INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 39 (2014) 21380—21385

journal homepage: www.elsevier.com/locate/he

Available online at www.sciencedirect.com International Journallof

ScienceDirect

Investigation of ZrFe,-type materials for metal

@ CrossMark

hydride hydrogen compressor systems by
substituting Fe with Cr or V

E.D. Koultoukis “>%%*, S.S. Makridis *%, E. Pavlidou ¢, P. de Rango®,

A.K. Stubos”

@McPhy Energy S.A., Z.A. Quartier Riétiére, La Motte-Fanjas 26190, France

P NCSR “Demokritos”, Ag. Paraskevi, Athens 15-310, Greece

¢ Department of Physics, Aristotle University of Thessaloniki, Egnatia Street, Thessaloniki, GR 54124, Greece
9 Institute for Renewable Energy and Environmental Technologies, University of Bolton, Deane Road,

Bolton UBL3 5AB, United Kingdom

€ Institut Néel and CRETA, CNRS, BP 166, 38042 Grenoble Cedex, France

ARTICLE INFO

ABSTRACT

Article history:

Received 6 November 2013
Received in revised form

17 March 2014

Accepted 19 March 2014
Available online 24 April 2014

Keywords:

ZrFe, alloys

Metal hydrides

Fe partial substitution
Hydrogen storage
Hydrogen compression

In this study, the effects of partial substitution of Fe, in the ZrFe,-system alloys, by Cr or V
are presented. The two studied alloys, ZrFe; gV » and ZrFe; gCrg 5, have been synthesized by
high frequency induction-levitation melting under inert Ar atmosphere. The induction
furnace was equipped with a water-cooled copper crucible that permits the rapid solidi-
fication of the alloy after the melting. The crystal structures of the investigated alloys have
been studied by the Rietveld analysis of the obtained X-ray diffraction (XRD) patterns. The
microstructure has been observed by a scanning electron microscope (SEM) on polished
samples of the alloys. Their hydriding properties have been studied with a high pressure
Sievert’s type apparatus, up to 200 bar. All pressure—composition—temperature (PCT)
measurements have been obtained at 20, 60 and 90 °C. Two high temperature activation
cycles have been conducted prior to PCT measurements. The results showed almost the
same uptake for the alloys after identical activation and lowering of the plateau pressure in
both cases.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

As the public interest on renewable energy solutions increases
and as the worldwide oil reserves tend to be less, the solution
of hydrogen as energy carrier and fuel (with an on-site

production) is becoming more attractive [1]. The main draw-
back which the scientific community has to overcome is the
safe, fast and efficient storage of hydrogen for both onboard
and stationary applications [2,3]. Metal hydrides offer the
ability to store hydrogen in a very large range of temperatures
and pressures. Hydrogen reacts at elevated temperatures with
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many transition metals and their alloys to form hydrides. The
electropositive elements are the most reactive, i.e. Sc, Yt,
lanthanides, actinides, and members from the Ti and V
groups. The binary hydrides of the transition metals are pre-
dominantly metallic in character and are usually referred to as
metallic or graphite-like appearance, and can often be wetted
by Hg [4]. One kind of promising hydrogen storage materials
are Laves phase compounds having the formula unit AB,,
which demonstrate reasonably high capacities and good
cycling stability [5—11]. This class of Laves phase includes the
cubic C15 (MgCuy), the hexagonal C14 (MgZn,) and the di-
hexagonal C36 (MgNi,) structures. Both C14 and C15 Laves
phase structures can store hydrogen in good amounts and
thus are much more studied than C36 type alloys [12]. The
potential AB, types are obtained with Ti and Zr on the A site.
The B elements are represented mainly by different combi-
nations of 3d atoms, V, Cr, Mn and Fe [13]. The hydrogen-
storage capacity can reach up to 2 wt.% in Laves phase
V—7.4%Zr—7.4%Ti—7.4%Ni [14]. The electrochemical studies of
Zr-substituted AB, alloys reveal that the electrochemical
storage capacity increases with increasing the amount of Zr
[15]. The presence of excess elements in non-stoichiometric
AB, alloys leads to the improvement of the storage proper-
ties thanks to the introduction of disorder in an unchanged
C14 hexagonal structure presenting modified cell parameters
[16,17]. ZrFe, hydrides crystallize in both C14 and C15 Laves
phase structures and they present appealing properties so
that they could be used for various applications [18]. The
thermodynamic properties of the ZrFe,—H, system have been
thoroughly studied for the first time by Zotov et al. [19]. The
absorption capacity they reported reached 1.7 wt.% and early
all absorbed hydrogen can be desorbed reversibly, which
makes this material a potential candidate for practical appli-
cations such as compression of hydrogen via metal hydride
hydrogen compressors [21]. It has been also found that no
change in cell symmetry occurs after the hydrogenation
measurements, but on the other hand their equilibrium
pressures are very high (ex. the absorption equilibrium pres-
sure at room temperature is around 700 bar) [19]. To
compensate for this, a commonly used method of changing
the thermodynamic parameters of hydrides is the addition of
substituting metals. This can be succeeded by either
substituting the A or the B side of the chemical formula, in the
AB, system, by other elements. In the current study, an
investigation of the effect of partial substitution of Fe by V and
Crin ZrFe, alloys has been performed. These two intermetallic
alloys have already been studied by other researchers [19,20],
but only in comparison with a series of samples in the
ZrFe; gTMy » system (TM = transition metals). Zotov et al. [19]
have studied a very large series of samples in the ZrFe, and
TiCr, system, by partially substituting Fe or Cr by other ele-
ments, respectively. The results show that their hydrogena-
tion and thermodynamic properties are directly affected by
changes in the crystal structure, as a result of different
quantities and elements substituted. Banerjee et al. [20]
mainly focuses on the ZrFe, ,Vy system, trying to reveal the
effect of Fe partial substitution of V, always remaining in the
stoichiometric formula. In this case, SEM/EDX, XRD and
hydrogen reaction measurement results have been investi-
gated and once more again the hydrogen reaction properties

arein direct relation with the amount of Fe substituted by V. In
our research work we have tried to focus on two samples and
do a more exhaustive study in terms of microstructure
observation by means of SEM and Rietveld analysis of the XRD
patterns. These alloys have been synthesized by high fre-
quency induction-levitation melting under Ar atmosphere.
The characterization of the as-synthesized alloys has been
observed by X-ray diffraction patterns (Rietveld Method) and
Scanning Electron Microscopy (SEM). The hydrogen storage
properties were measured by a Sievert-type apparatus at three
different temperatures. The results showed almost the same
uptake for the alloys after identical activation and lowering of
the plateau pressure.

Experimental procedure

The alloys with the nominal composition ZrFe;gVo, and
ZrFe, gCro, have been synthesized by 99.9% pure metals, by
high frequency induction-levitation melting under pure Ar
atmosphere (5N5). Before the melting procedure, the furnace
chamber had been under vacuum with a turbo-molecular
pump, until a value of 5-107> mbar had been reached. To
ensure homogeneity, the ingots were re-melted four times.
The induction furnace was equipped with a water-cooled
copper crucible that permits the rapid solidification of the
alloy after the melting. As a result of the crystallization and
the internal stresses that have been introduced during the
rapid cooling process, an auto-occurred breaking of the ingots
has been observed.

The crystal structures of the investigated alloys have been
observed by X-ray diffraction (XRD) patterns and analyzed by
the Rietveld analysis using Rietica Software [22]. Diffraction
data of freshly crashed samples have been collected at room
temperature on a PANalytical (Philips) — X’Pert MRD system,
in the Bragg—Brentano geometry at A(Cug,) = 0.15418 nm,
using the following conditions of 10 < 265 < 90° and a counting
time and step of 10 s and 0.03°, respectively.

The microstructure has been observed by a JEOL 840 A and
20 kV scanning electron microscope (SEM) on polished
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Fig. 1 — Rietveld analysis of the XRD pattern of the
ZrFe1_8Vo_2 and ZrFe1.8C1'o_2 alloy.
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Table 1 — Rietveld analysis results of the ZrFe; gV, > and ZrFe, gCro , alloy.

Samples Space group Phase Lattice Cell volume Phase abundance Refinement parameter
(no.) parameters (A) (A3 (Wt.%)
a c Rp pr X2
ZrFe, gVo o P63/mmc C14 5.0199 8.2031 179.0257 0.30 15.84 22.48 2.073
Fd-3m C15 7.0954 - 357.2162 99.70
ZrFe, gCro o Fd-3m C15 7.0816 - 355.1319 - 19.20 25.30 4.497
ZrFe, [15] Fd-3m C15 7.072 - 353.7 - - - -

samples of the alloys, coupled with energy dispersive X-Ray
analysis (Oxford ISIS 300 EDS).

The hydrogen storage properties of the alloys have been
studied with a high pressure volumetric apparatus (SETARAM
PCTPro-2000), at pressures up to 200 bar. The samples
have been crushed into powder before insertion into the
sample holder in ambient conditions. All pressur-
e—composition—temperature (PCT) measurements have been
obtained at 20, 60 and 90 °C. Two high temperature activation
cycles have been conducted prior to PCT measurements. All
preparation, activation and measuring conditions have been
identical for both alloys, in order to eliminate the variables
during their comparison.

Results and discussion
X-ray analysis

X-ray diffraction Rietveld analysis has been performed by
using the RIETICA software [22] by starting from the space
group and crystallographic data of a known formula that is
near the examined one. Refinement of the crystallographic
parameters of the materials by using the Rietveld analysis can
be observed in Fig. 1. They exhibit similar diffraction patterns;
the peaks of each reveal the dominant cubic C15 Laves phase
structure, which may turn out to be the most favorable state in
the case of Zr-based AB, compounds [23]. More specifically, a
very small percentage of the hexagonal C14 Laves phase is
present in the alloy with V, along with the main cubic C15
Laves phase, as it has been reported for similar compounds in
the same family [22,24,25]. Due to the non-equilibrium solid-
ification process of the induction melted ingots and the peri-
tectic reaction during solidification in the pseudobinary
system of V/Zr, it is not strange to observe minority phases

+ +
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and solidification segregation in the as cast alloy [26]. Table 1
shows the values of the lattice parameters and the volume of
unit cell for the two alloys. The atomic radius of the Cr(1.28 A)
is smaller than that of V(1.34 A), thus substitution of Fe by Cr
reduces the lattice parameters and the unit cell volume more
than in the case of substitution of Fe by V.

SEM analysis

Microstructure analyses have been carried out by means of
SEM, coupled with energy dispersive X-Ray analysis (EDX),
and the results are shown in Fig. 2 and Table 2. As it is
observed, two main regions are present in the ZrFe; gV,
compound: the gray one, that is obviously the matrix, and the
lighter regions which are poor to vanadium, comparing to
other one. The main structure shows no significant deviations
from the nominal formula, while the poor to vanadium re-
gions probably explain the presence of the secondary hexag-
onal phase, as revealed by the X-Ray analysis. Similarly, the
micrographs of the ZrFe; gCrp, compound show two differ-
ently lighted regions as well. However, the results of the EDX
analysis indicate that the matrix (gray region) is not far away
from the nominal stoichiometry while the lighter regions are
almost pure zirconium.

Hydrogen storage properties

The hydrogen absorption/desorption isotherms of the two
studied alloys are shown in Figs. 3 and 4. For both samples,
two high temperature activation cycles have been conducted
prior to PCT measurements. In a more specific manner, the
alloys have been exposed to hydrogen pressure of 80 bar at
340 °C and then, an absorption process has taken place during
the cooling of the absorbed sample down to 0 °C, with a
cooling rate of 10 °C/min. Zotov et al. [19] reported that the
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Fig. 2 — SEM micrographs of a) ZrFe; gV, > and b) ZrFe, sCr, » alloy.
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Table 2 — EDX analysis results of the as cast polished ZrFe, Cr,, 152
samples. 0.0 .
ZrFe1gVo V (wt.%) Fe (wt.%) Zr (wt.%) Total 0.1
Measurement at 20 °C - 1.48
Spectrum 1 4.30 50.97 44.73 100 02 ]
Spectrum 2 438 50.95 44.67 100 = —*— Concentration 1146
Spectrum 3 1.36 24.36 74.27 100 ~§ 0343 —-—Pressure 1142 5
Spectrum 4 1.12 24.09 74.80 100 z <
Spectrum 5 5.90 48.58 45.51 100 2 04 42 g
ZrFe, gCrg» Cr (wt.%) Fe (wt.%) Zr (wt.%)  Total g -0.5 140 §
Spectrum 1 0.25 0.63 99.12 100 S 06 7138
Spectrum 2 0 0.74 99.26 100 1436
Spectrum 3 5.33 49.86 4481 100 07
Spectrum 4 5.14 78.97 45.89 100 08 1
; : : : : 1.32
0 1 2 3 4 5
Time (h)
ZrFe V ,
200 . . N
[—s—PcT@200C Fig. 5 — Desorption kinetics of a PCT measurement of the
180 4| —e— PCT @ 60 oC . ZrFe, gCro, compound.
160 1l—2—PCT @90 0C A
. <7
140 ra ¢ =
1 20_' /‘/ﬁ‘ f . activation. Although, in the current work, the partial substi-
g 1 i//i’ K j tution of the V and Cr had a result in decreasing the equilib-
o 100'_ A;AA// & - rium pressure for both absorption and desorption. During the
é 80 - A/:?‘ .// _: activation procedure, a real time monitoring of the pressure
3 60 A/AA//A/ / ‘.."' has been observed in order a first sight of the hydrogen reac-
| AL~ /,/ ! ol tion within the alloys to be feasible. After ensuring the success
40'_ /'/ . £l of the activation process for both alloys, the samples have
20 - AN / et been under vacuum (~2-10~2 mbar) at 90 °C for about 30 min
0] : .9_’./.,.«-/‘/ prior to P-C—T measurements, that have been performed for
06 0s 10 A 12 16 both alloys at three different temperatures 20, 60 and 90 °C.

Hydrogen Content (wt.%)

Fig. 3 — P—C isotherms of ZrFe, gV, , compound.

intermetallic ZrFe, compound starts to react with hydrogen at
room temperature and pressure near 800 bar, while the ab-
sorption and desorption equilibrium pressure is 690 and
325 bar, respectively, at room temperature and after the

From Figs. 3 and 4, it can be extracted that the isotherms of
the ZrFe; gVy, compound are characterized by almost zero
hysteresis and a pressure plateau that tends to be steeper as
the measurement temperature rises. Moreover, its hydrogen
uptakeisreversible at all temperatures. Itis observed thatboth
alloys mainly crystallize in the cubic C15 Laves phase, with the
V substitution sample having a larger unit cell volume and this
explains the lower pressure plateau. They have shown almost

‘ Van't Hoff plot for ZrFe, V.

ZrFe Cr , 46 18702
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180 N3 4 444—n
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5 1 4 1 o " - 3.6
§ 80 j y ././ ./_,- -
fust 1 |
o] B o . o4
| & /I/ P Equation y=a+b*x
a4 &= " 3.2 Adj. R-Square  0.98968 o
18 /'/./ —a—PCT @ 20 0oC Value Standard Error
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Fig. 4 — P—C isotherms of ZrFe; gCro, compound.

Fig. 6 — Van’t Hoff plot for ZrFe, gV, , compound.
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Fig. 7 — Van’t Hoff plot for ZrFe,; gCry, compound.

the same hydrogen uptake in pressures and are considered to
be saturated. This could be explained by the fact that, for the
intermetallic compounds with space group Fd3m, there are
three types of tetrahedral coordinated interstitial sites avail-
able for hydrogen occupation, the 96g, 32e and 8b site (in
Wyckoff notation). Since the g sites have the lowest energy,
they are the first to be occupied upon hydrogenation, while the
energy increases for the e sites, and finally for the b sites that
have the highest. Since both investigated samples in our study
have the same crystal structures and are saturated for the
same temperature (in our case 20 °C) in the same narrow range
of pressure, we may assume that hydrogen occupies the same
sites, showing as a result the same hydrogen uptake.

On the other hand, isotherms of the compound where Fe is
substituted by Cr exhibit a very intense hysteresis effect.
Although its hydrogen capacity, once saturated, is not far
away from that of ZrFe; gV, , compound, all pressure plateaus
have been shifted higher to about 60—70 bar. In addition,
hydrogen that is absorbed at 20 °C is not fully reversible,
leaving an amount of 0.1 wt.%, if the sample doesn’t go under
high dynamic vacuum for long time as the final desorption
step. This could be explained by a non-complete activation
procedure. Hydrogen pressure at 80 bar appears to be rela-
tively sufficient for full hydrogen absorption near 0 °C. As a
result, a part of the activation has been completed during the
first isotherm at 20 °C, which probably explains this small
amount of the irreversible hydrogen uptake and the change of
the slope on the absorption curve at around 80—100 bar.

The most important criterion while measuring a PCT curve
is the thermodynamic equilibrium, and the time allowed for

equilibrium is crucial in this respect. If not enough time is
given to reach chemical equilibrium at each pressure point,
the outcome is a reduced total capacity and a sloping equi-
librium plateau [27—30]. Based on the previously mentioned
time-to-equilibrium criterion, all our measurements have a
real time monitoring of the pressure kinetics (and hence
concentration since a volumetric method is used). In that
way, the user can verify if equilibrium has been obtained for
each individual point of the PCT curve and define the time
allowed. For example, a part of the kinetics prior to time-to-
equilibrium definition by the user is shown in Fig. 5. ZrFe,-
type Laves phase alloys are characterized by fast kinetics and
therefore, pressure/concentration equilibrium of each point is
reached after some minutes, as it was expected. Conse-
quently, the slight change of the slope at the 20 °C curve of
the ZrFe; gCro, compound is explained by a non-complete
activation procedure and not by non-sufficient time-to-equi-
librium allowance.

The thermodynamics of the Zr—Fe—M ternary alloys have
been calculated on terms of two important thermodynamic
parameters namely, the molar enthalpy (AH) and molar en-
tropy (AS) of the metal hydride. Since the hydrogen absorp-
tion—desorption plateau pressure of a metal hydride varies
with temperature according to the well-known Van’t Hoff
equation,

InP = AH/RT — AS/R (1)

the Van’t Hoff plots have been used, which have been
derived from the PCT data and shown in Figs. 6 and 7, to
calculate those two physical magnitudes. Our results are in
accordance to the references discussed in the manuscript and
the modeling of relevant materials’ properties [10]. The value
of enthalpy is an index of stability of metal hydride. The
higher value of AH shows a high degree of stability of hydride,
low dissociation pressure and the requirement of rather high
temperatures to decompose it to liberate hydrogen (Table 3).
Since vanadium and chromium have the same electro-
negativity (1.6 in the Pauling’s scale) the moderation of the
equilibrium pressures can’t be directly explained by this. The
atomic radii of Fe, Cr and V respect the following order,
Ry > Rpe > Rcy, and one could assume that the same order
would be followed from the unit cell volumes (all compounds
have the C15 cubic structure — see Table 1). In contrast to that,
V. Paul-Boncour et al. [26] and Zotov et al. [19] report a unit cell
volume of ZrFe, which is the smallest, comparing to the other
two compounds presented in this study. This means that by
substituting Fe by V or Cr, we achieve to increase the unit cell
volume of the dominant cubic C15 Laves phase in both cases,
which has a direct effect in decreasing the equilibrium pres-
sure of the reference ZrFe, compound. Moreover, this

Table 3 — Hydrogen sorption properties of the ZrFe; gV, > and ZrFe, gCry, alloy.

AHOY Pa/d 20 o(;a (bar) Pa/d 90 cca (bar) ].n(Pa/Pd)Qo °C AHa/d (k]/mol HQ) ASa/d (J/K mol Hz)
ZrFeq18Vo, 22.5/22.5 81.7/81.7 = —16.11/16.11 80.72/80.72
ZrFe; gCroo 104.9/49.9 177.9/144.4 0.74 —6.61/13.63 61.19/79.23

& Pressures for absorption and desorption are referring to equilibrium pressures of each isotherm.
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decrease of the equilibrium pressure of the parent ZrFe,
compound, as a result of the unit cell volume, has a strong
dependence on the order of the unit cell volumes, as pre-
sented in Table 1, as well as on the filling of the 3d bands (3d°,
3d° and 3d? for Fe, Cr and V, respectively).

Conclusions

Two intermetallic compounds with ZrFe; gMg, (M = V, Cr)
formula were successfully synthesized by the induction-
levitation melting process. Rietveld analysis of the XRD pat-
terns for both compounds reveals that they have been crys-
tallized in the cubic C15 Laves phase. Hydrogen storage
properties V substituted AB, sample show that the hydrogen
sorption plateau pressure decreases compared to the Cr
substituted sample. Moreover, the compound with Cr shows a
very large hysteresis effect while in the meantime the V
substituted sample has zero hysteresis. Both compounds
show similar maximum hydrogen uptake after identical
activation procedure before all absorption/desorption mea-
surements. The hydrogen storage properties reveal that both
ZrFe; gVo, and ZrFe; gCro, intermetallic compounds have a
lower plateau pressure compared to the parent ZrFe, alloy and
show reasonable storage capacity.
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