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a  b  s  t  r  a  c  t

“Hybrid”  hydrogen  storage,  where  hydrogen  is  stored  in both  the  solid  material  and  as  a high pressure
gas  in  the  void  volume  of the  tank  can  improve  overall  system  efficiency  by up  to  50%  compared  to  either
compressed  hydrogen  or solid  materials  alone.  Thermodynamically,  high  equilibrium  hydrogen  pres-
sures  in  metal–hydrogen  systems  correspond  to low  enthalpies  of  hydrogen  absorption–desorption.  This
decreases  the  calorimetric  effects  of  the  hydride  formation–decomposition  processes  which  can  assist  in
achieving  high  rates  of  heat  exchange  during  hydrogen  loading—removing  the  bottleneck  in  achieving
low  charging  times  and  improving  overall  hydrogen  storage  efficiency  of  large  hydrogen  stores.  Two
systems  with  hydrogenation  enthalpies  close  to −20  kJ/mol  H2 were  studied  to investigate  the  hydro-
genation  mechanism  and  kinetics:  CeNi5–D2 and  ZrFe2−xAlx (x  =  0.02;  0.04;  0.20)–D2.  The  structure  of
the  intermetallics  and their  hydrides  were  studied  by  in situ  neutron  powder  diffraction  at  pressures  up
to 1000  bar  and  complementary  X-ray  diffraction.  The  deuteration  of  the hexagonal  CeNi5 intermetallic
resulted  in  CeNi5D6.3 with  a volume  expansion  of 30.1%.  Deuterium  absorption  filled  three  different  types
of interstices,  Ce2Ni2 and  Ni4 tetrahedra,  and  Ce2Ni3 half-octahedra  and  was  accompanied  by  a  valence
change  for  Ce.  Significant  hysteresis  was  observed  between  deuterium  absorption  and  desorption  which
profoundly  decreased  on a second  absorption  cycle.

For  the  Al-modified  Laves-type  C15 ZrFe2−xAlx intermetallics,  deuteration  showed  very  fast  kinetics

of  H/D  exchange  and  resulted  in  a  volume  increase  of the  FCC  unit  cells  of  23.5%  for  ZrFe1.98Al0.02D2.9(1).
Deuterium  content,  hysteresis  of  H/D  uptake  and  release,  unit  cell  expansion  and  stability  of  the hydrides
systematically  change  with  the  amount  of  Al content.  In  the  deuteride  D  atoms  exclusively  occupy  the
Zr2(Fe,Al)2 tetrahedra.  Observed  interatomic  distances  are  Zr–D  =  1.98–2.11;  (Fe,  Al)–D  = 1.70–1.75 Å.
Hydrogenation  slightly  increases  the  magnetic  moment  of the  Fe  atoms  in  ZrFe1.98Al0.02 and  ZrFe1.96Al0.04

from  1.9  �B at room  temperature  for the  alloy  to 2.2 �B for its deuteride.
. Introduction

“Hybrid” H storage combines metal hydrides (MH) and com-
ressed hydrogen gas and yields an improvement of up to 50% in
he overall H storage system efficiency [1].  This paper presents the
ata of the high pressure studies of metal hydrogen systems where
he hydrogen storage capacity of the MH  is significantly pressure-

ependent as H2 pressures increase to a few hundred bar.

The kinetics of hydrogen absorption and desorption and phase-
tructural characterization of the systems can be efficiently

∗ Corresponding author at: Institute for Energy Technology, Instituttveien 18, P.O.
ox  40, NO 2027 Kjeller, Norway. Tel.: +47 63806453; fax: +47 63812905.

E-mail address: volodymyr.yartys@ife.no (V.A. Yartys).

925-8388/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.030
© 2010 Elsevier B.V. All rights reserved.

performed by in situ diffraction studies. Using deuterated sam-
ples and neutron scattering in pressure cells filled with deuterium
gas allows us to probe the H/D environment and to study the
metal–H/D and H–H/D–D interactions via investigations of the
pressure-dependant changes of the phase-structural composi-
tion of the materials. Obviously there are technical challenges
with this kind of work. Thus, the range of particular metal
hydride systems studied by in situ NPD at high D2 pressures is
rather limited. In earlier research, much of the focus was  on the
LaNi5–D2 and Pd–D2 systems where systematic studies under high
pressure experimental conditions were performed (see [2,3] as

examples).

Broader studies of the different materials are required for bet-
ter understanding the behaviour of the high pressure hydrides.
The present work was  aimed at investigating the hydrides

dx.doi.org/10.1016/j.jallcom.2010.12.030
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:volodymyr.yartys@ife.no
dx.doi.org/10.1016/j.jallcom.2010.12.030
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Fig. 1. (a) P–C diagrams for CeNi5–D2 system obtained by volumetric measurements during in situ NPD experiments; (b) evolution of NPD pattern during deuterium desorption
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des1  60 ◦C) in CeNi5–D2 system. The asterisks show reflections from a stainless ste

elonging to the two most commonly used groups of the
ydrogen storage intermetallics, CaCu5-type and Laves-phase
ompounds.

A structural analogue of the La-containing intermetallic,
eNi5–D2 system was studied by in situ NPD at pressures up to 1000
ar. The Zr-based Laves phase compounds ZrFe2 and ZrCo2 can be
ydrogenated only using high applied hydrogen pressures, up to
000 bar, giving ZrFe(Co)2D∼3 [4].  These deuterides were studied ex
itu by NPD and their crystal structures were solved. Al substitution
or Fe in ZrFe2 significantly modifies the hydrogenation behaviour
ecreasing the equilibrium pressure of hydrogen and increasing
tability of the hydride [5].  The range of studied ZrFe2−xAlx mate-
ials was limited to alloys with a rather large content of Al; thus,
he equilibrium pressures of hydrogen desorption were well below
00 bar [5].  In the present work we focused on the experimental
tudy of the systems in which the Al content was very low, below
.2 at.Al/f.u. Zr(Fe,Al)2, thus aiming to synthesize hydrides where
he stability was expected to be only slightly increased as com-
ared to ZrFe2–H2 system. The in situ NPD studies were performed
t pressures up to 1000 bar.

. Experimental details

The CeNi5 and Zr(Fe,Al)2 alloys were prepared from the individual constituent
etals, Ce, Zr, Ni, Fe and Al with a purity of at least 99.9%, by arc melting in argon

as on a water cooled copper pad. X-ray diffraction studies (Siemens D 5000 diffrac-
ometer, Cu K�1 radiation) showed that the prepared samples were single phases
ntermetallics with CaCu5-type (CeNi5) and MgCu2 [Zr(Fe,Al)2] type of structures.
owder diffraction data were analysed by the Rietveld whole-profile refinement
ethod with Fullprof [6].

Powder neutron diffraction data were collected with the D1B diffractome-
er  at ILL, Grenoble (� = 2.52 Å). The experimental setup for the in situ NPD
tudy consisted of a high-pressure Sieverts manometric hydrogenator connected
o  a high-pressure sample cell made of a zero coherent scattering alloy (Zr–Ti)
ith a thin stainless steel inner liner. High pressures were achieved by the use

f  multistage, heat-based deuterium intensifier (maximum H2 pressure 2 kbar).
he  in situ apparatus allowed simultaneous measurement of PCT diagrams of
he metal–deuterium systems and assessment of the crystal structure via neu-
ron diffraction. A detailed description of the hydrogenation setup is given in
7].

Measurements of magnetization were taken from an in-house built vibrating
ample magnetometer. Powder samples were packed under argon into sealed Kel-
 sample containers. Zero-field cooled and field cooled temperature dependent
agnetizations were measured on these samples from 4 K to 315 K at 100 Oe and

000 Oe. Magnetic hysteresis loops were measured between ±6 kOe at 315 K and
.1  K and the values of saturation magnetization were taken from these hysteresis

oops.
r of the high-pressure sample cell.

3. Results and discussion

3.1. CeNi5–D2 system

The initial intermetallic CeNi5 alloy was  characterized by SR
XRD (SNBL; BM01A; � = 0.7350 Å) as a single phase sample con-
taining the CeNi5 intermetallic compound with a hexagonal unit
cell: a = 4.88415(7); c = 4.00016(7) Å. The first deuteration was
tried without preliminary activation of the alloy and took place
on application of high deuterium pressures. Our observations
of the absorption–desorption processes can be summarized as
follows:

- Both deuterium absorption and desorption are characterized by
a presence of clear plateaux on the P–C diagrams (Fig. 1a).

- A solid solution of deuterium in CeNi5, �-CeNi5D∼0.5, is formed
first and extends until the level of pressure of 600 bar D2. At higher
deuterium pressures the �-CeNi5D∼0.5 → �-CeNi5D∼6 transfor-
mation takes place.

-  During the first deuteration, the midpoint of the � → � plateau
at 20 ◦C is observed at 632 bar D2; maximum D content in the
saturated beta deuteride, according to the manometric measure-
ments, equals to 6.5 at.D/f.u. at ∼800 bar D2.

- During the deuterium desorption, the midpoint of the plateau
pressure for the � → � transformation is observed at significantly
lower pressure, 117 bar D2 at 60 ◦C. Changes of the NPD pattern
during the D2 desorption are shown in Fig. 1b.

- During the second deuteration, a midplateau pressure for the
� → � transformation at 30 ◦C is significantly decreased, to just
237 bar D2.

- The significant hysteresis in deuterium absorption/desorption
observed in this work is in agreement with the reference data
for the corresponding hydride [8].

3.1.1. ˛-CeNi5D0.5
During the formation of the �-solid solution, the original

hexagonal unit cell slightly expands; �a/a = 0.3%; �c/c = 0.6%;
�V/V = 1.1%; a = 4.8969(6); c = 4.0261(6) Å; V = 83.61(2) Å3 (data
collected at D1B with � = 2.52 Å). From Rietveld profile refinements
of the NPD data we  conclude that in the alpha solid solution D
atoms exclusively occupy the Ce2Ni2 tetrahedral site (6m). The

refined positional parameters for D atoms [x = 0.118(5); y = 2x;
z = 1/2; n = 0.085(7)] indicate that they are located close to the cen-
tres of the tetrahedra. Interestingly, only this Ce2Ni2 interstitial site
meets the requirements from the geometrical criterion for the sizes
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Fig. 2. Refined neutron diffraction pattern for CeNi5D6.3 (observed (+), calculated
(—) and difference (bottom line) profiles).
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f the H-occupied sites, namely radius >0.4 Å. For Ce2Ni2, r = 0.42 Å,
ll the other sites have radii below 0.3 Å and thus remain vacant.

It is worth pointing out a difference in the site occupancies
etween the �-LaNi5D0.42 [9] and �-CeNi5D0.5 solid solutions.

ndeed, in the LaNi5-based solid solution D atoms occupy two dif-
erent sites, 6m (∼2%) and 12n (3%), in contrast to the �-CeNi5D0.5
here only the 6m sites are partially filled. From volumetric data

f the D absorption capacity, the limiting D content in the �-solid
olution is higher for the Ce-containing �-RENi5Dx, 0.84 at.D/CeNi5,
s compared to the La-containing solution, x = 0.42.

Furthermore, we observe a small difference between the data of
he volumetric measurements and the results of the crystal struc-
ure refinements. This difference can be caused by a presence of
ndistinguishable amounts of the �-deuteride (ca. 5%) in the sam-
le already at 613 bar D2. Such small quantities are difficult to
onfidently identify using the NPD data with a lower resolution,
s at the D1B instrument. However, the high flux beam allowed
ast collection of a single data set, on a time scale of approximately

 min, allowing kinetic measurements of the processes of phase-
tructural transformations caused by absorption or desorption of
euterium gas.

.1.2. ˇ-CeNi5D6.3
NPD data showed complete transformation into the �-deuteride

t D2 pressure of 776 bar. During the deuteration, the unit cell
xpands by 30.1%, with �a/a = 10.0% and �c/c = 7.5%. Volume
xpansion during the formation of the �-CeNi5D6.3 is significantly
arger as compared to LaNi5D6.5 (∼24%) [10]. No superstructure
eaks were observed in the NPD pattern; thus, the structure of the
eNi5D6.3 deuteride was described in the space group P6/mmm.
owever, we cannot exclude possible hydrogen ordering in the

tructure resulting in a doubling of the unit cell and lowering of the
ymmetry, similar as in the �-LaNi5D6+x [11]. The limited resolution
f the obtained NPD data did not allow for this to be verified.

The refinements in the sp.gr. P6/mmm  yielded a satisfactory fit
etween the experimental and calculated data (see Fig. 2). Three
ifferent interstitial sites were found to be partially filled by D
toms, including Ce2Ni22 tetrahedra 6m;  Ce2Ni12Ni2 sites 6i (half
f the octahedron Ce2Ni12Ni2) and tetrahedra Ni4 4 h. Refined deu-
erium content of 6.3(2) at.D/f.u. well agrees with the volumetric

easurements, 6.5 D/f.u. The crystal structure of CeNi5D6.3 deu-
eride is shown in Fig. 3. The crystal structure data for the CeNi5D6.3
re presented in Table 1.

We note that the values of the unit cell parameters for the sat-
rated CeNi5D6.3 deuteride, a = 5.374(2); c = 4.3012(7) Å, are very
lose to the corresponding values for LaNi5D6 [9].  This is in con-
rast to a significant difference between the sizes of the unit cells

or LaNi5 and CeNi5, where a significant contraction of the unit cells
akes place on a replacement of La by Ce. Thus, a decrease of the
e valence from a partial 4+ state in CeNi5 to a trivalent state in
eNi5D6.3 is likely to take place during the hydrogenation process.

able 1
rystallographic data for the �-CeNi5D6.3(2) (20 ◦C, 776 bar D2) deuteride. Sp.gr. P6/mmm;  

iso were fixed for Ce (1.0 Å2), Ni (1.0 Å2) and D (2.0 Å2).

Atom Site x/a y/b z/c 

Ce 1a 0 0 0
Ni1  2b 1/3 2/3 0
Ni2  3g 1/2 0 1/2
D1  6i 1/2 0 0.143(3) 

D2  6m 0.136(2) 0.272(4) 1/2 

D3  4h 1/3 2/3 0.380(–) 
Fig. 3. Crystal structure of the CeNi5D6.3 deuteride. Three types of interstices occu-
pied by D atoms are shown.

It should be noted that without use of in situ diffraction applied
in the present work it is not possible to measure the correct crys-
tallographic data for the saturated deuteride. Indeed, in the work
[8] where a high pressure CeNi5-based hydride was stabilized by
SO2, before performing the ex situ diffraction data, the experi-
mentally measured values of the unit cell parameters were much
smaller (a = 5.368; c = 4.235 Å) as compared to the present study
(a = 5.374(2); c = 4.3012(7) Å) indicating a possible partial H des-

orption from the sample following a pressure decrease within the
homogeneity range of the �-hydride.

Finally, we  have observed a pronounced anisotropic diffraction
peak broadening upon the first hydrogenation of the CeNi5, during

a = 5.374(2); c = 4.3012(7) Å; V = 107.56(5) Å3. Isotropic atomic displacement factors

Occupancy, at.D/unit cell Interatomic Me–D distances, Å

2.99(10) filled 50% Ce–D1 2.76
Ni1–D1 1.67
Ni2–D1 1.54

2.64(8) filled 44% Ce–D2 2.50
Ni2–D2 1.71

0.62(4) filled 16% Ni1–D3 1.63
Ni2–D3 1.63
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Fig. 4. (a) P–C diagrams measured at room temperature for the first D2 absorption–desorption cycle in the ZrFe2−xAlx–D2 systems. The data are collected by the volumetric
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easurements during in situ NPD experiments. Absorption–desorption isotherms f
nd  are given for comparison. (b) Evolution of the NPD pattern during deuterium a
ell.

he �-CeNi5D∼0.5 → �-CeNi5D∼6 transformation. The anisotropic
train broadening is not observed in the initial period of the
ydrogenation, until the �-deuteride appears and, after that,
emains a component of the metal–hydrogen system during fur-
her desorption–absorption cycling. Similar effect was observed
uring the cycling in hydrogen gas of LaNi5 [2,12] and its
elated substituted LaNi5−xMx (M = Co, Mn,  Al, Fe, Cu, Sn) [14].
uch an anisotropic broadening is attributed to misfit dislo-
ations created during the first hydrogenation [13,14]. During
he refinements, the anisotropic peak broadening was  modelled
sing the function developed by Latroche et al. [15], where

t is described as originating from the local variations of the
nit cell parameters a and c of the hexagonal cells, using three
icrostrain coefficients SAA, SCC and CAC. The strain coefficients

btained in this work for the CeNi5D6.3 are SAA = 1.14·10−3 Å−2

nd SCC = 0.3·10−3 Å−2 (correlation parameter CAC was fixed to 1.0)
nd are comparable with those reported for the LaNi5D6.5 deu-
eride (SAA = 0.79·10−3 Å−2 and SCC = 0.08·10−3 Å−2) [9] or for LaNi5
fter several absorption–desorption cycles (SAA = 0.76·10−3 Å−2 and
CC = 0.22·10−3 Å−2) [14]. As suggested in [9,14],  a decrease in the
iscrete unit cell volume expansion values during the � → � tran-
ition in the substituted LaNi5−xMx (M = Co, Mn,  Al, Fe, Cu, Sn) or
verstochiometric LaNi5+x (x = 0–0.5) compounds leads to a reduc-
ion of the strain parameters. Thus, it is natural to propose a similar
xplanation for the CeNi5 → CeNi5D6.3 transformation; here larger,
s compared to the LaNi5D6.5 [9],  values of the microstrain parame-
ers developed during the deuteration of the Ce-based intermetallic
re caused by significantly larger volume expansion during the deu-
erium absorption in CeNi5 (30% for CeNi5 vs. 24% for the LaNi5).

.2. ZrFe2−xAlx–D2 system

ZrFe2 intermetallic compound crystallizes with C15 (MgCu2)
aves-type structure. For three ZrFe2−xAlx alloys with x = 0.02; 0.04
nd 0.20 synthesized by arc melting, SR XRD studies showed that Fe
ubstitution by Al increases the unit cell parameters while remain-
ng as a FCC crystal structure, from a = 7.072 Å for ZrFe2 [4] to

 = 7.08492(8) Å for ZrFe1.98Al0.02, a = 7.08658(7) Å for ZrFe1.96Al0.04
nd a = 7.0978(1) Å for ZrFe1.80Al0.20.

The hydrogenation/deuteration properties were studied at deu-
erium pressures reaching 1600 bar in a Sieverts type volumetric

etup in the laboratory and at D2 pressures up to 1000 bar in the
igh pressure sample cell for the NPD studies of the deuterides
y in situ neutron powder diffraction. In situ studies demonstrated

 very fast kinetics of H/D exchange in the ZrFe2−xAlx hydrides.
 activated ZrFe1.98Al0.02 were obtained during the conventional PCT measurements
tion by ZrFe1.98Al0.02. The asterisks show the peaks from the high-pressure sample

The deuterium uptake for ZrFe1.98Al0.02 after activation by sev-
eral hydrogen absorption–desorption cycles, was measured in the
laboratory using conventional PCT measurements. The maximum
value reached was 3.4 at.D/f.u. (at 1600 bar). This value is very
close to the experimentally observed maximum hydrogen absorp-
tion capacity of the ZrFe2 intermetallic alloy of 3.5 at.H/f.u. at
1800 bar and room temperature [16]. For the NPD studies, the
absorption was performed at room temperature without prelim-
inary activation of the as-cast samples (0.5–1 mm). Because of
absence of activation and cycling, and as a result of lower syn-
thesis pressure applied, maximum reached D storage capacity
was slightly lower than in the Sieverts 1600 bar D2 experi-
ment, reaching 3.0 at.D/f.u. for ZrFe1.98Al0.02 and 2.9 at.D/f.u. for
ZrFe1.96Al0.04.

The measurements of the PCT isotherms showed:

a) A significant effect of aluminium, even at its low content, on the
thermodynamics of the hydrogenation/deuteration process of
ZrFe2−xAlx. Indeed, as can be seen from Fig. 4b, the midpoint
of the plateau for the � → � transformation during the first
deuteration is observed at ∼560 bar D2 for ZrFe1.98Al0.02, and
at ∼410 bar for ZrFe1.96Al0.04. These pressures are significantly
reduced as compared to the ZrFe2–H2 system, where the first
H absorption plateau at room temperature is above 1 kbar, at
1120 bar [16].

b) On the second and further absorption cycles, the equi-
librium pressure of hydrogen absorption is significantly
reduced, to 690 bar for ZrFe2–H2 [16] and to 430 bar for the
ZrFe1.98Al0.02–D2 systems.

(c) A pronounced hysteresis between the D2 pressures of desorp-
tion and absorption during the first charge–discharge cycle.
The hysteresis is, however, significantly reduced during the
absorption–desorption cycling (see Fig. 4a).

Similar variations in plateau pressures and hysteresis between
the first absorption–desorption cycle and further cycles are typical
for a number of intermetallic hydrides and were earlier observed for
the LaNi5–H2 [17] and CeNi5–H2 [8] systems. Such hysteresis was
attributed to the extra energy required for the formation of imper-
fect microstructure via generation of the lattice defects during the

first cycle of hydrogen absorption–desorption [8,18].  When a cer-
tain level of the defects is reached, the activated microstructure
is established, and the PCT isotherms become fully reproducible
during the following hydrogenation–dehydrogenation cycles.
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ig. 5. Neutron powder diffraction pattern for the ZrFe1.98Al0.02D3 deuteride show-
ng  observed (+), calculated (—) and difference (bottom line) profiles.

Deuteration resulted in expansion of the unit cells reach-
ng �V/V = 23.5% (a = 7.6003(5) Å) for ZrFe1.98Al0.02D2.9(1);
3.2% (a = 7.5966(5) Å) for ZrFe1.96Al0.04D2.9(2) and 18.6% for
rFe1.8Al0.2D2.7(2) (a = 7.5141(5) Å). Deuterium content in the
euterides yielded from Rietveld refinements of the samples
tudied by in situ PND, agrees with the data of the volumetric
easurements (Fig. 4b). Detailed data on the studied crystal

tructures of the ZrFe2−xAlx-based deuterides is given in Table 2.
euteration proceeds via a formation of a two-phase region � + �,

nstead of a formation of a continuous solid solution of deuterium
n the metal matrix; saturation of the sample with deuterium is
eached around 1000 bar D2 (Fig. 4b).

The refinements of the NPD data (Fig. 5) showed that D atoms
ccupy the Zr2(Fe,Al)2 tetrahedra 96 g (x = 0.32; y = x; z = 0.13; occu-
ancy ∼24%). Interatomic distances Me–D within the tetrahedra
re: dZr–D = 2.01–2.08; d(Fe,Al)–D = 1.75 Å. The latter distances do not
xclude a possibility of the occupancy of the Al-substituted sites by
/D, as such a distance is in a typical range for the Al–H bonding

n the crystal structures of the polymorphs of aluminium hydride,
.66–1.79 Å [19] (Fig. 6).

From NPD data it was found that initial intermetallic alloys
nd their corresponding deuterides are ferromagnetic. Mag-
etic moments of Fe at room temperature for ZrFe1.98Al0.02 and
rFe1.96Al0.04 slightly increase from the alloy/D solid solution to
he corresponding deuteride, similar to the ZrFe2 based deuteride
4]. Fe replacement by Al slightly decreases the saturation magneti-

ation, which is not significantly temperature-dependent between
he temperatures 4.1–320 K (in the field of 100 Oe). Magnetization
tudies of the initial ZrFe1.98Al0.02 alloy showed that its saturation

Fig. 6. The crystal structure of the ZrFe2−xAlxDy deuteride. Ta
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agnetization is reached in the applied field of 4 kOe and is equal
o 2.55 �B/f.u. at room temperature and 3.29 �B/f.u. at 4.1 K. How-
ver, NPD studies of the ZrFe1.98Al0.02 yielded a higher refined value
f the magnetic moment on Fe atoms, 3.8(2) �B/f.u. The agree-
ent between the magnetization data and the NPD was  reached

y assuming a ferromagnetic structure with an induced moment of
.2(2) �B on the Zr site and antiparallel alignment of the magnetic
oment on Fe and on Zr. On deuteration, the magnetic moment

n Fe increases from 1.9 �B for ZrFe1.98Al0.02 and ZrFe1.96Al0.04 to
.2 �B for both ZrFe1.98Al0.02D2.9 and ZrFe1.96Al0.04D2.9. However,
or the alloy with the highest Al content, ZrFe1.8Al0.2, the trend is
eversed. The magnetic moment on Fe, 1.9 �B, decreases to 1.2 �B
n deuteration.

Similar magnetic structures as observed for ZrFe1.98Al0.02 and
rFe1.98Al0.02D2.9 were earlier reported for ZrFe2 [20] and ZrFe2D2.7
4].

. Summary and conclusions

This work presents the data of the neutron powder diffraction,
ressure–composition–temperature and magnetization measure-
ents studies of two most commonly used groups of the

ydrogen storage intermetallics, belonging to Haucke and Laves
ype compounds, and studied at high hydrogen/deuterium pres-
ures up to 1600 bar. Phase-structural transformations in two
tudied systems, including CeNi5–D2 and ZrFe2−xAlx (x = 0.02; 0.04;
.20)–D2, were investigated by in situ NPD at pressures up to
000 bar.

Formation of the saturated CeNi5D6.3 deuteride results in filling
f three types of interstices, Ce2Ni2, Ni4, and Ce2Ni3 and is accom-
anied by a very significant volume expansion (30.1%) and a change
f Ce valence to Ce3+.

Al substitution for Fe in ZrFe2 to form ZrFe2−xAlx (x = 0.02;
.04; 0.20) significantly decreases deuterium absorption pressures
nd results in a very fast kinetics of H/D exchange in the formed
ydrides. Deuterium absorption capacity, hysteresis of H/D absorp-
ion and desorption, the unit cell expansion and stability of the
ydrides systematically change with Al content. In the ZrFe2−xAlx-
ased deuterides D atoms exclusively occupy the Zr2(Fe,Al)2
etrahedra. Observed interatomic distances are Zr–D = 1.98–2.11;
Fe, Al)–D = 1.70–1.75 Å.

In the ZrFe2−xAlx-based hydrides (x = 0.02; 0.04), hydrogen
bsorption was found to slightly increase the magnetic moments
n the Fe atoms, from 1.9 �B at RT for the alloy to 2.2 �B at RT for
ts deuteride.

In conclusion, this work clearly demonstrates a great potential

f the in situ neutron powder diffraction in probing the mechanism
f the hydrogenation to form solid hydrogen storage materials.
eutron scattering at high pressures not only provides an insight

nto the metal–hydrogen bonding by establishing hydrogen

[

[

mpounds 509S (2011) S817– S822

neighborhood and relative population of different sites, but also
shows a thermodynamic difference between the hydrogenation
and hydrogen desorption processes and changes in the behaviors
of cycling of hydrogen uptake and release. Further development of
in situ NPD studies, particularly in combination with SR XRD of the
metal–hydrogen systems, should be considered as a very relevant
and important task in discovery and optimization of the novel and
advanced hydrogen storage materials.
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