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ABSTRACT

We report an in operando study of the hydrogenation and dehydrogenation of MgH.-TiVCr composites.
The experiment was performed by means of in situ synchrotron XRD in order to get insights on the
influence of the TiVCr additive on the sorption properties of the MgH2 based composite. Sequential
Rietveld refinement analysis was performed to investigate the structural changes of MgH2 and of the
additive during hydrogenation and dehydrogenation processes. Significant non-monotonic changes in the
lattice volume of the TiVCrHx solid solution were observed concomitantly to the MgH2 formation or
decomposition. These volume changes are assigned to the variation of the hydrogen content in TiVCrHx.
These results provide evidence of cooperative effects between the H2 storage material and the additive.

1. Introduction

Hydrogen is considered as one of the key components of sustainable development owing to high energy
density (142 MJ kg™) and low environmental impact. Introducing this energy vector as a storage means
for the leveling-out of power demand over time fulfills the necessity of saving energy, in particular in the
case of renewable energy produced by intermittent sources. One of the major issues is to store H, safely
and efficiently in a reversible hydride. Among the huge number of candidates for solid state storage,
magnesium hydride has been studied for decades because of its high hydrogen capacity (7.6 wt.%), the
abundance and relatively low cost of Mg, and the non-toxicity to humans and environment [1e4]. The
weakness of MgH, is a relatively high thermodynamic stability (AH = -74.5 kJ/mol) [5] and a slow kinetics
of hydrogen sorption. On-going researches directed at the destabilization of magnesium hydride are
based on the formation of less thermodynamically stable hydrides of Mg rich intermetallic compounds [6-
9] and on the nanoconfinement of MgH, in porous hosts [10,11]. Regarding the kinetics, significant
enhancements have been observed on ball milled composites [12-14] with a large variety of additives,
such as transition elements [15,16], intermetallic compounds [2,16-18], borides [19], oxides [20-22], and
halides [23,24]. The key role of the microstructure of magnesium based composites was first reported by
Gross et al., who demonstrated that both the reduction of the grain size resulting in an enlarged surface
area, and the high degree of dispersion of the additives which act as a catalyst are responsible for
enhanced hydrogenation and dehydrogenation kinetics [14,25]. In the case of the Mg/MgH, reaction,
where the rate limiting step is the metal/hydride interface motion [26], the particles size reduction
improves the sorption kinetics through an increased number of hydride nucleation sites located on the
accessible surface. Moreover, the presence of the additives is responsible for a lowering of the
dissociation energy of the hydrogen molecules and the enhancement of the diffusion rate of dissolved
hydrogen atoms along the grain boundaries between Mg and the additives [18,25,27]. Reule et al.
reported that optimized composites, in terms of high capacity and fast sorption kinetics, present a typical
microstructure where the additive particles are covered by an MgH, thin film. In this case, the catalytic
effect is mainly due to the MgH,-additive interface [18]. Magnesium hydride composites with Ti-V based
body centered cubic (bcc) alloys as an additive have been successfully implemented in large scale tanks
[28,29]. In this type of composites, Yonkeu et al. showed that the hydrogenation kinetics is controlled by a
three-dimensional growth of the hydride phase and the diffusion of hydrogen through the hydride phase.
In contrast, the dehydrogenation kinetics is governed by the bulk/surface nucleation and two dimensional
growth of the magnesium phase with a constant velocity of the Mg/MgH, interface [30]. Yu et al.
suggested that the hydrogenated bcc alloy showed superior catalytic properties compared to the
guenched bcc alloy in magnesium composites because the hydrogenation induces the formation of
micro/nanosized additive particles [31] which greatly enhance the hydrogen atomic diffusivity. Thus, in
order to provide insight into the catalytic role of the bcc additive in MgH, composites, previous studies
have addressed microstructural [18], kinetical [30,32] and thermodynamical issues [16]. In this paper we
investigate, in operando, the structural evolution of a TiVCr-MgH, composite upon hydrogenation and



dehydrogenation. The structural and chemical evolution of the composite was studied by using the time
resolved and fast acquisition Synchrotron X-Ray Diffraction (Sync-XRD) on the ID15 beamline at ESRF in
Grenoble. Structural refinement of the data was performed by means of sequential Rietveld analysis in
order to determine the instantaneous behavior of both MgH, and the TiVCr additive.

2. Experimental details

The powders, MgH, (purity 98%) and 10 wt.% TiVCr (Tigs5V19Cros + 4 Wt.% Zr;Niy activating phase) were
milled under Ar atmosphere in a Fritsch Pulverisette 5 planetary mill. WC balls and jars were used with a
ball-to-powder ratio close to 1:20. A milling period of 60 min was applied with a rotational speed of 200
rpom. The handling of all powders was done in a glove box containing argon with O, and H,O contents
<1 ppm. In situ Sync-XRD measurements were performed at high energy (~90 keV) on the ID15 beamline
at ESRF. The composite was introduced under the shape of compressed pellets in a 3 mm inner diameter
sapphire capillary. The capillary was connected to a dedicated High-Pressure High-Temperature gas
loading system fitted to an X-ray transparent furnace. The latter enables accurate sample temperature
control during the diffraction experiment. The Pixium 4700 flat-panel detector was used with an exposure
time of 1.6 s at a frequency of 5 s. A lead mask was specially designed and applied on the detector
surface to shield the diffraction signal of the sapphire capillary. The beam size illuminating the sample
was 0.3 x 0.3 mm® The exact wavelength, 1=0.1423(31) A, was determined by using CeO, as a
calibration reference. The diffraction pattern was obtained by radial integration of the raw image corrected
from polarization and detector efficiency.

Fig. 1 describes the values of temperature and pressure during the in operando experiment. The
experiment was composed of the following 4 sequences: (1) dehydrogenation of the fresh composite. The
sample was heated up on a ramp of 20 °C/min up to 470 °C under a 2 bar argon flow (from pattern #1 to
pattern #128). (2) Rehydrogenation at constant pressure and decreasing temperature. A pressure of 10
bar of hydrogen was applied in the fixed volume of the capillary and the tubing toward it and the sample
was cooled down at a rate of 5 °C/min (from pattern #129 to #1240). (3) Dehydrogenation at constant
pressure and increasing temperature. Once the temperature of 100 °C was reached, the atmosphere
pressure was set to a continuous 2 bar Argon flow and the temperature was raised at a rate of 5 °C/min
(from pattern #1241 to #2172) and, (4) cooling down of the dehydrogenated sample. Once the
temperature of 470 °C was reached, a 15 min dwell time was applied (from pattern #2173 to #2231) and
then the temperature was decreased at a set-up rate of 20 °C/min under 2 bar argon flow up to 117 °C
(from pattern #2232 to #2730). During the experiment, a beam loss of 30 min occurred and consequently
no patterns were recorded during the first dehydrogenation sequence. In other words, a period of time of
30 min separates pattern #128 and pattern #129. Similarly, the pure TiVCr additive was in situ
characterized upon dehydrogenation performed under 2 bar argon flow up to 570 °C.
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Fig. 1. In situ Sync-X-Ray diffraction performed on TiVCr-MgH, composite at the wavelength of A = 0.1423 A, the
brighter the higher diffracted intensity (top) and experimental conditions (bottom). The sample temperature and
pressure evolution are plotted as red line and blue dot respectively. Due to an inopportune synchrotron beam loss,
the diffractograms collection was interrupted at pattern #128 during 30 min during the first high temperature dwell

(meanwhile the temperature was maintained at 470 °C and the atmosphere was an Argon flow). It is the reason why
the first dehydrogenation of the composite is only partially represented in the contour plot diagram.



The structural study was performed by Rietveld refinement using the FullProf Suite Software with the
graphical interface WinPlotr [33,34]. Refined parameters for the sequential analysis included the lattice
parameters, intensity scale factor, and background. The isotropic thermal factor and peak shape profile
parameters were maintained constant. The background was refined using a 6th degree polynomial
function. The profile function 7 in Full Prof, a Pseudo-Voigt function with axial divergence correction was
employed. The instrument resolution file was defined with LaBs. The precise temperature of the sample
illuminated by the X-ray beam was calibrated by using the patterns of the last sequence of the in
operando experiment (from pattern #2232 to #2730). For this purpose, the volume of the magnesium
lattice was determined by Rietveld refinement as a function of the temperature measured by a
thermocouple placed in the furnace. These values of temperature were then corrected regarding the
tabulated value of magnesium thermal expansion [35]. Fig. 2 shows, as a function of the temperature, a
comparison between the experimental results of the volume of the magnesium lattice and the data from
the literature. A temperature shift of 50 °C was determined. Even if this temperature difference is large,
we observed that the temperature ramp was well followed. The calibration was then systematically
applied to the whole series of data given in this paper.
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Fig. 2. Unit cell volume as function of temperature for Mg (black curves), bcc TiVCr (blue curves) and V (orange
curve) phases. The thick curves correspond to experimental data refined on the fully dehydrogenated sample in the
fourth sequence of the in operando experiment. The thin lines are the calculated values. In the case of Mg and V, the
literature data given in Table 1 have been used to calculate the unit cell volume versus temperature. For the bcc
phase, the thin line corresponds to the polynomial function fit of the experimental data, V(T )= 27.93 x (1 + 2.51x10° x
T + 3.20x10°%x T?).

3. Results and discussion
3.1. Dehydrogenation of the TiVCr additive

Sync-XRD characterization has shown that the starting hydrogenated TiVCr additive is composed of two
predominant phases which can be indexed in the face centered cubic (fcc) system, space group Fm-3m,
and body centered cubic (bcc) system, space group Im-3m, respectively. Some authors have reported
that the hydrogen poor solid solution formed in TiVCr alloys can be distorted in a body centered
tetragonal phase (bct) as it has been observed in FeTiV alloys and in pure vanadium [36-40]. The angular
resolution of the diffractograms and low diffraction intensity did not allow us to identify the bct structure.
Fig. 3 shows the evolution of the fcc and bcc unit cell volumes versus temperature as determined by
sequential Rietveld refinement during dehydrogenation of the pure TiVCr additive. The weight fraction of
the bcc phase determined from the qualitative analysis is also plotted in Fig. 3. The observed
dehydrogenation process of the additive is consistent with previous reports related to vanadium-based
hydrides [39,41,42]. As shown in Fig. 3, in a first step (up to 260 °C), the two-phase domain (so called
o + B) is characterized by the thermal expansion of the two crystal lattices and a continuous decrease of
the fcc weight fraction down to zero. Then (from ~280 °C to 570 °C in Fig. 3), the only phase in presence
is the bcc solid solution TiVCrH, (so called o phase); its lattice volume monotonically decreases as the
hydrogen content of the solid solution weakens.



3.2. In operando experiment on the TiVCr-MgH, composite

Fig. 1 combines the XRD patterns and the pressure and temperature in the course of the in operando
experiment. For the sake of clarity, TiVvCr (110), (200), (211), MgH, (110), (101), (211) and Mg (100),
(002), (101) Bragg peaks positions are indicated in the contour plot diagram. Along the course of the four
sequences of the in operando experiment (1: from pattern #1 to #128, dehydrogenation of the fresh
composite, 2: from pattern #129 to #1240, rehydrogenation, 3: from pattern #1241 to #2231,
dehydrogenation and 4: from pattern #2233 to #2730, cooling down), we observe large variations of the
Bragg peaks positions, i.e. of the d spacings, of the TiVCr additive. The latter will be described in more
detall in Section 3.4.

The profile of the Bragg peaks of the fresh composite is typical of ball milled samples where both
reduction of the grain size and the presence of micro-strains lead to peak broadening and a decreased
diffraction intensity. All the reflections of the Sync-XRD pattern recorded on the fresh composite at room
temperature and ambient pressure (not shown here) have been indexed to the following phases: bcc and
fcc TiVCrHy alloys, a- and y-MgH, polymorphs and magnesium.
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Fig. 3. Evolution of the fcc and bcc lattice parameters (magenta and blue curves respectively, left axis) and the bcc

weight fraction (black curve, right axis) as a function of temperature during dehydrogenation of the pure TiVCr
additive. Dehydrogenation was performed under 2 bar Ar flow from 100 °C to 570 °C at a heating rate of 5 °C/min.

The presence of residual magnesium is often observed in MgH, powders due to (1) the slow diffusion
controlled hydride growth and (2) the probable presence of an oxide layer at the magnesium surface
which is responsible for an even slower hydrogenation process [43-47]. Moreover, y-MgH,, the medium
pressure polymorph of magnesium hydride is also observed in ball milled MgH, due to the relatively low
activation energy of the o -> y transformation [48]. The MgO phase cannot be identified in the XRD
pattern for the fresh composite although its presence cannot be excluded. In fact, the appearance of MgO
in course of the first heating ramp of the in operando experiment let us assume that MgO was already
present in the fresh composite but not detectable because of the small quantity and well dispersion of this
nearly amorphous phase. Fig. 1 shows that the broadening of the peaks observed in the fresh composite
is reduced after the first heat treatment at 470 °C except for the TiVCr peaks which remain broad.

3.3. Thermal behavior of the fully dehydrogenated composite

As explained in the description of the experimental methods, the volume variation of the magnesium
phase during the fourth sequence of the experiment was used to determine accurately the temperature at
the position of the sample. This fourth sequence was also carried out to investigate the thermal expansion
of the fully dehydrogenated TiVCr phase. The value of the solubility limit of hydrogen in hexagonal close
packed (hcp) magnesium is discussed in several papers [49,50]. However, according to the majority of
the works on the subject, within the temperature and pressure conditions of the in operando experiment,
the hydrogen solubility in magnesium is expected to be lower than 1% [49,50]. Since the corresponding
volume expansion is too small to be observed and quantified with the resolution of the diffraction patterns
we have recorded, the magnesium phase has been considered with no solubilized hydrogen. Fig. 2
depicts the volume of Mg, MgO and TiVCr as a function of the temperature in the range 117 °C-470 °C.
The dehydrogenated TiVCr lattice volume shown in Fig. 2 was fitted with the polynomial function: Vo(T ) =



27.93 + (7.01 x 10T + (8.95 x 107)T? for 100 °C < T < 470 °C where V is in A®> and T in °C.
Extrapolation to the temperature of 20 °C gives a volume lattice of Vo, = 27.944 A®. The TiVCr lattice
volume at room temperature corresponds to a lattice parameter of 3.031 A, which is in very good
agreement with the value reported by Miraglia et al. [51]. Pure vanadium lattice volume is also shown in
Fig. 2 for comparison. The trend of increased thermal expansion upon Ti and Cr substitution in vanadium
rich alloys compared to pure vanadium is on agreement with previous results [52].

An extrapolation of our results gives a mean expansion coefficient value of 13.6 x 10° per °C in the range
0-500 °C, which is slightly higher than the value of 10 x 10 per °C reported for macroscopic volumetric
expansion of vanadium rich TiVCr alloys [52,53].

3.4. Hydrogenation and dehydrogenation of TiVCr-MgH, composites

Fig. 4 presents the Rietveld analysis of the Sync-XRD pattern #129 which was collected after a 35 min
dwell time at 470 °C under a 2 bar argon flow.
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Fig. 4. Sync-XRD pattern of the dehydrogenated MgH.-TiVCr composite at 470 °C, under Argon atmosphere (2 bar).
The Rietveld analysis demonstrates the presence of body centered cubic hydrogenated TiVCrHx (s.g. Im-3m),
hexagonal Mg (s.g. P63/mmc), and cubic MgO (s.g. Fm-3m). In the diagram, the red dot and the black continuous
line show respectively the experimental and calculated diffraction profile whereas the blue line presents the difference
between experimental and calculated profiles. The vertical lines indicate the Bragg peak positions of TiVCrHx (blue),
MgH> (red) and MgO (green) respectively.

The structural refinement indicates that the composite is made up of 12.7 wt.% partially hydrogenated bcc
TiVCrHy (s.g. Im-3m), 86.4 wt.% hexagonal Mg (s.g. P63/mmc) and 0.9 wt.% cubic MgO (s.g. Fm-3m).
Hydrogenation of the composite was performed by applying a pressure of 10 bar of hydrogen while
cooling down the sample at a set-up rate of 5 °C/min. Fig. 5 shows the Rietveld refinement of the pattern
recorded at the end of this cooling ramp, when the temperature was 100 °C and the pressure was 10 bar
of H,. The quantitative phase analysis shows that the composite is partially hydrogenated and is
composed of bcec TiVCrH, (9.15 wt.%), MgH, (21.65 wt.%), Mg (67.32 wt.%) and MgO (1.88 wt.%). The
incomplete hydrogenation of the composite is due to the hydrogenation sequence which was too short
given the slow sorption kinetics of magnesium. However, no evidence of the hydrogen rich face centered
cubic (fcc) phase was observed in the experiment sequences which follow the dehydrogenation of the
fresh composite. Thus the hydrogenated TiVCrH, phase was only described as a bcc lattice (s.g. Im-3m).

In order to investigate the role of the additive during the hydrogenation and dehydrogenation processes of
Mg, sequential quantitative Rietveld analysis was performed. Figs. 6 and 7 present the unit cell volume of
the phases in presence as a function of the temperature during hydrogenation and dehydrogenation. We
observe that the lattice volume variations of MgO, MgH,, and Mg are monotonic, continuous, and
reversible during hydrogenation and dehydrogenation. The experimentally determined lattice volume
variations can be directly related to the thermal expansion of the materials given in Table 1.
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Fig. 5. Sync-XRD pattern of the MgH-TiVCr composite partially hydrogenated at 100 °C, under H, atmosphere (10
bar). The Rietveld analysis demonstrates the presence of body centered cubic hydrogenated TiVCrHy (s.g. Im-3m),
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red dot and the black continuous line show respectively the experimental and calculated diffraction profile whereas
the blue line presents the difference between experimental and calculated profiles. The vertical lines indicate the
Bragg peak positions of TiVCrHy (blue), MgH; (red), Mg (green) and MgO (pink) respectively.
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during hydrogenation. Hydrogenation was performed under 10 bar H; by cooling down the temperature from 470 °C
to 100 °C at rate of 5 °C/min.

Once again, the repeatability of the measurements testifies the good temperature control during the
experiment. The behavior of the bcc phase volume differs from the others. The unit cell volume changes
are in the opposite direction as what would be expected from thermal expansion. As described in Section
3.1 related to the pure additive, the decrease of the unit cell volume with increasing temperature is a
result of the composition change of the bcc solid solution, i.e. the variation of the hydrogen content of the
solid solution. The fast in operando diffractograms collection allows picturing the lattice volume changes
of the TiVCrH, phase and reflects the instantaneous hydrogen content in the TiVCrH, solid solution. The
hydrogen content of the TiVCrH, cannot be treated as an equilibrium value as the experiment is
dynamical.
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Table 1. Volumetric thermal expansion of V, MgH> and Mg, according to literature data (at ambient pressure). The
unit cell volume of MgH> versus temperature has been determined by first principle calculation; it explains why the
given temperature range is larger than the existence domain range.

Material Volumetric thermal expansion References
Y, 27.68456 x (1 +2.8221 x 10° x T + 2.9863 x 10° x T* + 1.5116 x 107 x T°) [57]
for 25 °C < T < 2273 °C

MgH. 61.54567 x (1 +2.9897 x 10° x T + 4.7605 x 10® x T - 4.9114 x 10™ x T%) [58]
for -273°C < T< 727 °C

Mg 46.39819 X (1 + 6.6597 x 10° x T + 4.5818 x 10 x T? + 2.8325 x 10 x T?) [35]
for 0 °C < T <600 °C

Figs. 6 and 7 show the general trend of the TiVCrH, volume which reflects hydrogenation and
dehydrogenation processes of the bcc solid solution. However, the bcec volume plotted as a function of the
temperature shows a non-monotonic behavior which is not observed for Mg, MgH, and MgO. The
TiVCrH, lattice expansion is also shown as a function of the temperature together with the MgH, weight
fraction in Fig. 8 (hydrogenation) and Fig. 9 (dehydrogenation). We recall that the MgH, content was
determined by Rietveld quantitative phase analysis. In Figs. 8 and 9, the TiVCrH, lattice expansion, for a
given temperature, was defined as the ratio (V - V()/Vy where V is the unit cell volume of the partially
hydrogenated TiVCrH, phase and V, is the unit cell volume determined on the fully dehydrogenated
composite (as described in Section 3.3). Our results show that the bcc lattice expansion varies in the
range 4.8%-11.6% upon hydrogenation (Fig. 8) and 0.5%-11.2% upon dehydrogenation (Fig. 9). Although
we cannot determine if the highest volume expansion reflects an equilibrium state of the hydrogenated
TiVCrH, phase, the H/M (hydrogen/metal) ratio was calculated under the empirical observation that an
interstitial hydrogen atom in transition metal alloys occupies an approximate volume of 2.2 A® [54].
Considering the alloy unit cell volume equal to 28.01 A® at 100 °C, a volume expansion of 11.6%, and
taking into account that the TiVCr lattice contains 2 formula units, we obtained x = 0.7 as the H content of
the solid solution. This estimated formula of TiVCrH,; remains within the solubility limit of the alpha phase
of vanadium hydride destabilized by Ti and Cr [55].
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Plotting the MgH, weight fraction together with the bcc lattice expansion allows us to show that the non-
monotonic behavior of the TiVCrH, volume expansion occurs concomitantly with the startup change in
MgH. content. In fact, Fig. 8 shows that the change in the slope of the TiVCrH, lattice expansion appears
at 400 °C at the same time that MgH, starts to be formed upon cooling and, similarly, we observe that the
MgH, decomposition at 300 °C is simultaneous with a change in the TiVCrH, lattice expansion upon
dehydrogenation (Fig. 9). The previous experiment performed on the pure additive has shown that during
the hydrogenation and dehydrogenation processes, the bcc TiVCrH, volume varies continuously and
monotonically when similar experimental conditions are applied. Our results show that when the
temperature and pressure reach the MgH, <-> Mg + H, equilibrium curve, it triggers a change in the
hydrogen content of the TiVCrH, solid solution in the composite.

We assign the “breathing” of the TiVCrH, phase to be directly related to hydrogen exchange between the
additive and Mg or MgH, at the scale of the grain in the composite rather than being due to a sudden
change of the hydrogen partial pressure in the reactor vessel. Indeed, we have determined that upon
dehydrogenation (Fig. 9), the highest rate of H, release occurs at the temperature of 368 °C as calculated
by the first-degree derivative over the time of the MgH, weight fraction curve.
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100 °C to 470 °C at a heating rate of 5 °C/min.



In the case that an overpressure of hydrogen occcurs in the reaction vessel, the TiVCrH, volume change
should be the largest at that time of the experiment, but, our results show that the bcc volume change is
monotonic within the temperature range 360 °C- 420 °C. Thus the present in operando study provides
direct insight into the structural and chemical state of the additive during hydrogenation and
dehydrogenation of magnesium hydride. The significant induced volume change of the additive is
obviously playing a role in modifying the mechanical strains at the Mg-additive interface within the
composite as shown previously [18,31]. It is useful to mention that the present experimental observations
corroborate those of an earlier in situ EXAFS experiment [56] performed on bcc-doped MgH, where Nb
was the activating phase. The formation of NbH, clusters was revealed. The authors reached the
conclusion that the H, desorption from MgH, is favored by local elastic stresses produced by B-NbHg g9
clusters on the MgH, matrix that reduces the stability of the hydride phase. In order to establish whether
TiVCrH, is a reaction intermediate acting as a gate for hydrogen sorption in Mg or whether it is just a
spectator species, in operando isotherm experiments would be useful to complete the present dynamical
study.

4. Conclusions

In this work, in situ Synchrotron XRD was used to determine the structural and chemical changes in a
MgH, based composite activated with 10 wt.% TiVCr. The composite and the pure additive were studied
in operando upon hydrogenation and dehydrogenation in order to investigate the catalytic effect of TiVCr.
By determining the lattice thermal expansion of the additive, we were able to relate its unit cell volume to
the hydrogen content of the TiVCrH, solid solution. While TiVCrH, shows a monotonic decrease in its
volume upon dehydrogenation when studied as a pure material, it undergoes a sudden volume change
concomitant with the MgH, decomposition in the composite. A similar behavior was observed upon
hydrogenation of the composite where the change in the additive volume drops as the formation of MgH,
occurs. These results provide evidence for a cooperative effect in the MgH, <-> Mg + H, reaction upon
hydrogenation and dehydrogenation of the composite. The present study, which sheds light on the
interaction between the additive and MgH,, contributes to a better understanding of the catalytic
mechanism occurring in this class of composites and could serve as a guide for designing efficient
hydrogen storage systems.
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