen desorption takes place 

at 280 °C, followed by a small desorption peak at 364 °C (Fig. 7a). Surprisingly, the principal TPD peak 

is shifted towards higher temperatures compared to 5-NiPCy3 despite a higher content of nickel and 

no chlorine present. This may be caused by the larger size of the nickel nanoparticles and possibly their 

non-uniform distribution on MgH2 surface when added in the presence of PCy3. Comparing these 

results with those obtained when doping MgH2 with 5 wt% of NiPCy3 complex (only 0.4 wt% of Ni) it 

can be concluded that a small amount of catalyst is sufficient to improve the reaction kinetics when 

very small metal catalyst particles are uniformly distributed on the MgH2 surface (it is worth 

mentioning that in NiPCy3, each complex molecule contains only one nickel atom.) This agrees with 

former research suggesting that the Ni particle size would influence its catalytic effect on the MgH2 

decomposition [27,30].  

The activation energies for hydrogen desorption of the different composites were determined 

and shown in Table 4. The apparent activation energy value for 5-PCy3 composite is 126 kJ/mol. This 

value is much lower than that of pure-milled MgH2 (176 kJ/mol) in agreement with the observed 

decrease of hydrogen release temperature upon doping with PCy3. The apparent activation energy of 

5-NiPCy3 decomposition is higher than in 5-PCy3 (145 kJ/mol vs. 126 kJ/mol). This result is unexpected 

as the temperature of hydrogen desorption is lower in 5-NiPCy3 than in 5-PCy3. The apparent 

activation energy of 20-NiPCy3 is even higher (196 kJ/mol). It is likely that the values obtained for the 

apparent activation energies do not correspond to MgH2 decomposition only, being in disagreement 

with the improved hydrogen desorption kinetics observed by TPD. To further verify this hypothesis, 

DSC experiments at different heating rates were performed for NiPCy3 complex (Fig. S4). An 

endothermic peak is present around 280-300 °C with an apparent activation energy of 368 kJ/mol. 

With a temperature range close to that of MgH2 decomposition in 5-NiPCy3 and 20-NiPCy3 samples, 

the contribution of NiPCy3 to the apparent activation energy of the mixtures is therefore significant 

and can explain the high values observed.  

3.4. Reversibility of the systems: PCT and TPD analysis 

Achieving reversibility of hydrogen absorption/desorption is a major step in the conception of an 

efficient hydrogen storage system. This point is addressed here for 5-NiPCy3 composite, which shows 

the best hydrogen released properties between the different tested systems so far.  

The hydrogen absorption properties were investigated at 200 °C under 30 bars of hydrogen by 

using a Sievert’s apparatus. After each absorption step, the evolution of the hydrogen release 

properties was followed by TPD. The results obtained are presented in Fig. 8. The nickel complex shows 

a significant positive impact on the hydrogen absorption kinetics, 5-NiPCy3 composite adsorbing 6.1 

wt% of hydrogen within 5 min (rate of 0.07 wt%/s). This rate is substantially faster than observed for 

dehydrogenated m-MgH2 (6.0 wt% H2 in 225 min, 0.0006 wt%/s, as reported earlier [45]).  

 



 

Fig. 8 – (a) the isothermal rates of hydrogen absorption and (b) TPD profiles, for 5-NiPCy3 

composite. Comparison between just after milling and after cycling under the “medium” 

temperature conditions (absorption 200 °C, desorption 225°C) 

 

As observed in Fig. 8a, the absorption curve recorded after two dehydrogenation/hydrogenation 

cycles is very similar to the initial one, and the hydrogen absorption rate only slightly decreases (5.9 

wt% H2 within 5 min, 0.06 wt%/s). The slight decrease in the capacity during cycling may be the result 

of particle growth of both MgH2 and Ni. Taking into account that the decomposition of the complex 

organic part is expected during the first dehydrogenation step with loss of the phosphorus based 

species [45], only the kinetic effect of dispersed nickel is observed during hydrogenation steps. 

The evolution of the hydrogen desorption rates is presented in Fig. 8b where the TPD curve 

obtained for the fresh 5-NiPCy3 composite is compared with those after 1 and 3 absorption/desorption 

cycles. A strong change in the hydrogen desorption behavior is observed after only one sorption cycle, 

and the sharp decrease in the kinetics of MgH2 decomposition accentuates with the following cycles. 

The same general trend of slower dehydrogenation kinetics with cycling was observed in [45] and for 

m-MgH2 and 5-PCy3 systems (Fig. S5). This phenomenon can be attributed to the growth of MgH2 

crystallites during cycling as confirmed by XRD analyses (Table S1, Fig. S6). The decomposition of the 

complex organic part during dehydrogenation step, and hence the loss of the protective coating 

around MgH2 particles, may accelerate the sintering process of 5-NiPCy3. Furthermore, the positive 

impact of the active phosphorus based species [53] on the release of hydrogen is also lost by their 

decomposition and desorption under vacuum in the experimental conditions used (no 31P signal visible 

after cycling, [45]). The low amount of nickel in the composite, although enough for preserving the 

absorption properties during cycling (Fig. 8a), is too low to maintain the desorption kinetics at high 

level. An increase in the amount of metallic active sites is expected to reduce the temperature of H2 

release in MgH2 enough to limit the decomposition of the organic part of the complex.  

3.5. Optimization for a reversible storage system: NiFe-NiPCy3 composite 

The hydrogen storage kinetics of nanostructured MgH2 doped with different amounts of Ni 

nanoparticles was investigated by Xie et al. [37]. The authors reported interesting hydrogen storage 

properties for the 10 wt% Ni doped MgH2 system, with 6.1 wt% hydrogen desorbed in 10 min at 250 

°C under an initial pressure of 0.01 bar of H2. The enhanced desorption kinetics were mainly attributed 

to the accelerated combination process of hydrogen atoms by the Ni nanoparticles on the surface of 



MgH2 [37]. When a similar storage system was tested for this study, temperatures higher than 200 °C 

were needed for complete dehydrogenation under vacuum. Such temperatures are too high for 

preserving the benefits of NiPCy3 complex which is the aim of this work. Kumar et al. [28] reported 

that the decomposition of MgH2 started to occur below 150 °C, with maximum hydrogen desorption 

at 210 °C, upon the addition of only 5 wt% of iron nanoparticles (nFe). As seen in Fig. S7, such a 

remarkable behavior was not obtained during our test: MgH2 catalyzed by 5 wt% of Fe started to 

decompose at 210 °C, with maximum dehydrogenation at 270 °C. The different behavior may come 

from the different materials and experimental conditions used. However, these results suggest that 

both Ni and Fe nanoparticles are effective dopants for catalyzing the dehydrogenation of MgH2, and 

by their combination a sufficient synergetic effect is expected on the sorption properties of Mg-MgH2 

system. With this in mind, NiFe-NiPCy3 and NiFe composites were prepared by the addition of nickel 

(10 wt%) and iron (5 wt%) nanoparticles to MgH2 with/without 5 wt% of NiPCy3, respectively.  

Fig. 9 presents the TPD profiles and corresponding amounts of H2 desorbed for the two samples 

just after milling. Clearly, the lowest onset and peak temperatures are obtained for NiFe-NiPCy3 which 

starts to desorb hydrogen at 175 °C with the TPD peak at 245 °C. This may be explained by the presence 

of phosphorus-based species in NiFe-NiPCy3 which are not present in NiFe composite. Their kinetic 

impact on MgH2 decomposition seems therefore to be combined with that of the Ni and Fe 

nanoparticles. However, the addition of the complex decreases the overall hydrogen storage capacity 

to 5.3 wt% in comparison with 5.8 wt% for the NiFe sample. 

 

 

Fig. 9 – TPD profiles and corresponding thermally programmed H2 desorption curves of NiFe-

NiPCy3 and NiFe. 

  



 

Fig. 10 – TPD profiles of NiFe-NiPCy3 under different cycling conditions. “Soft” conditions: 

absorption at 100 °C under 30 bars of H2 and desorption under vacuum at 200 °C. “Hard” 

conditions: absorption at 300°C under 30 bars of H2 and desorption under vacuum at 300°C. 

 

Based on the TPD results, the reversibility of the NiFe-NiPCy3 system was studied under the “soft” 

temperature conditions: absorption under 30 bars of hydrogen at 100 °C and desorption under vacuum 

at 200 °C. One cycle under the “hard” temperature conditions was also performed for comparison. Fig. 

10 compares the TPD profile of the fresh composite with those obtained after 1, 3 and 4 sorption cycles 

performed under “soft” conditions and 1 cycle performed under “hard” conditions. Fig. 11 presents 

the corresponding MgH2 particles size distribution under different cycling conditions and the SEM 

image of NiFe-NiPCy3 after 1 “soft” cycle. As expected, the dehydrogenation properties of the 

composite are significantly degraded after only one cycle performed under the “hard” temperature 

conditions. The decomposition peak shifts towards higher temperatures by almost 30 °C and the 

sintering of MgH2 particles is noticeable (Fig. 11). It is worth mentioning that the NiPCy3 complex is 

completely decomposed under these conditions and the kinetic effect of the phosphorus-based 

species is lost due to their desorption during the dehydrogenation process. 

 



 

Fig. 11 – MgH2 particles size distribution within NiFe-NiPCy3 sample under different cycling 

conditions and corresponding SEM image of NiFe-NiPCy3 after 1 “soft” cycle. 

 

Promising results are obtained when cycling is performed under the “soft” temperature 

conditions. The decomposition profile splits into two maxima after 1 sorption cycle, with a main peak 

at 245 °C, similarly to that observed for NiFe-NiPCy3 just after milling. This agrees with SEM data (Fig. 

11) showing no MgH2 particles sintering after the first sorption cycle. The complex is therefore not fully 

decomposed during the first cycle as also confirmed by SEM analysis (micrograph in Fig. 11), where the 

organic coating is still visible. The presence of NiPCy3 may restrict the crystal size growth of Mg/MgH2 

and thus further preserve the improved dehydrogenation kinetics during cycling. However, the TPD 

profile of NiFe-NiPCy3 after 1 cycle shows a minor secondary peak at 262 °C. The presence of this 

second small peak at higher temperature suggests that (i) besides preventing the sintering of MgH2 

particles, the organic part of the complex has another effect on the dehydrogenation process which is 

partially lost during cycling and/or (ii) there is a lack of homogeneity in the composite after cycling. 

Stable hydrogen desorption properties of NiFe-NiPCy3 are obtained after three sorption cycles as it 

can be seen in Fig. 10, with the maximum rate of dehydrogenation at around 265 °C. Comparing with 

m-MgH2, the hydrogen desorption kinetics are significantly improved and these are the best 

performances obtained for hydrogen release among all the studied composites. 

Fig. 12 presents the hydrogen isothermal absorption rate at 100 °C (30 bars of H2) for NiFe-NiPCy3, 

NiFe, 5-NiPCy3, 20-NiPCy3 and m-MgH2. The pure-milled MgH2 sample shows poor absorption kinetics 

at 100 °C and less than 0.1 wt% of H2 is absorbed after 1 hour (absorption rate of 0.00001 wt%/s). 

Several days would therefore be necessary for complete hydrogen storage. When the nickel complex 

is added to MgH2, the H2 absorption rates increase. A stronger kinetics effect is observed for 5-NiPCy3 

when comparing with 20-NiPCy3. At 100 °C, 5-NiPCy3 absorbs 5.8 wt% of H2 in 1 hour (0.003 wt%/s), 

versus only 1 wt% for 20-NiPCy3 (0.0003 wt%/s). As for desorption, the addition of a larger amount of 

complex does not increase the absorption kinetics while the opposite is most of the time reported with 

increasing amount of catalysts [29,40]. This result is confirming the negative impact of chlorine on the 

hydrogen storage properties of MgH2, as also reported in [31,32,54] and observed in section 3.3. A 

remarkable absorption rate at 100 °C, 0.007 wt%/s, is obtained for NiFe-NiPCy3 presenting the best 

hydrogen absorption properties among all the studied systems. The composite is able to store 4 wt% 



of hydrogen in less than 10 min and 5 wt% H2 in less than 40 min at 100 °C. Interestingly, the absorption 

rate of NiFe, 0.003 wt%/s, is not as high as that of NiFe-NiPCy3 but rather of the same order as that of 

5-NiPCy3. 

 

 

Fig. 12 – The isothermal rates of hydrogen absorption at 100 °C and under 30 bars of H2. 

 

Xie et al. [55] proposed the formation of a Mg2Ni phase during dehydrogenation as an explanation 

for the degradation of hydrogen storage properties of MgH2 during sorption cycling. The addition of 

the NiPCy3 complex in the NiFe-NiPCy3 composite may reduce the direct contact of Ni and MgH2, 

which should be an effective method to obtain a performant storage system with improved cycling 

stability. 

4. Conclusions 

The impact of the bis(tricyclohexylphosphine)nickel(II) dichloride complex (NiPCy3) on the hydrogen 

storage properties of the Mg/MgH2 system has been investigated. The role of NiPCy3 was evidenced 

by studying the effect of free tricyclohexylphosphine (PCy3) without/with nickel particles as well as 

that of Ni and Fe nanoparticles without/with nickel complex on MgH2 decomposition.  

It was observed that the NiPCy3 complex is combining four significant impacts on the dehydrogenation 

kinetics of MgH2: 

- The complex forms a coating shell around the MgH2 particles, reducing the aggregation of the 

powder during and after milling.  

- The in situ phosphorous based species resulting from NiPCy3 partial decomposition during 

milling have a major kinetic impact on MgH2 dehydrogenation. 

- The complex allows to disperse nickel at the surface of MgH2 for a second kinetic impact, 

leading to further decrease of MgH2 decomposition temperature.  

- Finally, the presence of chlorine in NiPCy3 results on a negative impact on the decomposition 

kinetics of MgH2. 



Even if highly enhanced hydrogen storage properties are obtained by doping MgH2 with only 5 wt% of 

NiPCy3 complex (absorption of 6.1 wt% of hydrogen within 5 min at 200 °C after cycling, desorption 

starting at 220 °C), the experiments showed that the improved dehydrogenation kinetics are not 

preserved during cycling. It is the result of the decomposition of the phosphorus based species, mostly 

catalyzing the decomposition kinetics of MgH2.  

The composite obtained by milling MgH2 with Ni (10 wt%) and Fe (5 wt%) nanoparticles together with 

the NiPCy3 complex presented remarkable enhanced storage properties. 4 wt% of hydrogen is stored 

in less than 5 min at 100 °C while the hydrogen starts to be released below 200 °C. Minor changes in 

the hydrogen desorption behavior are observed during the first 3 sorption cycles before attaining 

complete reversibility. After 4 hydrogenation/dehydrogenation cycles, this storage system still 

presents the best performances among all the studied composites, with a maximum rate of hydrogen 

release at about 265 °C. 

The results obtained in this study show that mixing thermally stable transition metal complexes and 

metal hydrides such as MgH2 offers promising perspectives for obtaining a highly stable and 

performant storage system. 
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