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A mixture of MgH2 and (7 mol%) NbF5 has been mechanically milled under Ar atmosphere.

The evolution of the materials has been studied by in situ pressure monitoring, XRD, DSC,

TG, TPD, SEM, and isothermal hydrogen absorption and desorption in a volumetric device.

During milling, H-rich and F-rich solid solutions MgH2�xFx and MgHyF2�y are produced.

After 40 h of milling both solutions merge into a single one with formula MgH1.60F0.40. This

solid solution is stable under a thermal treatment of 90 h at 300 �C under 6000 kPa of H2.

Hydriding and dehydriding kinetics in the as-milled and cycled materials are considerably

faster than in MgH2 milled without additive. Desorption temperature in DSC or TG is

lowered 100 �C, and the material modified with NbF5 can be hydrided in less than 4 min at

T ¼ 250 �C. A H-rich solution is formed upon rehydriding the material, showing the

reversibility of the process. The kinetic improvement seems to be due to a cooperative

effect between MgHyF2�y and niobium hydride, the former providing seeding crystals for

MgH2 nucleation, and the latter working as a gateway for hydrogen transfer.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Mg and its hydride MgH2 have been extensively studied in the

last years due to their exceptional characteristics as a poten-

tial hydrogen storage system [1]. MgH2 contains 7.6 wt.% of H2

and Mg is a low-cost abundant material. However, several

drawbacks still limit the widespread use of these materials.

The main shortcomings are the stability ofMgH2 and the slow

hydriding and dehydriding kinetics near room temperature.

This last point has been addressed, and to some extent solved,

by using mechanical milling techniques, both to modify the
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microstructure, and to incorporate additives with catalytic

function [1,2]. In particular, several works have reported the

substantial kinetic improvements that occur when transition

metal fluorides are used as additives [3e17]. The most effec-

tive ones are NiF2, TiF3, VF4, ZrF4 and NbF5 [3,4], the last four

belonging to groups 4 and 5 of the periodic table.

When MgH2-TmFn (Tm: transition metal element) mixtures

are milled, or at most after the first hydrogen desorption,

MgH2 reacts with the fluoride TmFn producingMgF2, H2 and Tm

or its hydride (depending on the nature of Tm). However, it is

not yet completely clear if this reaction occurs during milling

[5,6] or after the first hydrogen desorption [7,9,11,12,14].
ished by Elsevier Ltd. All rights reserved.
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Irrespective of this, these materials usually present greatly

enhanced hydrogen absorption and desorption kinetics,

though the specific cause for the catalytic effect has not been

completely established up to now. Part of the catalytic effect

has been attributed to the transition metal or its hydride, and

part to MgF2 or the F� ion [3,5,7e10,18]. However, the contri-

bution of each compound is not yet clear. As amatter of fact, it

is a complex problem in which the chemical nature of the

additive is not the only variable involved. Concerning Tm or its

hydride, as suggested by Ma et al. [8], the size and distribution

of the additive, and the microstructural characteristics of the

material also play a significant role. They have reached this

conclusion when observing that TiH2 produced when using

TiF3 as additive gives substantially better catalytic results than

TiH2 incorporated as a direct additive. The difference has been

attributed to the distinct TiH2 distribution in each case. Similar

phenomena have been reported in other papers too [7,12,13].

The transition metal alone does not explain the whole cata-

lytic effect. In Refs. [8,19] the authors have shown that when

adding TiCl3 or TiF3 to MgH2 by the same preparation method

(i.e. obtaining TiH2 with similar distribution and microstruc-

tural characteristics) the kinetic improvements in the ab-

sorption and desorption of hydrogen are significantly better in

the case of the fluoride. Therefore, they conclude that some

role of F� or at least of MgF2 is to be expected. A similar

conclusion is reached in Ref. [7] when the effect of addingNbF5
has been better than that of adding Nb. In general, when

comparing the effect of fluorides with chlorides of the same

transition metal, better results are typically observed for

fluorides [3,8,9].

All these results show that some advances have beenmade

in this area, but further work is still required to completely

understand the effect of transition metal fluorides inMgH2. In

this workwe analyze the effect of incorporating a greater than

usual amount of NbF5 (7 mol%) as an additive to MgH2. The

goal of the study is to understand the materials evolution

during milling, the role of MgF2 and Nb, and the interaction of

the synthesized materials with hydrogen. The use of a greater

quantity of additive facilitates the task, by magnifying the

signals associated with minor phases or components. This

approach allow us to observe the formation of H-rich and F-

rich solid solutions MgH2�xFx and MgHyF2�y, respectively, and

to offer a possible explanation for the kinetic improvement

induced by the addition of NbF5.
Material and methods

Materials were prepared by milling MgH2 and 7 mol% NbF5 up

to 80 h at room temperature under 5 bar of Ar in a low-energy

ball mill device (Uni-Ball-Mill II, Australian Scientific In-

struments) with a ball to powdermass ratio equal to 50:1. Both

MgH2 and NbF5 were obtained from SigmaeAldrich and had a

purity of 96.5% and 98%, respectively; Ar was from Air Liquide

and had a purity of 99.999%. For comparison, MgH2 without

additive was also milled using the same conditions. Samples

of material at intermediate stages were taken out from the

milling vessel after 3, 10, 20 and 40 h for characterization.

Pressure changes inside the milling vessel were measured

during the synthesis to follow the evolution of the process. All
the materials were manipulated within an Ar-filled UNILab-

MBraun glovebox (O2 < 1 ppm and H2O < 1 ppm). X-Ray

diffraction (XRD) was performed in a PW1710/01, Philips

Electronic Instruments withmonochromated Cu Ka radiation.

In some cases the samples were prepared inside a sealed

chamber under Ar atmosphere to prevent air exposure during

the measurements. When precise determination of the posi-

tion of diffraction peaks was needed, a low amount of silicon

was added to the samples as internal standard. The crystalline

phases were identified by reference to the ICDD PDF data.

Rietveld refinement of the diffractograms was done using

Fullprof software [20]. Thermal analysis was performed by

differential scanning calorimetry (DSC) experiments (DSC

2910, TA Instruments, under 122 ml/min Ar flux) and ther-

mogravimetry (TG) measurements (TGA-HP50F, TA In-

struments, under 50 ml/min He flux). Both experiments were

carried out under a 5 �C/min heating rate. Morphology was

analyzed by scanning electron microscopy (SEM 515, Philips

Electronic Instruments). The kinetic properties of hydrogen

absorption and desorptionwere studied using a custom-made

volumetric apparatus [21]. Isothermal absorption and

desorption were measured at P ¼ 1000 kPa and P ¼ 30 kPa for

T ¼ 250 and 300 �C. The reported data were acquired once

repeatability was achieved after one H2 absorption and

desorption cycle. Additionally, the same instrument was used

to perform thermal programmed desorption (TPD) under

vacuum and with a heating rate of 9 �C/min.
Results and discussion

Material evolution during synthesis

The following reactions could take place when milling MgH2

and NbF5:

5
2
MgH2 þNbF5/

5
2
MgF2 þNbH2 þ 3

2
H2 (1)

5
2
MgH2 þNbF5/

5
2
MgF2 þNbHþ 2H2 (2)

5
2
MgH2 þNbF5/

5
2
MgF2 þNbþ 5

2
H2: (3)

NbH2 denotes the fcc d phase (fluorite structure) that

comprises theH/Nb atomic ratio in the range 1.8e2.0, andNbH

the orthorhombic b phase NbHx with x in the range 0.7e1.05

[22]. These reactions are all favored under standard condi-

tions. From the data in Refs. [22,23] the Gibbs energy changes

for the as-written reactions are:

DoG1 ¼ �888 kJ mol�1

DoG2 ¼ �940 kJ mol�1

DoG3 ¼ �898 kJ mol�1
:

These values show that reaction (2) is the most favorable

one under standard conditions. As this situation is kept even if

we take into account the effect of the range of H2 pressure

covered during milling, reaction (2) is expected to happen.

Moreover, the Gibbs energy values reflect that NbH is the

equilibrium phase, being more stable than Nb and NbH2.
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Fig. 1 eMolar ratio f between the released H2 and the initial

amount of NbF5 as a function of milling time. The f values

compatible with reactions (1e3) are also shown. The

arrows indicate when samples were taken out from the

milling vessel for characterization.
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The evolution during milling was followed by pressure-

monitoring. The molar ratio f between the released H2 and

the initial amount of NbF5 was calculated from the pressure

values. Fig. 1 presents the evolution of f with milling time. It

can be seen that the reaction between MgH2 and NbF5 takes

place without an induction period during the first 10 h of

milling. After this, no H2 is released and a constant value of f

around 1.8 is observed. The f values compatible with reactions

(1) and (2) are pictured in Fig. 1 as gray areas, whereas the

value consistent with reaction (3) is depicted as a line. The

final f value laying between the regions of reactions (1) and (2)

suggests that more than one reaction has taken place. XRD

results (discussed below) have confirmed that NbH and NbH2
Fig. 2 e SEM images of the starting magnesium hydride (A
are present in the milled material from 10 h of milling time

onwards. Therefore, reactions (1) and (2) occur during milling.

The reflections of NbH have been clearly seen, whereas the

wide peaks of NbH2 have been identified after a Rietveld

refinement of the data. The equilibrium phase has been found

in greater proportion, but evidently a quantity of metastable

NbH2 was formed and remained during milling. Jin et al. [5]

have identified by XRD that NbH appears as a consequence

of milling a mixture of MgH2 and 10 mol% NbF5. On the other

hand, Kwak et al. [6] have reported the formation of NbH2, but

when milling Mg and NbF5 under 12 bar of H2.

Fig. 2 shows images obtained by SEM of the starting MgH2

and of samples milled 3, 10 and 80 h. The initial hydride is

composed of irregularly shaped particles with sizes in the

range 10e100 mm. After 3 h of milling the main morphological

changes have already taken place. At this milling time the

major components are agglomerates with irregular edges and

characteristic sizes of approximately 5 mm. Besides, some

spherical particles with diameters close to 1 mm and smooth

surfaces can be found (see inset). These particles are formed

as a consequence of the reaction of NbF5 with ambient hu-

midity during sample transfer to the microscope under air.

Additionally, a few particles with the initial morphology can

still be seen. For milling times longer than 3 h, the unreacted

NbF5 and the unmilled MgH2 disappear. After 10 and 80 h of

milling, the agglomerates present a very similar morphology,

and the characteristic sizes are comprised in the range

0.5e10 mm, though a major proportion of bigger agglomerates

can be seen in the 80 h-milled material.

The structural and chemical changes experienced by the

material during milling have been analyzed by XRD mea-

surements (Fig. 3). Themost abundant phase in the 3 h-milled

material is b-MgH2 (PDF 00-012-0697). Additionally, we observe

small reflections of metastable g-MgH2 (PDF 00-035-1184), a

small peak associated with MgNbF7 (due to the absence of
) and the material milled 3, 10 and 80 h (B, C and D).

http://dx.doi.org/10.1016/j.ijhydene.2015.01.153
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Fig. 3 e Diffractograms of as-milled samples at different

milling times.

Fig. 4 e Enlarged view of the diffractograms of the as-

milled samples at different milling times. Peak positions

taken from PDF cards.
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other noticeable reflections it is not possible to distinguish if it

is the cubic or rhombohedral structure), a tiny reflection of b-

NbH (PDF 00-39-1327), and an extended peak at the 2q region

between 20 and 26+, possibly due to an amorphous halo cor-

responding to NbF5 (PDF 00-47-1230). The detection of b-NbH

after 3 h of milling agrees with the information provided by

pressure monitoring. The formation of MgNbF7 as an inter-

mediate phase has also been noted by Jin et al. [5] and

attributed to a local excess of MgF2 that limits the reaction

between MgH2 and NbF5. The early observation of noticeable

reflections of g-MgH2 after only 3 h of low-energy milling

suggests a quick evolution of the material. After 10 h of mill-

ing, the low-angle reflections attributed to NbF5 and MgNbF7
disappear, b-MgH2 peaks widen as a consequence of the

microstructural modifications induced by milling, g-MgH2 re-

flections become more intense, and b-NbH peaks are unam-

biguously identified. Additionally, the MgF2 111 and 211

reflections (PDF 00-041-1443) can be noticed as deformations

of the b-MgH2 200 and 211 peaks. After 20 h of milling the g-

MgH2 peaks become less intense and the b-NbH 111 peak

grows in relation to the b-MgH2 101 reflection. Additionally, a
slight shift of the b-MgH2 peaks towards the left can be

noticed. The diffractograms of the 40 and 80 h-milled mate-

rials are very similar. They present thinner peaks, a more

evident increase in the b-NbH 111 peak intensity, and clearly

resolved b-MgH2 200 and MgF2 111 peaks. It is interesting to

remark two things. First, according to pressure-monitoring

data the reaction between NbF5 and MgH2 finishes after 10 h

of milling, therefore the growth of the b-NbH 111 peak up to

80 h is somewhat unexpected. Second, though the b-MgH2 200

and MgF2 111 peaks can be individualized, their positions are

clearly shifted towards the left and the right, respectively,

from the PDF card positions.

The shifts of the b-MgH2 andMgF2 XRD peaks can be better

seen in Fig. 4 where a detail of the diffractograms in the 2q

region between 38.7 and 42+ is presented. This region is

particularly interesting because, despite the difficulties asso-

ciated with the similarity of the diffraction patterns of the

isostructural b-MgH2 and MgF2, and the considerable peak

width of the milled materials, the reflections here can be un-

doubtedly attributed to b-MgH2 or MgF2 due to the particular

intensities of these peaks (Table 1). After 3 h of milling, only

the b-MgH2 200 reflection can be seen. Its position coincides

http://dx.doi.org/10.1016/j.ijhydene.2015.01.153
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Table 1 e Intensities of selected XRD peaks extracted
from the PDF 00-012-0697 (b-MgH2) and 00-041-1443
(MgF2).

Phase hkl 2q (+) Intensity (%)

MgF2 200 38.949 1

MgH2 200 39.856 20

MgF2 111 40.399 76

MgH2 111 41.097 <1
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with that of the PDF. After 10 h of milling a shoulder in the

right side of b-MgH2 200 corresponding to the 111 reflection of

MgF2 can be noticed. Both peaks aremore or less located at the

positions reported in the PDF data. With further milling, both

peaks gradually shift, and after 80 h they are clearly displaced,

indicating that lattice parameters have changed.

To further analyze the data we have performed Rietveld

refinements of the diffractograms. The phases included and

the main results are summarized in Tables 3 and 4. As the

changes in lattice parameters could be a consequence of the

formation of a H-rich solid solution MgH2�xFx and a F-rich

solid solution MgHyF2�y, these phases have been included in

the refinement instead of the b-MgH2 and MgF2 rutile-type

structures. In both cases space group P42/mnm (136) has been

kept, and theWyckoff 4f positions, occupied byH� and F� in b-

MgH2 and MgF2 respectively, were randomly occupied in the

solutions by a refined amount of H� and F�. In the particular

case of the 3 h-milled material, the only reliable information

that could be extracted were the lattice parameters and the

microstructural characteristics of the most abundant H-rich

phase. Fig. 5 shows the evolution of the refined lattice pa-

rameters with milling time. It can be seen that the a and c

values of MgH2 and MgF2 gradually move from the values re-

ported in the PDF data (solid lines) to a single common pair of

lattice parameters. The movement is a consequence of the

gradual replacement of H� by F� in the initialMgH2 and by the

substitution of F� by H� in the synthesized MgHyF2�y solution,

as the occupancy of the 4f site shows. After 40 h of milling the

lattice parameters of H and F-rich solutions coincide within

the error of the refinement. If both solutions are replaced by a

single one, the refinement improves. The composition of the

single solid solution after 80 h of milling deduced from the

occupancy of the Wyckoff 4f site is MgH1.60F0.40, in excellent

agreement with the formula MgH1.62F0.38 calculated from the

starting amounts ofMgH2 andNbF5 used formilling, assuming

that all the F� originally contained in NbF5 has substituted the

H� in the initial MgH2. Hence, by milling MgH2 and NbF5,
Table 2 e Crystallite size and microstrain of the as-milled mat

Milling time (h) Crystallite size (nm)

MgH2�xFx MgHyF2�y MgH1.6F0.4 b

0 130a e e

3 34 e e

10 9 5 e

20 9 5 e

40 e e 8

80 e e 8

a This value corresponds to b-MgH2.
MgH2�xFx and MgHyF2�y solid solutions with different x and y

values form for milling times up to 20 h. After 40 h of milling,

both solutions merge into a single one with formula

MgH1.60F0.40. In this light, the intensity changes between the b-

NbH 111 peak and the initially supposed b-MgH2 101 reflection

can be understood as the consequence of the changes in the

structure factor of b-MgH2. As H� is gradually being replaced

by F� the intensity of the 101 peak diminishes due to the

partially destructive interference of the X-rays scattered by

Mg2þ and F�. We have also found that d-NbH2 andMgO are also

present in thematerial. The appearance of d-NbH2 after 10 h of

milling is in agreement with the pressure-monitoring data, as

commented above. The presence ofMgO is due to residual gas

contamination and the high affinity of MgH2 to H2O and O2.

The evolution of crystallite size and microstrain data

(Table 2) shows that microstructure mainly changes during

the first milling hours. The crystallite size of the startingMgH2

decreases from 130 to 34 nm after just 3 h of milling. During

this period MgH2 starts incorporating F� to form the H-rich

MgH2�xFx. After 10 h, crystallite size diminishes to 9 nm, and

remains around this value with subsequent milling. The F-

rich crystallites are formed with sizes of 5 nm, and roughly

maintain this value beforemerging with theH-rich solution to

form MgH1.60F0.40. This last phase inherits the crystallite size

of the H-rich solution. Microstrain values slightly increase

with milling time when both solutions remain separated.

After the merging, a decrease can be observed after 40 h of

milling that slightly continues after 80 h. A similar tendency in

crystallite size and microstrain is observed for b-NbH.

Regarding its stability, the compound MgH1.60F0.40 is not

decomposed after a heat treatment of 90 h at 300 �C under

6000 kPa of H2 (Fig. 6). Only thinner peaks due to recrystalli-

zation are observed, showing that the compound is stable in

the conditions of the treatment.

Somehow, the formation of a solutionMgH2�xFx during the

mechanical processing of these materials might be expected.

MgH2 and MgF2 are isostructural compounds, with very close

lattice parameters (a ¼ 4.517 Å, c ¼ 3.0205 Å and a ¼ 4.6200 Å,

c ¼ 3.0509 Å, respectively), and mechanical milling is a tech-

nique that enhances solubility [24]. Results compatible with

the formation of Mg-H-F solutions have been previously re-

ported. Jin et al. [5] have observed by TEM/EDS fluorine atoms

uniformly distributed inside MgH2 grains, though they have

considered premature to interpret this as evidence of F� so-

lution intoMgH2; Kim et al. [15] have detected F dissolved into

MgH2 by EDS; and Mulder et al. [14] have noticed that F is

dissolved into Mg and suggested that when this Mg is
erials from Rietveld refinement of the data.

Microstrain (%)

-NbH MgH2�xFx MgHyF2�y MgH1.6F0.4 b-NbH

e e e e e

18 21 e e e

4 58 22 e 28

6 78 48 e 74

7 e e 41 52

7 e e 30 51
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http://dx.doi.org/10.1016/j.ijhydene.2015.01.153


Table 3 e Goodness-of-fit parameters and phases abundance (wt.%) from Rietveld refinement of the diffractograms of the
as-milled materials.

Milling time (h) c2 g-MgH2 MgH2�xFx MgHyF2�y MgH1.6F0.4 b-NbH d-NbH2 MgO

10 1.4 8 48 22 e 6 6 10

20 1.8 4 52 20 e 9 6 9

40 1.8 e e e 77 12 5 6

80 1.7 e e e 78 13 4 5

Table 4 e Composition and lattice parameters of the solid solutions from Rietveld refinement of the diffractograms of the
as-milled materials. The number between parentheses is the error in the last digit.

Milling time (h) MgH2�xFx MgHyF2�y MgHzF2�z (single phase)

2 � x a c 2 � y a c 2 � z a c

3 1.96 (3) 4.517 (1) 3.020 (1) 2 4.621a 3.051a e e e

10 1.97 (5) 4.524 (1) 3.019 (1) 1.4 (2) 4.613 (6) 3.045 (6) e e e

20 1.89 (8) 4.531 (2) 3.021 (2) 1.4 (5) 4.60 (1) 3.04 (1) e e e

40 e e e e e e 1.65 (3) 4.549 (1) 3.029 (1)

80 e e e e e e 1.60 (3) 4.551 (1) 3.033 (1)

a Not refined, the value reported for MgF2 (PDF 00-041-1443) was used.

Fig. 5 e Lattice parameters of the H-rich (red squares) and

F-rich (blue circles) solid solutions. Open black triangles

indicate the lattice parameters obtained when refining the

data with a single solid solution. Red and blue lines are the

lattice parameters of b-MgH2 and MgF2, respectively,

reported in the PDF data. (For interpretation of the

references to color in this figure legend, the reader is

referred to the web version of this article.)
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deuterated the fluorine stays dissolved into MgD2. The for-

mation of a solutionMgHyF2�y could also be an explanation for

the unknown binding state identified by XPS measurements

by Ma et al. [8] and for the shift in the F 1s peak of MgF2
observed between the as-milled and the dehydrided state by

Luo et al. [7]. In their work, Ma et al. have found that the F 1s

binding energy of MgF2 formed by milling MgH2 and TiF3 is

approximately 0.9 eV higher than the binding energy of a

reference MgF2. They have tentatively interpreted their result

as due to the formation of a ternary MgeTieF compound, but

in view of these results it could also be interpreted as the

consequence of the solution of H� into MgF2. Luo et al. have

observed an energy shift between the F 1s peak of MgF2 of the

as-milled material and the dehydrided sample. They have

attributed the shift to defects and strain, but it could also be

due to the presence of H� ions in MgF2. On the other hand, a

coupled ab initio/CALPHAD study of the MgH2�MgF2 has been

performed by Baricco et al. at 298 K [25]. Based on it, they
Fig. 6 e Rietveld refinement of the 80 h-milled material

after a thermal treatment of 90 h at 300 �C under 6000 kPa

of H2.

http://dx.doi.org/10.1016/j.ijhydene.2015.01.153
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predicted no F solubility into MgH2 rich mixtures and a small

H� solubility into MgF2 rich materials. It is interesting to note

that our results show that both H� is dissolved into MgF2 and

F� into MgH2. Moreover, the smooth changes in the lattice

parameters of MgH2�xFx and MgHyF2�y suggests the existence

of a broad range of fluorine solubility in magnesium hydride

and of hydrogen in magnesium fluoride. Interchange of H�

and F� ions has been found in other systems. Brice et al. re-

ported the existence of a solution of stoichiometry CaF2�xHx

with (0 < x � 1.24) prepared by heating CaF2 and CaH2 at 700 �C
[26]. In this case both starting compounds have the CaF2-type

cubic symmetry. Messer et al. reported the interchange of H�

and F� ions in the system LiH-LiF which presents the sodium

chloride type crystal structure [27]. Also with the same crys-

talline structure, Majzoub et al. have observed F solubility into

NaH [28]. Additionally, Saldan et al. have suggested the exis-

tence of a mixed LiBH4�xFx phase [29]. On the other hand, DFT

calculations made by Yin et al. have shown that F� can sub-

stitute H� in Na3AlH6 [30].
Hydrogen release from the as-milled materials

The decomposition of the as-milled materials has been stud-

ied by DSC, TG and TPD. Fig. 7 shows DSC curves of the 3,10

and 80 h-milled materials (intermediate milling times not

shown for clarity). All curves show one endothermic event

located between 200 and 300 �C that corresponds to MgH2 or

solid solutions decomposition. The materials milled 10 h or

more show an additional endothermic peak around 400 �C
associated with NbH dehydriding, as was verified by XRD

patterns of samples extracted at intermediates temperatures.

The presence of two endothermic events has also been re-

ported in samples with 2 mol% of additive [7]. In the case of

the 3 h-milled material, there are two additional exothermic

events: a small one at T ¼ 72 �C and a big one that starts

around T ¼ 120 �C and overlaps with the endothermic peak

associated with MgH2 decomposition. The first one can be

attributed to MgF2 formation from MgNbF7 and MgH2; the

second one corresponds to reaction (2). We have shown that
Fig. 7 e DSC of samples milled 3, 10 and 80 h. Results for a

sample milled 80 h without additive is shown for

comparison.
after 3 h of milling the reaction between MgH2 and NbF5 has

not finished. According to Fig. 1, only 40% of NbF5 has reacted

at this milling time. The area of this second exothermic event

is compatible with the value of the enthalpy associated with

reaction (2) and the amount of remnant reactives. Remark-

ably, the solid solutions decomposition occurs 100 �C below

the dehydriding temperature of MgH2 without additive.

Similar improvements have been reported for MgH2 catalyzed

with NbF5 [3,5,7]. Besides, this kinetic improvement is reached

after only 3 h in a low energy ball-mill, indicating that the

products that give the catalytic effect are formed during the

early milling stages. Additionally, we note that the DSC curve

of the 80 h-milled material is slightly shifted towards higher

temperatures, revealing that long milling times somewhat

impair hydrogen desorption kinetics. The 3 h curve is a little

shifted towards higher temperatures but this is an effect of the

superposition of the dehydriding peak with the exothermic

peak associated with MgF2 formation. TG experiments (see

Fig. 8 below) confirm that hydrogen release occurs at higher

temperatures as milling time increases.

TG results are presented in Fig. 8. In agreement with DSC,

samples with additive released hydrogen at a temperature

approximately 100 �C below the decomposition temperature

of the reference material. The registered mass losses are

slightly below the theoretical H capacity of the material. This

aspectwill be discussed later. However, it is interesting to note

that themagnitude of themass changes allows us to discard a

significant release of HF. The decomposition of the 10 and 80

h-milled materials occurs in two stages. The first one extends

from 200e225 �C up to 275 �C and the second one begins at

275 �C without finishing at 450 �C, the maximum temperature

reached in these experiments. The second regime is consid-

erably slower than the first one, and releases more H2 in the

case of the materials milled longer times. This regime pre-

sents an almost linear temperature-dependence, that corre-

spond in the DSC curves to the higher baselines observed after

the main peak. A similar two-stage desorption in a MgH2-

4 mol% NbF5 mixture has been observed by Sabitu et al. [16].

TPD experiments up to higher temperatures have been

carried out on the 80 h-milled material. As a whole, the curve
Fig. 8 e TG of samples milled 3, 10 and 80 h. Results for a

sample milled 80 h without additive is shown for

comparison.
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Fig. 9 e Amount ofMg, H-rich and F-rich solutions obtained

from Rietveld refinement of XRD data of samples extracted

at intermediate temperatures during the TPD experiment

(dotted lines are a guide to the eye). The inset shows the

TPD curve and the arrows indicate the extraction points.

Fig. 10 e Lattice parameters of the H-rich (red squares) and

F-rich (blue circles) solid solutions of samples extracted at

intermediate temperatures during the TPD experiment.

Open black triangles corresponds to the lattice parameters

of the single solid solution of the 80 h-milled material. Red

and blue lines are the lattice parameters of b-MgH2 and

MgF2, respectively, reported in the PDF data. (For

interpretation of the references to color in this figure

legend, the reader is referred to the web version of this

article.)
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features are entirely compatible with DSC and TG results

(inset of Fig. 9). To gain further insight in the desorption pro-

cess some of these measurements have been interrupted at

intermediate temperatures and the partially desorbed mate-

rials have been analyzed by XRD. The diffractograms show

that two solid solutions (MgH2�xFx and MgHyF2�y), Mg, b-NbH,

and a small amount ofMgO are present at temperatures below

450 �C. Above 450 �C the H-rich phase is no longer detected,

and at 555 �C Nb is observed instead of b-NbH. The proportion

of both solid solutions and Mg as a function of temperature,

and the lattice parameters of the solid solutions obtained from

Rietveld refinement of the data are presented in Figs. 9 and 10,

respectively. It can be seen that after desorption begins

around 250 �C the amount of MgH2�xFx diminishes with tem-

perature whereas the quantities of MgHyF2�y and Mg grow.

The lattice parameters of the F-rich solution gradually move

from the values of the as-milled material to those of MgF2 as

temperature increases, whereas the a and c values of the H-

rich phase do not change with a clear tendency and remain

close to those of the as-milled material. These results show

that during desorption below 450 �C the H-rich solution re-

leasesH2 and gives an F-enriched solution andMg as products.

Simultaneously, the F-rich solution also releases H2 and be-

comes richer in F. At 450 �C and above only the F-rich solution

releases H2. Both desorption processes can be represented

with different z values by the reaction:

MgH2�zFz/
z
w

MgH2�wFw þw� z
w

Mgþw� z
w

H2: (4)

Note that this process involves solid solutions in a wide

composition range. The observation of several intermediate

values of lattice parameters for the F-rich solution during

desorption supports this idea. A deep study of this, and the

determination of the thermodynamic parameters of these

solutions, will be the subject of a separate contribution.
The observation of two desorption regimes can be tenta-

tively explained as follows. At the beginning of desorption,

when the F� concentration is below a threshold value, H2

desorption is fast and the first desorption regime is observed.

As the material becomes F-richer, H2 desorption starts to be

limited by fluorine diffusion, and the second desorption regime

arises. A slower fluorine diffusion is expected because although

H and F anions have similar sizes when interacting with Mg,

they differ in mass in an order of magnitude. The argument

was also proposed by Brice et al., who reported a lower anionic

conductivity in fluorine rich solutions for the system CaH2-CaF2
[26]. The threshold value that separates both regimes can be

estimated from the F� occupancy of the Wyckoff 4f site. The

proportion of F� at 311 �C, in the middle of the first desorption

regime is around 73%, and at 384 �C, at the beginning of the

second regime, is near 79%. So the threshold value could be

within this range. For comparison, the percolation threshold in

a cubic lattice with a diffusing species and an immobile

component partially occupying the diffusion sites is 70% [31].

To better understand the relationship between the amount

of H2 evolved and the composition of both solid solutions we
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Fig. 11 e Amount of H2 released following reaction (4) for

different values of 2 ¡ z as a function of 2 ¡ w.

Fig. 12 e Isothermal hydriding and dehydriding curves of

the 80 h-milled sample and the reference material.

Absorption was done at 1000 kPa and desorption at 30 kPa.

The first and second desorptions were measured at 300 �C.
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have calculated the theoretical amount of H2 released

following reaction (4) for different values of 2 � z as a function

of 2 � w (Fig. 11). The shape of curves with higher 2 � z values

shows that two different stages can be identified in the pro-

cess described by reaction (4). Following the 2 � z ¼ 1.6 curve

we can see that at the beginning of the reaction a substantial

amount of H2 can be released with small compositional

changes in the solution (zone marked in red in Fig. 11 (in the

web version)), whereas once lower 2 �w values are reached, a

small amount of H2 is released with strong variations in

composition (zone marked in blue in Fig. 11). This character-

istic of reaction (4) is similar to the behavior observed in the

TG and TPD experiments: a substantial amount of H2 is

released during the first desorption regime and a minor

quantity during the second one.
Fig. 13 e Isothermal hydriding and dehydriding curves of

the 80 h-milled sample measured at T ¼ 300 �C for longer

time.
Hydrogen absorption and desorption

Hydriding and dehydriding have also been studied by

isothermal experiments in a Sievert-type apparatus. H2

release from the as-milled material is slightly slower than

desorption from a rehydrided sample (Fig. 12). After this sec-

ond desorption, the material has shown very good repeat-

ability. The additive significantly improves kinetics, in

agreement with literature results [5,7,9,17]. In the absorption

case, the sample milled 80 h with NbF5 absorbs 2 wt.% in 200 s

at T¼ 250 �C, whereas thematerial without additive takes half

this value at the same time. Increasing the temperature up to

T ¼ 300 �C does not produce significant changes in hydrogen

absorption in the material prepared with additive, only an

increase in capacity. The absorption times are in the range

reported for this type of material: between 1 and 5 min at

T¼ 300 �C for samples with 1 or 2mol%NbF5 [7,11] and around

10 min at T ¼ 250 and 300 �C [5]. In the desorption case, the

samples with additive perform markedly better than the

reference material. Whereas the milled MgH2 takes nearly 2 h

at T¼ 300 �C to be completely dehydrided (and practically does

not desorb hydrogen at T¼ 250 �C), thematerial withNbF5 can

be decomposed within 1 min at T ¼ 300 �C and after 7 min at

T ¼ 250 �C. These desorption times are shorter than the values

reported for samples at 300 �C up to now: 30 min [9] for a
sample with 2 mol% NbF5, 20e30 min for samples with 5 wt.%

[11] and 2 mol% [7] of additive, and 10 min for sample with

1 mol% NbF5 [5]. At T ¼ 250 �C, Recham [9] reported a

desorption time of 40 min for a sample with 2 mol% NbF5.
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Probably our better desorption results are due to the higher

proportion of additive.

Though the desorption process seems to have finished in

Fig. 12, longer experiments have revealed that desorption

continues at a much slower rate if the material is kept under

dehydriding conditions (Fig. 13). The similarity with the

desorption behavior of the as-milled material suggests that

two desorption regimes could also take place in the cycled

sample. On the contrary, absorption in this material takes

place in a single and quick stage. This was expected, as F

diffusion is not required to hydrideMg. An XRDmeasurement

of the 80 h-milled material cycled three times and hydrided at

1000 kPa at T ¼ 300 �C for 1600 s (Fig. 14) shows H-rich and F-

rich solutions, a-NbH, and a small amount of unreacted Mg

with their reflections slightly shifted towards the left. This last

shift could be due to the presence of some F dissolved into it,

as Mulder et al. suggested could take place in TiF3-catalyzed

MgH2 [14]. However, a conclusive determination could not be

done here. The observation of a H-rich solution instead of b-

MgH2 suggests that a complex process takes place during

hydrogen absorption. If some F is effectively dissolved into

Mg, this F could be kept within the structurewhenMg takes up

H and by this process produce the H-rich solution. Otherwise,

if Mg does not contain F, MgH2 would be formed from Mg and

H2, and after a few diffusive steps, it could take some F� from

the F-rich solution and produce the H-rich solution. Also, both

processes could occur simultaneously. From our results we

could not determinewhich one of these situations takes place.

Undoubtedly, hydriding this material is a process in which

possible compositional inhomogeneity and the dynamic

characteristics of absorption and desorption are just a few

factors that could contribute to a complex evolution. In any

case, as awhole, thematerial behaves as aH-rich solution that

reversibly releases and gets H2.

Though the fact of taking up and releasing H2 from a H-rich

solution with a unit cell bigger than that of b-MgH2 could lead

to an enhanced diffusion process in this material, we can

discard a significant contribution of this phenomenon to the
Fig. 14 e Diffractogram of a three-times-cycled sample

after hydriding.
faster H2 absorption and desorption. In the desorption case

the 3 h-milled material already presents a fast H2 release, but

after this milling time a minor amount of F� is dissolved into

MgH2. In the absorption case, our hydriding rates are similar to

those reported in the literature, but these last results corre-

spond to a much lesser amount of F, and hence to a less

enlarged unit cell. On the other hand, a possible effect of a F-

rich solution should be considered. Mulder et al. [14] have

suggested that the isostructural MgF2 could act as a seeding

crystal for MgH2 during hydrogen absorption. In our case, this

effect would be enhanced, as the inclusion of some H� in the

MgF2 lattice reduces its cell size and thus improves the

matching between the H-rich and F-rich solutions lattices.

This phenomenon could also explain why transition metal

fluorides are more effective than chlorides as additives, as

MgCl2 does not have the same crystallographic structure of b-

MgH2 andwould not behave as an appropriate seeding crystal.

However, the observed kinetic improvements cannot be

attributed to the F-rich solution only. The evidence present in

the literature shows that MgF2 alone does not produce the

same kinetic enhancements than those obtained with NbF5 or

other transition metal fluorides [19]. Although the additives

distribution and the microstructure of the material are

different if MgF2 or a transition metal fluoride are added, it

seems that the transition metal also contributes to the cata-

lytic effect. Moreover, in several papers it has been proposed

that the transition metal hydride plays the main catalytic role

[5,8,32]. In the systematic study of Jin et al. analyzing various

transition metal fluorides [4] they have found that the fluo-

rides of transitionmetals that form hydrides are the ones that

present the better kinetic improvements. In our materials we

have confirmed by XRD that a-NbH is present in the cycled

material both in the hydrided and dehydrided state. Hence,

this compound and not Nb is the other phase present that

could play a catalytic role, perhaps acting as a gateway for

hydrogen transfer, as first proposed by Pelletier et al. [32].

However, it should be taken in mind that the hydriding and

dehydriding processes in these materials are really complex,

and a cooperative phenomenon of all the phases involved

with a main a-NbH role is the most probable scenario.
Conclusions

The main conclusions of this work are:

� Solid solutions in the system MgeHeF have been found by

milling MgH2 and NbF5. These compounds form H-rich and

F-rich solid solutions with formulas MgH2�xFx and

MgHyF2�y, respectively. The amount of solute in each so-

lution depends on milling time. After 40 h of milling both

solutions merge into one with formula MgH1.60F0.40. The

solutions have the same tetragonal P42/mnm symmetry of

MgH2 andMgF2, but with theWyckoff position 4f randomly

occupied by H� or F�. This solution does not decompose

after being kept 90 h at 300 �C under 6000 kPa of H2.

� The kinetics of hydrogen desorption from the synthesized

material is greatly enhanced in comparisonwithMgH2. The

decomposition temperature in DSC or TG experiments are

lowered by almost 100 �C, and 7 min are required to
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dehydride thematerial in a volumetric device at T¼ 250 �C.
Absorption kinetics are greatly enhanced as well. The

material modified with NbF5 takes up 2 wt.% in 200 s at

T ¼ 250 �C whereas the material without additive only ab-

sorbs 1 wt.% in the same period.

� The desorption process in the as-milled and in the cycled

material presents two stages. The last one is considerably

slower than the first one, and is attributed to a desorption

process controlled by F� diffusion. H2 absorption in the

cycled material takes place in a single stage. XRD mea-

surements show that the main H-containing phase in this

material is a H-rich solution instead of MgH2.

� An enhanced H� diffusion in the H-rich solution due to the

enlargement of the unit cell as a consequence of the F�

dissolved into the matrix could be discarded as an impor-

tant contribution to the faster observed kinetics. The sig-

nificant improvement in kinetics can be explained by a

seeding crystal effect of the F-rich solution and a gateway

effect of niobium hydride.
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