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The structural and hydrogen storage properties of gdgo. 34 Ni-based alloys (i.e., B7-type) with
a main structure (hexagonal Sk;-type) are investigated in this study. In,Ne-type structure,upon
hydrogen theapproximatelysingle phase sample of the intermetallic compound (iish sgVIgo. 34 Ni7
expands isotropically, in contrast to the Mg free phase aRdfR&Mgo1Niz1Cx3Alg; alloy. A
decrease in the -Atomic radius and aimcrease in the #tomic radius stabilizéhe metalsublattice
and ncrease the reversible hydrogen storage capacithe unit cell parameters in
Lag.e3dR0.2Mgo.1MNiz1CapsAlp1 alloy is almost no change during hydrogenation andamerphous
effect is vey slight, compared to pure kMi;, which easily become amorphougpon hydrogen
absorptiordesorption cycling
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1. INTRODUCTION

Hydrogenstorage alloys have been attached more rante importance to applicatiomith
fiHydrogen Energga n d r e s e di/Mid batteng t fhu ti  f-8.r Raraearthbagsetl AB-type
alloy and Zrbased Laves phase alloy have been commercialized successfullilasgdcondary cell
negative materials4[5], but low capacity of ABtype alloy electrodes and difficult activation
characteristics of Laves phase alloy electroded lihe extensive applicatior§,[/]. Many electrode
materialsare regardeas promisingenergy storage applications duetheir powerfuland reversible
electrochemical redox reactiory [

Since the use of LaMblig, LaaMgNig and LaMg2:Ni»3 compounds waseportedashydrogen
storage material$9-11], ternary RMg-Ni (R = rare earth metals) sgpounds haveébeen studied
because their hydrogen storage properties are superigortesponthg binary AB, (n = 25)
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compounds [2-25]. High hydrogen capacity, moderate hydrogejuilibrium pressure as well as light
and less expensive elements makes themarkablefrom an economical point of viewDn the other
hand, unknown structural properties raisee need for basic, crystallographic research. Recently,
details about the structures©@&NizHa4.7[26, 27], Ce&;MgCogH12 [28], LaNizHs 5 [29], LagNizHy (x =

6.4, 108) [B], La1.5Mgo.5Ni7Hg.3 [30], Lalled\ﬂgo.37|\|i7D8.8 [31] and La4MgNilgH(D)x [16, 18, 19, 21]
havebeen published, but little is known about the (R, Mi)-H system. The effect of R substitution
on the structural properties and electrochamic hydrogenation  behavior  of
Lap 63R0.2Mgo.1Niz1Cp3Alp1 have been investigated recently2]3However, this data lefopen
questions concerning the structures of the corresponding hydrides and influenc® cfuibstitution

on the structural and hyolgen gas sorption characteristics in saompounds. Furthermore, previous
research revealed that the crystal structure of a biRglXy; compound is size dependent; viz., the
CeNis-type structure is stable for largd®-atomic radii, theGd,Cor-type strudure is preferred for
smaller Matomic radii, and botlstructures coexist in the case of medisized Ratomic radii [3].

This phenomenon als@ises the question as to whether the crystal structure of ternary (R\iMQ)
compounds is also size dependsintilar to binary RNi; compounds. To clarify these two questions,
the structure stabilities o€eNi;- or Gd,Co;-type were studied by comparing theelativeamounts in

the (La.sdMgo.39)Niz-based compounds aftpartial substitution by differerglemens. On the basis of
the (Lag.6éMgo.39Niz compound,Ce, Pr, Nd, Y, Sm and Gd are used as smaller substitutes for La,
respectively, to change the averagatAmic radius. Similarly, Ni is partially replaced by Co and Al to
increase the average-&omic radig because Ni has the smallest atomic radius among transition
metals.

From a hydrogen storage point of vie@la; sMgos)Niz with a CeNi-type structure as a
representative 0f(R;.sMgos)Ni; compounds can absorb and desorb hydrogen unumderate
conditiors [30]. Its hydride formation enthalpy is abdus1.4 kJ/mol H, which isclose toi 30 kJ/mol
H, for the LaNi H, system [3]. However, hydrogen storage propertefgLa; sdVIgo.34)Ni7 have not
been reported to date. Moreover, the effects of partial sutbsti for La and Ni in the
(La1.6éMgo.39Niz compound on the thermodynamics of hydrogen absorption and desorption also
interest us because alloying is an effective metbdchprove hydrogen storage properties. Hence, the
hydrogen absorpticdesorption properties of (La; sgMgo.3gNiz-based compounds were finally
investigated.

2. EXPERIMENTAL DETAILS

2.1Sample Preparation

(La1.6Mgo.39Ni7 and (Laz.28R0.4Mgo.34)( Nig2CopeAlo2) R=La, Ce, Pr, Nd, Y, Sm, Gdvere
prepared by induction melting approaah0.4 MPa of Ar. atmosphere. The ingots were wrapped in a
thallium (Ta) foil, sealed in stainless steel tubes under Ar pressure (0.1 MPa) and annealed for a weel
at 1173K. Due to the high vapor pressure of Mg element, 10 wt.% excess of Mg element was
neassary during melting. The purity of all elements was aBévwat.%.
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2.2 Structural Characterization

The anneal ed all oys wer e crushed mm@y h ani
di ffraction( XRD) measur ement s and powd¥RD fr o
measurements were performed on a Rigaku D/&#D0 diffractometer with Cu radiation and a power
of 40 kV I 150 mA. The patterns were recorded
Then the collected data were analyzed by the Rietvelthad [$] using Fullprof 2K software [§ to
get the lattice parameters and phase abundance.

The microscopic structure and the composition for annealed alloys were examiBiedrby
probe microanalyzer(EPMA-1600). After hydrogenation, the samples weexamined using a
transmission electron microscopeEM, JEOL, JEM2010, Japanand ascanning electron microscope
(SEM, JEOL, JSM6701F, Japgdmat an accelerating voltagé 8 kV.

2.3Hydrogen Absorption and Desorption

To investigate the hydrogen storggeperties ofLa; sdMgo.39)Niz-based compounds, pressure
composition (PC) isotherms were measured using a Siewgds apparatugBeijing Nonferrous
Metal Research Institute, China) at 298 K. Prior to foorme@asurements, powder samples were heated
in a vacuum at 373 K for 2 h and thactivated by repeatedly hydridindehydriding at 333 K three
times.

3.RESULTS AND DISCUSSION

3.1 Alloy crystal structure

Fig.1 shows the XRD patterns f@ra; sgMgo.3g)Ni7 and Lag 3Ro.2Mgo.1Niz1Cx sAl 0.1 (R=La,

Ce, Pr, Nd, Y, Sm, Gd) alloys. Fig.2 shows the Rietveld refinement patterfis; sdVigo.34)Niz and
Lag.e3R0.2Mgo.1MNiz1CayAlp1 (R = La, Gd) alloy, respectively. Structure characteristics of different R
substitutedalloys are tabulated in Table Based on the XRDdata, the crystal structure of (La,
Mg)2Ni; seems to retaithe hexagonal Gbli;-structuretype. The back scattered electron (BSE) image
of Lag.s3R0.2Mgo.1Niz1CxAlg1(R=La, Pr, Y, Gd) and are shown in Fig 3light greyarea () and

bl ack eanleaeeif Big 3((a)- (d)). The WDS analysda Fig 3 $iow that thdight grey( U)
and bl acdorresponet@A-B7-fand ABs-type phaserespectively The results are consistent
with those obtaineffom XRD.

The crystallographic parameters of ;8& unit cell for the alloy of(La; edMgo.34)Ni7 are
tabulaed in Table 2, according to Rietveld analysis. The Rietveld refinements show that Mg partly
substitutes La, exclusively in the LaNilabs (4 site) and occupies statistically ~35% of the available
sites. The well crystalline phase reveals close similtrityepNi but with reduced unit cell parameters
due to the smaller magnesium and rare earth radii (see Table3). Compared to pliye tha
contraction of the unit cell due to the introduced Mdlfar sdMgo.349)Ni7 is: HUV/V = -1.6% withHua/a
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= -0.2% andHuc/c = -1.3%, without any change of the symmetry (hexagoR&/mmcg. For
Lag.sdMgo.1Niz1CopAlps and Laessz G Mgo1MNiziCxwsAlgl, the contraction of the Cali;
(hexagonalP6s/mmq@ unit cell is:HUV/V = -0.97%with Huc/c =-1.1%,HV/V = -2.2% withHua/a =

0.4% and-uc/c =-1.5%,r especti vel y. Because of the | arge ¢
and Mg (1.602 ), N i (1.24 ) Co (1.26 ) and
sites, @ and Al in the Ni sites, the main contraction proceed in thel@®rs. These results are in
agreement with published one&0] 32, 37, 38]. So we hypothesize that R only occupies 4fisites

and improves the contraction in the ABslabs, this is one ofthe reason why

Lap 63R0.2Mgo.1MNiz1Cx Al01 (R = Pr, Nd, Sm, Gd, Y) exhibits good electrochemical propert#s [3

Table 1 Characteristics of phases for {legVgo.39Ni7 and La s3Ro.2Mdo.1Niz1C0p Al o1 alloys

Sample Phase Space Grou Latticec onst ant s ( j Phaseabundanc

a c V cla (wt., )
(Lay Mo 2 (La,Mg),(Ni,Co), R-3m 5.051 36.399  804.284 7.206 4.74
1-‘;\“ 9039 (| aMgp(Ni,Co)y P&mmc  5.050 24.389  538.699 4.830 95.17
! La(Ni,Co)k P6/mmm  5.045 3.980 87.74 0.789 0.09

(La,Mg)(Ni,Co);  R-3m 5.098  36.662  825.227 7.191 3.61
R=La (LaMgk(Ni,Co)y P&/mmc 5061  24.438 542.148 4.829 95.23

La(Ni,Co)k P6/mmm  5.018  4.034  87.964 0.804 1.16
(La,Mg)(Ni,Co)y  R-3m 4.949  36.470 773.608 7.369 3.74

R=Ce  (LaMgk(Ni,Co; P&/mmc 5032  24.399 535040 4.849 95.11
La(Ni,Co)k P6/mmm  5.056  4.063  89.954 0.804 1.16

(La,Mg)(Ni,Co), R-3m 5.338 37.945  936.514 7.108 1.73

R=Pr (La,Mg)(Ni,Co);  P&/mmc 5.049 24.401 538.616 4.833 71.84

La(Ni,Co)k P6/mmm  5.019 3.996 87.163 0.796 26.43
(La,Mg)(Ni,Co), R-3m 5.037 35.689 784.152 7.085 6.21

R =Nd (La,Mg)(Ni,Co)y  P&/mmc 5.048 24.392 538.268 4.832 86.10
La(Ni,Co)k P6/mmm  5.019 3.998 87.195 0.797 7.69
(La,Mg)(Ni,Co), R-3m 5.031 36.469 799.431 7.249 1.08
R=Y (La,Mg)(Ni,Co);  P&/mmc 5.029 24.302 532.299 4.832 98.7
La(Ni,Co)k P6/mmm  5.016 4.013 87.444 0.800 0.22
(La,Mg)(Ni,Co), R-3m 4.784 36.336  720.141 7.595 9.45

R =Sm (La,Mg)(Ni,Co), P6&/mmc 5.043 24.361 536.434 4.831 90.54
La(Ni,Co)k P6/mmm  5.035 4.030 88.486 0.800 0.00
(La,Mg)2(Ni,Co); R-3m 5.079 36.541 816.295 7.195 2.40

R=Gd (La,Mg)(Ni,Co);  P&/mmc 5.039 24.351 535.507 4.833 94.16
La(Ni,Co)k P6/mmm  4.995 4.089 88.359 0.819 3.44
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Figure 1. XRD patterns for (LasdVigo.3g)Niz and La g3Ro.2Mgo.1Ni3.1C00 3Al o 1 alloys.
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Figure 2. Rietveld refinement patterns for (L&Mgo.39Ni7 and La s3Ro.2Mgo.1Niz1C 3Al0 1 alloy:
(A) (Lal_esMgo_34)Ni7 (B) R =La, (C) R =Gd

Table 2. Crystallographic parameters (tfa; sdVigo.34)Ni- alloy with spacegroupP6s/mmc.

Atom Symmetry X y z Biso Occupancy
Lal Af 1/3 2/3 0.02698(8) 1.03(6) 0.66(1)
La?2 Af 1/3 2/3 0.17108(6) 0.98(4) 1.00(1)
Mg 1 Af 1/3 2/3 0.02698(8) 1.03¢) 0.35¢)

Ni 1 2a 0 0 0 0.9(2) 1.00¢)

Ni 2 4de 0 0 0.1678(1) 0.98(7) 1.00¢)

Ni 3 Af 1/3 213 0.8329(1) 0.61(6) 1.00¢)

Ni 4 6h 0.8326(8) 0.665(2) 1/4 0.50(6) 1.00¢)

Ni 5 12k 0.8330(5) 0.666(1) 0.08486(6) 0.84(4) 1.00¢)
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Figure 3. Back scattered electron images fop kdRo 2Mgo.17Niz1Cp sAlp 1 alloys (a) R = La (b) R =
Pr(c)R=Y (d) R =Gd.

Table 3. Comparison of selected crystallographic parameters for chosen hexagoha-t{ee
compounds in LaNi, La-Mg-Ni and LaR-Mg-Ni systems

Parameters Compound
LapNi7 [29] Lay sMgo.sNiz[30] Lay eMgoadNiz LaggdMo1MNizi1CoysAlos LapgdG Mp.17Niz1CopsAlos
a (i) 5.058 5.0285 5.050 5.061 5.039
c( i) 24.71 24.222 24.389 24.438 24.351
Vv E) i 547.47 530.42 538.699 542.148 535.507
Vaes ( f’) 177.37 175.77 - - -
Vag2 ( |3) 96.35 89.01 - - -
ala (%) - -0.6 -0.2 0.06 -0.4
c/c (%) - -2.0 -1.3 -1.1 -1.5
- -3.1 -1.6 -0.97 -2.2

VIV (%)
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3.2 ThermodynamicR-C isothermy measurements

The single plateau behaviour is clearly seen in the atigorand desorption isothermest
298K (Fig. 4).1t can be seen that tlasorpion-desorption plateau became flatter 298K (Fig. 4).1t
can be seen that tlasorpion-desorption plateau became flatter awtherns are not horizontait is
obvious that the plateau slope gradually decrease filamsdVigos4)Niz to Gdsubstitutedalloy.
Similar observations have been made by Oesterreichel. §B89], who noticed that La#NizHjo
decomposes withydrogen desorptiorSuch disproportionation also magepossible measurements
of the thermodynamic data ftine chemically related LabH and LaNj-H systemswhere hydrides
easily become amorphous and, latBsproportionateThis can be further confirmed by the result of
TEM image shown in Fig. 5. Fig. 5(A) and (B) show TEM imagesLafsgMgo3Ni7Hs4 and
Lag.6sGth Mgo.1MNiz1Cay3Alp1Hs s, respectively. Both of them exhibdmorphousphenomenonbut
theamorphou®ffectof Lag 3Gth 2Mgo.1Ni3.1C0p 3Al o 1 @lloy is moreslight.

In addition, the hydrogen atent also gradually increased frd®8 wt.%to 1.353 wt.%. In
our work,the maximum hydrogen capacity at 298K is slightly lower than_&rMgo sNi; at 298K
[30].

n ‘: .
—~ 1k )
§ A ‘-F F
[ ] / |
g 0.1 .*//_// _/_/ _.
2 /./l ./- /./ ’ [ |
g 0.01 // /'/ ./.;... ] =
§' s ;/ ;?' 0 —u— (Lal.66Mg0.34)Ni7|
g —=-R=la
1E-3F = I]I/ I/ " R=Cd

00 01 02 03 04 05 06 07 08 09 1.0 1.1 12 13 14 15
Hydrogen capacity / (wt%)

Figure 4. P-C isotherms ofLa; 6gVIgo.39Ni7 andLag 63dR0.2Mgo.1Niz1Cxp sAlp1 (R = La, Gd) alloys at
298K

Figure 5. TEM imageof La; 6gVIgo.3dNi7He 4 and La 638Gy 2Mgo.1Ni3z1C0p 3Al0.1H4 4 hydrides.
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3.3 Study of the hydride

The hydrogenation ofthe (La; 6gVIgo.349)Ni7 and Lag 38R0 2Mgo.1Niz1Cw3Ale1 (R = La Gd)
alloy resulted in the formation othe hydride with the composition ofa; ggVigo.3Ni7Hs .4,
Lap sdMgo.1MNiz1C03Alp1H3 55 and La edGdh2Mgo.1MNiz1CosAlp1H4 4, as follows from the PCT
isotherm at 298K(Fig. 4). The hydrogenation is accompadieby isotropic expansion othe
Lai 6dMgo.3aNizHe 4 Unit cell, Hua/a = 7.3% andtuc/c = 9.1%.These valueare close tdahose observed
for the formation of thd.a; sMgo sNizHg 3 of the filled Ce:Ni7 type of structure[30] and arein sharp
contrast with the values fathe hydride of the isostructural neabstitutedLayNi; alloy, which
expands anisotropicall}29] (see Table 4). Thisotropicexpansion of the unit cell dfa; ggMgo.3Ni7
indicates thathe hydrogenation leads to an ewstributionof hydrogen through all the slabs of the
structure similarly as it has éenobserved forLa; sMgo sNi7 [30]. This isin contrast to anisotropic
hydrides, where only Lavgshasetype slabs accommodate hydrogen, leavingGh€u-type layers
unexpandedHowever, when Ni is partially replaced by Co and Al, lilgdrogenation is aompanied
by anisotropicexpansionn Lag gdVgo.1Niz1C0p3Alo1 unit cell Hua/a = 3.6% andtuc/c =-3.5%. For
Lag.esGth Mgo1MNiz1CasAlp1 unit cell the hydrogenation is accompanied Isfight isotropic
contraction,Hua/a =-0.2% andHuc/c =-0.8%. This value is very close tothe isostructural non
substituted_a;Ni7 alloy. So L@ e3R0.2Mgo.1Niz.1C0p 3Alp.1Hx is in contrasto otherhydrides wherethe
expansiorof unit cell is large aftelnydrogenation

Fig.6 (A) and (B) shows the XRD patterns for hges and the Rietveld refinement patterns of
Lag.6sGh Mgo.1MNiz1CasAlo1H4 4, respectively. SEM are employed tanvestigate the surface
morphology  of  the  LajedVgo.sdNizHe4, Lap.sdMgo.1Niz1CpAlo.1Hss5  and
Lag.esGth 2Mgo.1MNiz1Cay 3Alp.1H44 Fig. 7 (A)T (C) show theSEM images of above thrdg/drides,
respectively. Average patrticle size is in the orded;sdVigo.3dNi7Hs.4< Lag gdVIgo.1Ni3.1Cy 3Al .1H3 55
< Lag Gty ,Mgo.1Niz1CpsAlo1Ha4 The results are consistent with those obtaifiech unit cell
volume (HUV/V).

Table 4. Comparison of selected crystallographic parameters for chosen hexaggiiatt¢ee
hydrides in LaNi, La-Mg-Ni and LaR-Mg-Ni systems

Compound

Parameters 5 Ni, [26] LaNi-Des[29] La; MosNizHss[30] La cdido siNiHo 4 Laosddo 1Niz 100 oAlo tHa 55 Lao sd3th Mo 17
Niz1C0p5Al0.1H4.4

a (j) 5058 49534 5.4121 5.4151 5.2388 5.0457
c (i) 2471 29579 26.589 26.5392 23.8522 24.5070
V 9 547.47 628.52 674.48 673.95 566.917 540.325

Vaes (1) 177.37 171.96 - - - -
Va2 (7)) 96.35 142.30 . - .
a/a (%) - 2.1 7.63 7.3 3.6 -0.2
c/c (%) - 19.7 9.77 9.1 -3.5 -0.8
VIV (%) - 14.8 25.2 25.6 3.6 -13




Int. J. Electrochem. SciVol. 11, 2016 129(

2500 |(A)

2000 | LaO.SQGdO ZMgO 17Ni3 JCOO SAID 1

1500 |

1000 [
500 |

1200 -~
1000 G
800
600
400 L
200

LaO BZMgD J7Ni3 JCOD ZAID 1

intensity/(a.u)

1000 G
800 |-
600 [
400 L
200

[

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

2¢ 1)

Figure 6. XRD patterns for (LasgMgo.39)Ni7 and La s3R0.2Mgo.1Ni31Cxp3Al01 (R = La, Gd) hydrides

(A) and rietveld refinement patterns foroledGdy 2Mgo.1Niz 1C o 3Al o1 hydrides (B)

Figure 7. SEMimageof (La; sdVIgo.39Ni7 (A) and La s3R0.2Mgo.1Niz1C0p 3Al .1 hydrides: R = La(B),

R =Gd (C)

4. CONCLUSIONS

A systematic investigation of the structural and hydrogen storage properties

(La.6éMgo.39Niz-based compoundsvas conducted in the this studome conclusion can be
summarized:

1) The (La;sdVgo.34)Nis-based alloy is composed of a hexagonal phase NCg and

accompanied by minor impurity phases LaRiR-Gd,Co;.

2) These changesre caused by partial replacement oblyaR andnclude
(a) Increase of the reversible hydrogen storage capacity
(b) Absence of amorphoyshenomenomnd disproportionation dhe metal matrix orycling

of hydrogeation anddecomposition because of the stabilisatiothefmetal sublatticby R;

one,

(c) Change of the mechanism of hydrogenation fronficamsotropi© hydride to afisotropi®

of
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