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Hydrogenation of hexagonal Ce,Ni; was investigated by synchrotron X-ray and neutron powder diffraction. In contrast
to the recently investigated lanthanum analogue, which remains hexagonal (La;Ni;Dgs: space group P6s/mmc),
the cerium compound becomes orthorhombic (Ce;NizD-4: space group Pmcn). As in the structurally related CeNizDas,
deuterium occupies CeNi, slabs only, while the bulk of the CeNis slabs remains empty. A significant amount of
deuterium is bonded in tetrahedral NiD, units similar to those in nickel-based complex metal hydrides. These
findings provide further evidence for directional bonding effects in hydrides that are traditionally considered as
“interstitial”. Ce,Ni;D-4 displays various orthorhombic lattice distortions, 6 = (b/x/3 — a)/a. Hydrogen pressures of
~30 bar stabilize a phase having a negative distortion (6 < 0). Upon a decrease in the pressure, this phase
transforms via a two-phase region into another phase having a positive distortion (6 > 0). Both phases are nearly
isostructural and have the same space group symmetry and nearly the same composition. This situation is typical
for a so-called anti-isostructural phase transition in which ¢ is considered to be an order parameter. Neither magnetic
nor structural transitions have been detected down to 1.5 K.

1. Introduction one (CeNiD;g) has been fully structurally characterized.
Striking aspects of both hydrides are their equilibrium
Because of their superior properties for applications in pressures, structural distortions, and H atom distributions.
rechargeable metal hydride batteries, intermetallic com- For CeNgH,, the equilibrium pressure was reported to be
pounds of composition H7 and R (R = rare earth; T= 0.1 bar at 50°C# Upon hydrogenation, the structure of
transition element) and their hydrides are of renewed CeNk undergoes an anomalous expansion along the hex-
interestt The compounds occurring in the €B8li system agonalc axis (~30%) and a small contraction in the basal
have closely related but distinctly different crystal structures. plane?® As shown by a recent neutron powder diffraction
CeNiy crystallizes in its own structure tygdt contains two (NPD) study? the deuteride CelD, g has an orthorhombic
sorts of structural slabs that alternate along the hexagonaldistorted structure in which eight D atom sites fill exclusively
axis, one consisting of double layers of Ceka fragment ~ CeNk slabs, with the CeNislabs remaining empty. Fur-
of CaCy type structure) and the other of double layers of thermore, in contrast to most other “interstitial” hydrides,
CeNj, (a fragment of MgCuitype structure). CeNis closely some of the H atoms do not fill interstices that exist in the
related to CgNi;, except that it contains single, not double, intermetallic compound but occupy newly created ones.
layers in the CeNislabs. Both compounds react easily with This anomaly cannot be explained by the interstitial concept.

hydrogen and form so-called “interstitial” hydrides, of which C&Niz shows a very similar behavior. The equilibrium
pressure of its nearly stoichiometric hydride,RgH, is

0.2 bar at 50°C/* i.e., only slightly higher than that of
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Its lattice also expands strongly along the hexagareatis Four consecutive powder patterns were collected for 1.5 h each.
(by ~21%), while it stays nearly unchanged in the basal The in situ experiment was stopped when virtually no further

plane. Its H atom distribution, however, has not been changes of the diffraction pattern were observed in time. In the
reported yet. second stage, the sample was left in the capillary after the in situ

In an attempt to understand better the properties of both experiment for 3 days to reach a final equilibrium, and an ex situ

hvdrid h i H ¢ . tinated b powder pattern was collected then for 10 h. All measurements

yan _es’_ € C_m” SYS em was Inves 'gae_ y_ & \vere carried out at the high-resolution powder diffraction station
combination of high-resolution synchrotron X-ray diffraction gymo1B at the Swiss-Norwegian Beam Lines at ESRE:=

preferred hydrogen occupancies in the same structural slabsize 0.004.

as in CeNiHz g, directional bonding effects, and a new type 2.3, NPD on CeNi;D,. Deuterided samples were prepared a
of structural phase transition in metdlydrogen systems. few days before the diffraction experiments, examined with X-ray
Furthermore, in contrast to the analogue lanthanum systempowder diffraction, filled into vanadium containers, and tightly
La;Ni—H, which remains hexagonal (kMi;Dgs space sealed with indium wire. The NPD measurements were performed
groupP6y/mmag,’ the cerium system displays various orthor- at the Swiss spallation neutron source SINQ at Paul Scherrer Institut
hombic lattice distortions. Given that these distortions are (PS) in Villigen, Switzerland. One sample was measured at room
substantially smaller than those reported for GEMj,3 the temperature on HRPT in order to locate the D atoirs (1.49381-

structural characterization of this system presented a major(z) A, 20 range 4-164, step size 0.1 data collection time 6 h).
challenge Another sample was measured at low temperature-(158 K) on

DMC in order to check for possible magnetic and structural

transitions and to search for a possible increase of the orthorhombic

lattice distortion. Fast scans were monitored while cooling the
2.1. SynthesisSamples of nominal composition ¥ were sample from 293 to 1.5 K, and then four patterns were collected at

prepared by arc-melting cerium (99.93%, Ames Laboratory) and constant temperatures of 1.5, 50, 100, and 150 k=(2.5687(1)

nickel (99.9+%, Alfa) pieces under an argon atmosphere, annealing A 20 range 19-10C", step size 0.3, data collection tire 6 h at

the ingots at 870C for 2 months (quartz tube and 1 bar of argon), 1.5 K and 1.5 h at each of the three other temperatures). Standard

and quenching in cold water. Although special protective measures, NAC and silicon samples were used to calibrate the wavelengths

such as wrapping the intermetallic compound in tantalum foil, were @nd the diffractometers’ zero shifts. Owing to the limited instru-

not taken during annealing, no reaction with quartz was observed. mental resolution, the orthorhombic peak splitting was not visually

X-ray powder diffraction revealed a well-crystallized hexagonat Ce ~ detectable on either one of the two instruments.

Ni7; phase having cell parameters that did not vary significantly o

among different samplesa = 4.93914(18) Ac = 24.4989(8) A, 3. Structure Determination

andV = 517.58(3) A& for the first samplea = 4.93847(10) Ac . .
— 24.4963(4) A, and/ — 517.388(18) A for the second sample. 3.1. Metal Atom Substrucf[ure. The diffraction data.of
Jwydrogenated/deuterated LBk, revealed a strongly aniso-

The first sample was subsequently deuterided and characterize . . i ; L .
with low-temperature NPD. The second sample was fully character- [rOPIC lattice expansion, with the hexagoualxis increasing

ized by X-ray powder diffraction (see the Supporting Information). by ~21% and the basal plane _contracting £y0.8%.
Rietveld refinement confirmed the structure oble? and showed ~ Furthermore, the synchrotron ex situ measurements showed

an excellent quality of the sample, which contained 92% of the peak splitting, corresponding to an orthorhombic distortion
main phase and 8% of CeNiThe sample was then splitinto two  of the parent hexagonal lattice. A satisfactory description of
parts, so that its hydride and deuteride could be characterized atthijs splitting was provided in space gro@mcm a maximal
room temperature with synchrotron diffraction and NPD, respec- sybgroup of P6s/mmc (symmetry of the hydrogen-free
tively. structure). The cell parameter relationships between hex-
De“tera“O? E}Q gas)’ 99.8%; AG'S‘) and hydrog:enationz(gas, agonal CeNi; (h) and its orthorhombic hydride (o) afe=a
99.9999%; Alphagas) were carried out in autoclaves atGirC = h —& T - _ & :
for 2 days and deuterium/hydrogen pressures of-3D bar. ?l].'bo =+ 2y, anddQ, I_f e Etartlng Ifrom the pt;';lrent Ge f
Preliminary examination of the reaction products with X-ray powder 7 struqture, a model for the meta_ atom substructure o
diffraction showed a uniaxial expansion of the hexagonal cell along thg hydride Was. created mmcmbY usmgPowderpeﬂ and
the ¢ axis, with a cell volume increase of +20%. A splitting of refined by the Rietveld method wikullProf.® A fairly good
some diffraction peaks suggested the presence of a small orthor-fit and a reasonable geometry of the metal atom substructure
hombic lattice distortion. supported this symmetry lowering. However, structure
2.2. Synchrotron Powder Diffraction on CeNi;Hy. The refinements inCmcmrevealed the Spllttlng of a Ni atom
synchrotron experiment was conducted in two stages. First, the Ce position located in the middle of the Celilab. The resulting
Ni; sample was loaded under 30 bar of hydrogen pressure, takenNi—Ni dumbbells were aligned along tleeaxis, showed an
out of the autoclave, and filled into an open glass capillary. A set occupancy of~50%, and displayed unreasonably short
of consecutive diffraction patterns was collected shortly after. This gistances (Ni-Ni ~ 2 A). This apparent disorder suggested
in situ experiment was aimed at revealing any possible phase that the symmetry had to be further lowered. An analysis of

transformation of hydrogenated £&; during the release of the group-subgroup relations revealed that only two maxi-
hydrogen pressure to atmospheric pressure. The measurements

started~5 min after opening of the autoclave and lasted for 6 h.

2. Experimental Part

(7) Kraus, W.; Nolze, GPowderCell version 2.3; Federal Institute for
Materials Research and Testing: Berlin, Germany, 1999.

(6) Yartys, V. A.; Riabov, A. B.; Denys, R. V.; Sato, M.; Delaplane, R. (8) Rodriguez-Carvajal, Fullprof Suite LLB Sacley & LCSIM: Rennes,
G. J. Alloys Compd2006 408412 273-279. France, 2003.
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Figure 1. Synchrotron powder diffraction pattern for £&;Hy. Observed
(points), calculated (line), and difference (bottom line) patterns are
shown. Vertical bars indicate positions of Bragg peaks. The bottom row of
vertical bars indicates Bragg positions of the secondary phases#&GaNi
and CeNiv).
mal non-isomorphic space groups G@fncmlead to fully
ordered structures. These &mcnandPmnm both having
the same unit cell a€mcm Indeed, some weak reflections
violated the latticeC centering. Thus, new structure models
were created ifPmcnandPmnmby usingPowderCell and
tested against the data. The fits of both models were
satisfactory, but that oPmcnwas slightly better. Conse-
quently, the latter space group was retained and later
confirmed by successfully locating the D atoms from the
NPD data (see section 3.3).

For the CeNi;Hyx phase, 33 coordinates (4 Ge 11 Ni
atoms) and 3 atomic displacement parameters were refined
including a common displacement parameter for the two Ce
sites and the Ni atom site in the CeNliab, another for the
remaining two Ce sites, and a third for the remaining 10 Ni
sites. In addition;~5% of CeNgH, g and traces of unreacted

CeNiz were included as secondary phases in the refinement.

The background was described by a Fourier-filtered smooth
function. The final refinement on the synchrotron data in
space groug®mcngave the following cell parameters and
agreement indicesa = 4.87726(12) Ab = 8.5291(2) A,
c = 29.6257(8) AV = 1232.40(5) &R Rs = 0.097,R: =
0.101,y%2 = 8.55,R, = 0.183,R,, = 0.177, 3579 “indepen-
dent” reflections, and 358 “effective” (accounting resolutfon)
reflections. The observed, calculated, and difference pattern
are shown in Figure 1.

3.2. Structural Phase Transition. The intensity profile
of the in situ synchrotron data taken on a sample freshly
charged with 30 bar of hydrogen pressure changed slowly
with time. The first pattern was successfully modeled with
a single CeNi;Hx phase having the same metal atom
arrangement as that determined from the ex situ data (se
the previous section). However, its cell parameters were
significantly different. While thec parameter and the cell
volume were very close to those listed in section 3.1,ahe
andb parameters indicated a different type of orthorhombic
distortion, 8 = (b/v/3 — a)/a, of the parent hexagonal
structure. Whiled was positive for the ex situ synchrotron
data ¢ = +0.96%), it was negative for the in situ data=<

—0.67%). The second and third data sets suggested a mixture

between two CfNi;Hy phases having opposite signs df
(see Figure 2). The fourth pattern displayed an almost pure

2916 Inorganic Chemistry, Vol. 46, No. 7, 2007
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Figure 2. Fragments of the in situ synchrotron powder diffraction patterns
collected on the G\izHy sample freshly charged with 30 bar of hydrogen.
The phase having a negativé (pattern 1; Laue indices in bold)
transforms with time into a phase having a positgattern 4; Laue indices

in italics). Two-phase mixtures are observed on patterns 2 and 3. Laue
indices for the average hexagonal structure (H) are indicated on the top of
the diagram.

Table 1. Cell Parameters and Orthorhombic Lattice Distortiahsof
CeNizHx Constituting the Majority Phase in Each of the Four Consec-
utively Measured in Situ Synchrotron Powder Diffraction Patterns

pattern
no. a A b, A c A vV, A3 02%
1 4.92041(13) 8.4650(2)  29.7033(7) 1237.18(510.67
2 4.91840(15) 8.4618(2)  29.6753(7) 1235.04(6)0.67
3 4.88077(14) 85219(2)  29.6523(6) 1233.34(5)0.81
4 4.87688(10) 8.52590(17) 29.6322(6) 1232.10(4)0.93

aDegree of orthorhombic distortion defined &s= (b/+/3 — a)/a.
phase withd = +0.93%, very close to that found in the ex
situ data. It is important to note that the whole set of in situ
data -4 could not be modeled in a satisfactory manner with
a single CeNi;Hx phase, even if variable degrees of
orthorhombic distortion) were assumed. Cell parameters
of the majority of the CéNi;Hx phases apparent in each of
the four in situ patterns are listed in Table 1.

3.3. Determination of D Atom Positions from NPD.
Because of the intrinsically limited resolution of the NPD
data, the orthorhombic distortion in @Dy did not show
up as individual peak splittings as in the synchrotron data
but appeared as a complex peaks’ profile. Therefore, the D
atom positions (which presumably break the hexagonal
symmetry of the structure and induce the orthorhombic
distortion) had to be located ab initio by FOX his program
uses global optimization algorithms to solve a structure by
trial and error in direct space. The starting models were based
on the orthorhombic space groupmcnandPmnmand the
corresponding metal atom positions derived from the syn-
chrotron data and augmented by using the NPD data as
collected on HRPT. Reasonably good solutions were obtained
in both space groups. However, orfymcnallowed all D
atoms to be located on difference nuclear density maps and
the entire structure to be refined in a satisfactory manner by
the Rietveld methoéIn total, eight D atom positions were
identified, of which two were partially occupied. The refined
deuterium content of this phase corresponds to the formula

(9) Favre-Nicolin, V.; CerhyR. J. Appl. Crystallogr.2002 35, 734~
743.
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Figure 3. Observed (points), calculated (line), and difference (bottom line)
NPD patterns for the Ghli;D~4 sample. The bottom row of vertical bars
indicates Bragg positions of the secondary phase (€21Y).

CeNi7Da411(4) (see section 4.1) and will be referred to by
CeNisD-4 hereon.
For the CeNi;D~4 phase, 50 atomic coordinates (4 €e

Table 2. Parameters of the Pseudohexagonal Unit Cell, Refined for the
CeNi7D~4 Structure from the Low-Temperature NPD Data

T,K a A c A vV, A3
15 4.8917(3) 29.612(4) 613.63(10)
50 4.8918(3) 29.614(4) 613.72(10)
100 4.8927(3) 29.622(4) 614.09(10)
150 4.8948(3) 29.632(4) 614.84(10)

sections 3.£3.3), a low-temperature NPD study was aimed
at finding conditions under which the positive distortion
becomes possibly more pronounced. Unfortunately, the
sample cooling did not increas® in a notable manner.
Because the peak splitting was not resolved, the cell
parameters at low temperatures were refined in the ap-
proximation of a pseudohexagonal lattice (Table 2). The
thermal cell expansion was nearly isotropic, and neither
magnetic nor structural transitions were detected down to
1.5K.

11 Ni + 8 D) and 6 atomic displacement parameters were 4. Results and Discussion

refined, one for the two Ce sites in the CgNlab, another
for the remaining two Ce sites, one for the Ni site in the

CeNk, slab, one for the remaining 10 Ni atoms, one for the LaNi-Des,

D atoms belonging to tetrahedral Nj[groups (see section

4.2), and one for the remaining D atoms. A secondary phase

of composition CeND,s (~5 wt %) was modeled by

refining a scale factor only. The background was described

4.1. Environment of D Atom Sites and Comparison
with CeNizD,g and LasNi;Des. Similar to CeNiD, ¢ and
6 the D atoms in CfNi-D.4 are located either in
the CeNj slab or on the boundary of the CeNind CeN4
slabs. With respect to their metal atom environment and
location in the structure, the fully occupied BD6 sites
are practically identical to the BDAD6 sites in CeNiD,s.

by 12 points. The final refinement on the HRPT data in space However, the partially occupied D7 and D8 sites are different

group Pmcnresulted in the following cell parameters and
agreement indicesa = 4.8845(3) Ab = 8.5069(6) Ac =
29.6073(17) AV = 1230.25(14) A Rs = 0.028,R- =
0.016,y2=11.1,R, = 0.063,R,, = 0.071, 2892 “indepen-
dent” reflections, and 182 “effective” (accounting resolutfon)

reflections. The observed, calculated, and difference patterns

are shown in Figure 3.

While the diffraction intensities were successfully resolved

from those in CeND, s. Metal-deuterium distances within
the D atoms’ coordination polyhedra of £8&;D..4 are listed

in Table 3. A concise description of the D atom sites and
their comparison with those in the related structures is given
as follows:

(i) The D1 site is located within a GNi; antiprism,
originating from a D-induced deformation of a Nite in

the parent CéNi; structure. It is equivalent to the D1 sites

using the profile information during the Rietveld refinement, in CeNiD»s and LaNi-Dgs

strong parameter correlations complicated the elucidation of

(i) The D2 site is located within another g4z antiprism,

those structural details that violated hexagonal symmetry. originating from a D-induced deformation of a CeNite

This explains the somewhat higher uncertainties in the D

in the parent CéNi; structure. It is equivalent to the D2 sites

atoms’ positions as compared to other accurate NPD experi-;, CeNiDys and LaNi-Des,

ments (for example, see réf) in spite of the fact that a

very good fit to the data has been achieved. The refined cell
parameters converged well at an orthorhombic distortion of

0 = +0.55%. Although the absolute value &fcould be

slightly underestimated because of the high correlations, the
fact thato is positive is beyond any doubt and in agreement

with the ex situ synchrotron diffraction study. It is interesting
to note that the orthorhombic distortion in CgNjs (0 =

(iii) The D3 site is located within a GBli tetrahedron, a
new interstice formed by a strong D-induced expansion of
the CeNj slab. It is equivalent to the D3 site in CeNp g
and to the half-occupied D3 site in 4¥i;Dgs.

(iv) The D4 site is located within a GNli, tetrahedron,
an interstice existing in the parent B&; structure. It is
equivalent to the D4 site in CepD, s and similar to the D4
site in LaNi;Ds s It is remarkable that the D4 sites in £e

+1.37%) has the same sign and is almost 3 times biggerNhDN4 and CeNiD, provide 0.65-0.75 D atoms per Ce

than that in CeNi;D~.4. Clearly, at such large distortions,

the positions of the D atoms can be determined more

precisely and/or more easily.

3.4. Low-Temperature Behavior of CeNi;D~4 As Stud-
ied by NPD. Given that the samples used in the ex situ
diffraction studies consisted of a single 8é&H(D)x phase
with orthorhombic distortions smaller than= ~+1% (see

(10) Filinchuk, Y. E.; Sheptyakov, D.; Yvon, Kl. Alloys Compd2006
413 106-113.

atom of the CeNislab, while the high-multiplicity D4 site
in the hexagonal lanthanum analogueNiaDg s provides 3
D atoms per La atom of the Lajslab.

(v) The D5 site is located within a GNi tetrahedron, a
new interstice formed by a strong D-induced expansion of
the CeNj slab. It is equivalent to the D5 site in CeNpg
and to the D3 site in LNi;De 5.

(vi) The D6 site is located within a itetrahedron, an
interstice existing in the parent @\i; structure. It is

Inorganic Chemistry, Vol. 46, No. 7, 2007 2917
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Table 3. Selected Interatomic Distances (A) and Angles (deg) ifNG®-4 from NPD Data

D atoms’ environment Ni atoms’ environment
D1-Cel 2.98(3) 2 D5-Cel 2.55(4) Ni+-D3 1.56(4)
D1-Ce2 2.56(5) D5 Ce2 2.61(4) Ni+-D5 1.89(2)x 2
D1-Ni8 1.83(3) D5-Ce2 2.31(4) Ni+-D6 1.72(3)
D1-Ni10 1.65(2)x 2 D5—Nil 1.89(2) D3-Ni1—D5 101(2)x 2
D2—Cel 2.84(5) D6-Nil 1.72(3) D3-Ni1—D6 128(3)
D2—-Ce2 2.78(2)x 2 D6—Ni9 1.64(3) D5-Ni1—D5 76.7(16)
D2—-Ni9 1.63(3) D6-Nill 1.82(3)x2 D5-Ni1—D6 119(2)x 2
D2-Ni10 1.828(17)x 2 D7—Cel 2.47(4) Nig-D1 1.83(3)
D3—Cel 2.705(18x 2 D7—Ce2 2.48(5) Nig-D2 1.63(3)
D3—Cel 2.07(5) D7Nil 2.584(11)x 2 Ni9—D6 1.64(3)
D3-Nil 1.56(4) D7-Nill 2.48(3)x 2 Ni10-D1 1.650(20)
D4—Cel 2.03(4) D8 Ce2 2.40(6) Ni1e-D2 1.828(17)
D4—Ce3 2.53(4) D& Ce4 2.70(5) Ni1le-D4 1.719(15)
D4—Ni10 1.719(15)x 2 D8—Nill 1.38(2)x 2 Ni11-D6 1.82(3)
Ni11-D8 1.38(2)
equivalent to the D6 site in Cepl, s and has no analogue o'_"
in LagNi7Dg 5. =
.. . . . . [P - TST S TR W
(vii) The partially occupied D7 site has an irregular AR » o
coordination polyhedron made of two close Ce atoms and oo oo ik
four distant Ni atoms. It has no analogues in GENi and ATl ~ M el ="l =i

La;NizDss. As to the D7 site in CeND» g, its environment

. ) ) q CeNi: || d .
consists of two Ce atoms and one Ni atom. b et sl i I’I B SIe® s

Ni8 Nil0 Ni9 Nill Ni2 Ni6 Ni5 Ni7
G -6 -@ (4]

(viii) The partially occupied D8 site is located within a i o T it il SR et v de
CeNi, tetrahedron, an interstice existing in the parent-Ce - D2 ¢ it CeNi, Pg D2 ¢ __.;_JNn
Ni- structure. It is similar, although not equivalent, to the @ o0 B Ds D3
D8 site in CeNiD, s and to the D4 site in LiNizDes. DY © D ¥ | © p1 %7

The partial occupancy observed for the two latter D sites ik e 37 o i e i ©---€-¢5,6D8
is consistent with the observed decrease in the cell volume olls olleilsle ® Do ¢ (¢

(Table 1) because the H-loaded N sample was kept
under ambient conditions. The volume contraction is pre-
sumably due to hydrogen desorption from the D7 and D8 © 00 o o ¢

e ¢ ¢ © ®: & ¢ [+

sites. Because there are no short contacts between these A O
partially occupied sites, they can possibly be fully populated g - ¢
and depopulated. This corresponds to the possible compo- o ' L_h
sitional range C#Ni;Ds3s-45 as compared to the refined i
composition CgNi-D4114y The shortest BD distance is a) b)
D2—D4 = 1.87(3) A; all other B-D distances are longer  Figure 4. Crystal structure of G#\izD4 with & > 0 (a) and CeND2.s
than 2.1 A. (b). Atom Iabels are show_n o_nIy for D atoms and D-bonded Ni atoms;
tetrahedral NiQQ units are highlighted.
4.2. Anisotropic Lattice Expansion and Formation of
Tetrahedral NiD 4 Units. The cerium compounds @i;D-4 atom in CeNi-D,.11, as compared to 5.75%er D atom in
and CeNiD, g and the lanthanum compound Di;Ds all CeNigD2 773
show anomalous lattice expansions along the hexagonal axes An inspection of the D atom environment around
of their respective D-free compoundAq/c = ~20—21% nickel reveals a remarkable feature: as shown in Figure

for CeNivD~4 and LaNi-Dss and ~30% for CeNiD-.g), 4a, the Ni atoms located in the center of the Gediib (Nil)
while their basal planes remain nearly unchanged. In all threein CeNi-D~4 are surrounded by four fully occupied D
structures, deuterium enters the Mg@ype slabs only, while ~ sites (D3, two D5, and D6) in a deformed tetrahedral
the bulk of the CaCutype slabs remains empty. Conse- configuration. Similar tetrahedral Niunits also occur in
quently, the relative expansion of the Mg@ype slabs along ~ the CeNj slab of CeNiD, s (see Figure 4b). They display
the ¢ axis is considerable and reache80% in CeNi;D,. ~ Ni—D bond lengths and BNi—D bond angles in the
However, because the CeNslab is nearly unchanged, 'anges 1.561.89 A and 77128, respectively, for Ce

the total volume expansion of the structure amounts only to Ni7D~4 and 1}'59—1'_65 A and OF122, res]!)e(r:]tivelyf f?r
AVIV = ~19%. Although this value is lower than that CeNDzs The units are reminiscent of the [NIM

reported for other Ce-containing deuterides such as GeMn complexes as found in transition-metal hydrides such as

= ~ 04)11 i
AloHaa (AVIV 43%)," the V0|ume.eXpanS|0n per D (11) Filinchuk, Y. E.; Sheptyakov, D.; Hilscher, G.; Yvon, B. Alloys
atom sets a new record for metal hydrides: 5.958r D Compd.2003 356—357, 673-678.
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MgoNiH4, CaMgNiH,'? LaMgNiH7,'® and LaMgNiHg'4

4.3. Anti-isostructural Phase Transition. The structural

and thus suggest the presence of directional-bonding effectsphase transition observed during the release of hydrogen

Among these hydrides, some derive from intermetallic
compounds (MgNi, LaMg:Ni, and LaMgNiy) and are of
interest because of their hydrogenation-induced metal
insulator transitiong®1°

Hydrogenation-induced symmetry-breaking and directional-
bonding effects also occur in the HaNID,° and ErNg—

pressure over the GNi;H, sample (see sections 2.2 and 3.2)
involves two orthorhombic phases. Both derive from the
same hexagonal structure and have the same space group
symmetry but display different orthorhombic distortions,

At high pressure, the GHli-Hx phase has a negative distortion

(6 < 0). Upon pressure release, it transforms via a two-phase

D,16 systems, whose rhombohedral parent structures are quitd€9'0" into another phase having a positive distortidrr (

similar to those of CfNi; and CeNi. At low deuterium
pressure, HoNiand ErNg form D-poor ;1 phases, which
have a lower symmetry than the corresponding intermetallic
compounds and, in contrast to £8&;D-4, contain ordered
pyramidal NiD; units rather than tetrahedral NjQunits
within the RN slabs. Tetrahedral Niunits possibly form

in the ErNg—D; system only at relatively high deuterium
pressuré?® It is striking that only the RNi slabs expand in

0). This situation is typical for a so-called anti-isostructural
phase transition, in which is considered as a measure of
an order parameter (ref 17 and references cited therein). The
existence of such a transition has important implications.
Using Landau theory, it was shoWnthat it implies the
existence of a third phase having higher symmetry, called a
parent phase. Provided that the transitions are not reconstruc-
tive, the symmetry of the parent phase corresponds generally
to a supergroup of the two low-symmetry structures and,

these structures and that the expansion occurs exclusivelyih 4 few exceptions, that phase is more stable at higher

along the hexagonat axis. Although the expansion is
relatively small Ac/c = ~14%), the structural changes are
very similar to those observed in @&7D-, and CeNiD, s,
especially at low D contents of1.3 D atoms per RNi
formula. The tetrahedral NiDunits do not break the
symmetry further but order within the rhombohedral cell in
a parallel orientation. Note in GMi;D~, and CeNiD, g that
these units order in an antiparallel orientation (Figure 4).

Finally, in CeNi;D~4 only 5 out of 11 Ni sites have D

temperatures. The generic phase diagram predicts a first-
order transition between the two low-symmetry anti-isos-
tructural phases (which we actually observed) as well as first-
order transitions between the high- and low-symmetry
phasegd’ This means that under certain pressure and tem-
perature conditions one should be able to remove the
orthorhombic distortion altogether, thus stabilizing a disor-
dered hexagonal GHi7Hx structure having®6s/mmcsym-
metry. Unfortunately, the phenomenological theory neither

atoms among their nearest neighbors (see Table 3). Inallows one to predict the exact conditions under which the

contrast to the site forming tetrahedral Ninits (Nil), the
other sites (Ni8-Nil1l) are located on the boundary between
the CeNj and CeNi slabs. Similar D-site preferences are
also observed for CebD; s (see Figure 4). Interestingly, the
structural similarity between GMi;D., and CeNiD2g

parent phase should be stable nor says whether these
conditions are achievable, i.e., whether the pressure and
temperature assume positive values. Experimentally, pressure
and temperature variations can be simulated to a certain
degree by isomorphous chemical replacement. Thus, at some

also extends to their hydrogen sorption properties. Despite'evel of compositional substitution, compatible with the

their different chemical compositions, both compounds have

very similar plateau pressures (respectively 0.2 and 0.1 bar

at 50°C). Taken together, these structural findings not only
provide further evidence for directional-bonding effects in
hydrides that are traditionally considered as “interstitfal”
but also suggest that the thermal stability of metal hydrides
having composite crystal structures can be correlated wit
metal-hydrogen bond formation/breaking in specific struc-
tural units. Clearly, more structure work is necessary to put
such correlations on firmer grounds. As to theoretical
calculations, they are also desirable but exceedingly difficult
to perform at the level of accuracy required for explaining
thermodynamic properties, given the structural complexity
and disorder of the metahydrogen systems involved.

(12) Yvon, K.; Renaudin, G. Hydrides: Solid State Transition Metal
ComplexesEncyclopedia of Inorganic Chemistrgnd ed.; John Wiley
& Sons Ltd.: New York, 2005.

(13) Renaudin, G.; Gunee, L.; Yvon, K.J. Alloys Compd2003 350, 145~
150.

(14) Chotard, J.-N.; Filinchuk, Y.; Revaz, B.; Yvon, Kngew. Chem.,
Int. Ed. 2006 45, 7770-7773.

(15) Yvon, K.; Renaudin, G.; Wie, C. M.; Chou, M. WPhys. Re. Lett.
2005 94, 066403.

(16) Filinchuk, Y. E.; Yvon, KJ. Alloys Compd2005 404—406, 89—94.

stability of the CeNi;D..4 structure, a truly hexagonal hydride
structure might exist. The L&i;Dg 5 structure, reported to
have a parent hexagonal symmétryay be a good candidate
for such a parent phase.

According to the above considerations, the tetrahedral
NiD4 units in the parent phase of €Dy are expected to

h be disordered. A question that remains open is whether these

units change orientation as one passes from one low-
symmetry phase to another. Given that the structure data
reported here concern only one of the phases (that showing
a positive distortiong > 0), in situ NPD measurements on
the other phase (that showing a negative distortior;, 0)

are required. Such an experiment is feasible because it
requires only relatively moderate deuterium pressureg(

bar; see section 2.2) but needs considerable further invest-
ment. Another way to answer this question would be to
investigate similar systems, such as SmRd, and its
substitutional derivatives, which were reported to crystallize
with the CeNiD, gtype structuré® Hydrogenation of a Co-

(17) Toledano, P.; Dmitriev, V.Reconstructie phase transitions: in
crystals and quasicrystgl&Vorld Scientific: London, 1996.
(18) Shilov, A. L.; laropolova, E. I.; Kost, M. EDokl. Akad. Nauk SSSR

1980 252, 13971400 (in Russian).
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substituted SmRy) for example, results in an orthorhomb- Neutron Source SINQ at PSlI, Villigen, Switzerland. The help
ically distorted hydride withd = ~+2.2%, while a Ni- of Denis Sheptyakov (PSI) in particular is acknowledged.
substituted analogue forms a hydride with= ~—4.7%. Y.E.F. thanks Vladimir Dmitriev (SNBL at ESRF) for useful
Thus, anti-isostructural phase transitions may be a relatively discussions.

general phenomenon in such types of metgldrogen

systems. Supporting Information Available: Structural data as CIF files.
This material is available free of charge via the Internet at
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