Journal of

ALLOYS
AND COMPOUNDS

ée A T
ELSEVIER Journal of Alloys and Compounds 404—406 (2005) 421-426

www.elsevier.com/locate/jallcom

Vanadium-based BCC alloys: phase-structural characteristics
and hydrogen sorption properties

M.V. Lototsky??, V.A. Yartys®*, [.Yu. Zavaliy*

a Institute for Energy Technology, P.O. Box 40, N-2027 Kjeller, Norway
b Institute for Problems of Materials Science of the National Academy of Sciences of Ukraine, 3, Krzhizhanovski Str., 03142 Kyiv, Ukraine
€ Physico-Mechanical Institute of the National Academy of Sciences of Ukraine, 5, Naukova Str., Lviv 290601, Ukraine

Received 16 August 2004; received in revised form 5 January 2005; accepted 11 January 2005
Available online 2 August 2005

Abstract

This work was focused on the studies of vanadium-based “low-temperature” bcc alloys as H storage materials. Both as cast and annealed at
1100°C quaternary alloys ¥s__,Zr75Tizs.—yM, (M=Cr, Mn, Fe, Co, Nixx = 0, 10;y = 0, 7.5) were studied. They were characterised
by XRD, PCT hydrogen absorption—desorption measurem&nts 80—-120°C) and thermal desorption spectroscopy studies of H desorption
from the saturated hydride& (= —100 to 800°C). The thermodynamics of the VVH <> VH__; transition and hydrogen sorption capacities
(1.55,...,1.80 H/M) were found to be significantly influenced by the substituting M-element. The reversible hydrogen storage capacity
(T < 100°C, P > 0.1 bar) reaches 50—60% of its overall value. Complete hydrogen desorption proceeds in vatuui3Qr’C. The major
future challenge of the work is in increasing of the easy-reversible part of the H storage capacity corresponding to transformatien VH
VH_.; by reducing the content of H in the monohydride.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Hydrogen storage materials; Gas—solid reactions; X-ray diffraction; Thermal analysis

1. Introduction a number of difficulties. They include slow formation kinet-
ics[5] and high sorption hystereg®]. Recently the growing
Vanadium dihydride (VH) has the highest known volu-  efforts are focused to resolve these problems. In particular,
metric hydrogen storage capacity (0.16 gfoon 2.25 times doping of the vanadium—titanium alloys by small additives of
more than the density of liquid hydrogen) and relatively high transition elements (Cr, Mn, Ni and Zr) improves hydrogen
hydrogen weight capacity (3.78 wt.%). About 50% of this sorption characteristids,7-10]
hydrogen is reversibly absorbed/desorbed at convenientcon- This work was aimed on studies of the phase-
ditions: at room temperature and pressures slightly higher structural characteristics and hydrogen sorption prop-
than 1bar. Residual hydrogen can be removed in vacuumerties of multi-component alloys having composition
at temperatures below 30CQ [1,2]. At the same time, the  Vgo5_,_,Zr75Tix175-yM,, where M=Cr, Mn, Fe, Co, Ni;
VH..2 <> VH..1 transition is characterised by an inclinetem- x =0, 10 andy = 0, 7.5. The selected ratio of the compo-
perature dependence of hydrogen equilibrium pressure, assonents was expected to provide the formation of the bcc solid
ciated with unusually high values of entropy and enthalpy of solutions based on vanadium, being outside of the two-phase
the formation of the dihydridE3]. In addition, this transition region where the formation of intermetallic phases takes place
has a strong inverse isotopic eff¢4f. (Fig. 1.
This unique combination of the properties of ¥Hdpens
broad possibilities for the thermally managed hydrogen stor-
age applications. Atthe sametime, practicaluse ofWfidets ~ 2- Experimental
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The powdered samplen(~ 0.4 g) was reloaded into the
setup for the measurements of the PCT characteristics. These
studies have been done in the pressure range 0.001-25 bar
at temperatures from 30 to 12Q. After measuring an
absorption—desorption isotherm cycle, the sample was evac-
uated during 2h af" = 500°C before the following series
of the measurements at different temperature. The data were
fitted using a recently developed PCT mo(el].

The thermal desorption spectra of the hydrogen-saturated
alloys were measured in the temperature range frd0 to
800°C at a heating rate of*fmin.

7.5 Zr 3. Results and discussion

Fig. 1. Compositions of the studied alloyseé—,—,Zr75Tizs4x—yM, 3.1. Phase-structural characteristics
(M=Cr, Mn, Fe, Co, Ni;x =0, 10;y = 0, 7.5). Isothermal section of the

hase diagram V-Ti—Zr & = 1300°C [11] is given. .
P 9 [tlisg The annealed and as-cast samples have similar phase-

structural characteristics containifigphase solid solution
To improve their homogeneity, the ingots were remelted as the main component. However, in addition small amounts

2-3 times. The samples were anneale@ at 1100°C dur- of a-Zr are observed in the as-cast alloys which are con-
ing 50 h, with a subsequent quenching into the mixture of ice verted on hydrogenation &ZrH,. a-Zr disappears after the
and water. annealing.

Phase-structural characteristics of the samples (initial Summary of the results of the phase-structural charac-
annealed alloy; “dihydride” obtained by H sorption at room terisation of the annealed alloys and their corresponding
temperature and-20bar pressure of £ “monohydride” hydrides is given iffable 1 Unit cell parameters of the main
obtained by H desorption from the “dihydride”At= 100°C constituent, bcc solid solution, determined from X-ray stud-
andP < 0.01 bar; and alloy after a completion of the desorp- ies of starting alloys, agree, within experimental error, with
tion process obtained by heating of the hydride in vacuum to the data for the samples which underwent a hydrogenation—
~ 800°C) were studied using XRD (Siemens D5000 diffrac- decomposition cycle.
tometer, Cu K radiation, 2 = 10-90). The calculated All studied alloys contain, as a major constituent, the
X-ray patterns of the constituent phases were simulated usingv-based bcc phase & 3.03A for pure V). The hydrogena-
Powder Cell software and analysed in comparison with the tion proceeds in two steps. The tetragonal “monohydride”
reference structural dafa2]. VoH14, (Space groupldy/amd;a = 6.001-6.03%, ¢ =

Hydrogen absorption/desorption characteristics were 6.59—6.87,&) is formed first. Further absorption of hydrogen
measured in the Sieverts-type setup. Further details can beesults in a formation of the fcc “dihydride” (space group
found in[13]. Before the measurements, a bulk sample of Fm3m,a = 4.27A for VH>).
the alloy (0.8-1.5g) was activated by heating in vacuum to  XRD patterns showed a formation of well-crystalline
450°C during 1 hfollowed by a saturation with hydrogen gas. samples both for starting alloys and for dihydrides. How-
The activation was repeated until a complete reproducibility ever, only for the 25Zr75 sample a well-defined XRD

of the hydrogen sorption capacity was achieved. pattern of the “monohydride” was observed. On the con-

Table 1

Crystallographic data of the annealed alloys and their hydrides

Designatioft Sample Unit cell dimensionsf\ﬂ Secondary phases
Alloy Monohydride Dihydride

(Ti) V75Ti1752r75 3.040(1) a=6.16(1)c = 6.65(1) 4.295(1) nP

v) V25275 3.022(1) a = 6.067(3)c = 6.739(6) 4.2712(9) M, ZrOs

(Cn V75Ti10Z2r75Cr75 3.0349(7) a = 6.1932(3) = 6.564(1) 4.2830(4) m, Zr0z

(Mn) V75Ti10Zr7.5MN7.5 3.033(1) a=6.07(2)c = 6.74(3) 4.286(3) n, C15°

(Fe) Vz5TipZrrsFers 3.0283(9) a = 6.100(6)c = 6.76(1) 4.263(1) c1% m

(Co) V75Ti10Zr75C07 5 3.0357(5) a = 6.082(6)c = 6.73(1) 4.263(2) C1% m

(Ni) V 75Ti10Zr75Ni7s 3.0248(4) a = 6.234(1)c = 6.580(9) 4.255(1) mn

& The designations of the alloys presented in the first column are later used in the paper. Their compositions are shown in the second column.
b Structure type F&W3C, space grougd3m.

¢ Structure type MgCs space grougd3m.

d Structure type MgZs space grougP6z/mmc.
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Fig. 2. Relative volume increase per metal atom during the transforma- [T 17 7 V17 T 7 T 1T T]
tions alloy—“monohydride” (1), “monohydride”—“dihydride” (2) and alloy— 12125 13 135 14 145 15
“dihydride” (3). Ry, A

. ] . ) Fig. 3. Correlation between unit cell parameters of the bcc alloys (a) and fcc
trary, the XRD of titanium-contained “monohydrides” were “dihydrides” (b) and the atomic radii of the substituting elements, M. Lines

characterised by an increased background and broadenedre drawn just to guide an eye.

peaks. Apparently, this is caused by high internal stresses

in the impact and ductile samples during a transforma- Significant expansion (15.5%) during the first step, which
tion of the alloys or “dihydride” phases into tetragonal Markedly reduces volume effect (20.5%) on the step 2. How-

“monohydrides”. ever, the total value (39.2%) is very similar to the other studied
XRD study showed that the formation of the “monohy- alloys.
drides” is accompanied by a volume expansion of 11.3— |ntereSting|y, for the initial aIonS and, also for their cor-

15.5%. Further hydrogen absorption leads to a more pro-responding dihydrides the parameters of the cubic unit cells
nounced volume increase, 20.5-26.8% Compared to thesystematically increase fO”OWiﬂg atrend in Changes of the
“monohydride”, which in total gives 38.5-41.2% compared Mmetallic radii of the elements (sé¢g. 3).

to the initial alloys Fig. 2). The observed values are rather

similar for all studied samples and agree well with the refer- 3.2. Hydrogen sorption properties

ence data: 7.1-12.5 and 24.5-30.7% for “mono-" and “dihy-

drides”, respectively>~40% in total[12]. Behaviour of the Table 2summarises hydrogen sorption capacities and acti-
Ni-substituted alloy is very different—it undergoes rather vation behaviour of the studied alloys. An overview of the

Table 2

Hydrogen sorption capacities and activation behaviour

Alloy H sorption capacity Time of 80% hydrogenation at the

first H absorption cycle (min

(T = 30°C, P = 25bar) ( < 100°C, P > 0.1bar) ption cycle (min)
HIM cm3/g H/M cmlg

(Ti) 1.76 367.4 0.90 189.3 .2

V) 1.65 343.1 0.81 168.2 75

(Cn) 1.79 370.3 1.09 224.7 @

(Mn) 1.70 353.2 0.95 197.4 5

(Fe) 1.59 328.9 0.76 156.5 0

(Co) 1.56 322.7 0.75 155.1 B

(Ni) 1.56 321.9 0.88 181.1 1%
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Table 3
PCT properties of the upper plateau segmenty(k> H~1)
Parameter Alloy
(Ti) V) (Cn (Mn) (Fe) (Co) (Ni)
Maximum total H capacity@max), H/M 1.97 1.98 202 191 188 177 183
1.99 203 203 185 180 182
Fraction of the segment in the total capacity 4D 055 056 053 046 042 048
0.42 052 054 044 041 049
H concentration at the plateau midpoiaif, H/M 1.30 116 122 120 122 115 113
1.33 124 128 122 119 117 110
Apparent standard entropy of the transitiorCat(AS®) —16463 —14699 —14003 —15564 —15358 —15416 —16289
(J/mol Hy/K)
—-14511 —15304 —13228 —14267 —127.05 —15444 —-16817
Apparent standard enthalpy of the transitioCat( AHO) —52.98 —40.32 —42.23 —4810 —4391 —44.41 —46.04
(kd/mol H)
—53.36 —44.83 —43.32 —4845 —40.14 —49.36 —5135
3(In P)B(H/M) at Co andT = 60°C 323 111 098 310 308 305 209
1.14 039 031 089 131 150 084
Pabsorptior! Pbesorptionat Co andT = 60°C 1202 246 376 540 625 578 361

@ Top—sorption and bottom—desorption.

PCT properties of the hydrides formed by the annealed alloysin V-Zr—Ti—M, to modify hydrogen equilibrium pressure by
(derived from the fitting parameters for the upper segments two orders of magnitude~g. 4).

of the PCT curves) is given ifable 3 Comparison of the PCT behaviour of the as-cast and
Doping by titanium significantly improves the activation annealed alloys showed that, as expected, annealing mainly
properties of the vanadium—zirconium alloy2éZr7 s: results in flattening of the plateau area of the desorption

isotherms.

The TDS spectra of the hydrogenated samples contain two
desorption peaks. The first one appears at low temperatures
and corresponds to hydrogen desorption from the “dihydride”
(VH~2 — VH.1). The peak position shifts from-14 °C
for the least stable hydride on the basis af;¥Zr75, to
+10°C for the most stable one formed by,aTi175Zr75
(Fig. 5a). The observed stability agrees well with correspond-

An introduction of titanium also increases the total H sorp- ing PCT dataTable 3. The second rather broad desorption
tion capacity (except for M = Fe, Co, Ni) and the reversible H peak (VH.1 — V) has its maximumaf’ ~ 200°C (Fig. 50).
sorption capacity (except for M = Fe, Co). The behaviour of ~ As it can be seen frorfrig. S, all titanium-containing
the Ni-doped alloy is of special interest: its reversible capac- samples are characterised by a more broad (compared to
ity increases despite a decrease in the total capacity takes/925Zr7.5) peak of gas evolution, especially for M=Fe,
place. Such an increase correlates with the observed unusuafo, Mn. Introduction of Ti and M reduces the starting tem-
volume expansion behaviour during the formation of mono- perature for the decomposition of “monohydride” decreas-
hydride Fig. 2). The most pronounced increase both for the ing the thermal stability. In all cases desorption finishes at
total and for the reversible H sorption capacity was observed 7 ~ 300°C.
for M=Cr.

A maodification of the alloys with Ti and transition metals
(Cr, Mn, Fe, Co, Ni) increases both hysteresis and plateau4. Applications
slope. However, for M=Cr, Ni these parameters decrease
approaching the characteristics for the low-alloyed vana- Reversible hydrogen sorption capacities of the studied

(a) Rate of the initial absorption dramatically increases (see
Table 2;

(b) Complete reversibility of H desorption is reached in just
one cycle compared to the four cycles fog¥éZr7 5;

(c) Both absorption and desorption by the activated alloys
become very fast (90% hydrogenation is reached in just
1-4 min compared to 7—8 min forgy’sZr7 5).

dium. samples are between 155 and 225&m(Table 9. They
The PCT data show an essential influence of the substitut-exceed corresponding values for theABtermetallides and
ing elements on the thermodynamics of the \dH> VH.<1 are similar to those for the ABH storage alloyg15]. The

transition. AtT = 60°C the equilibrium pressure of hydro-  possibility to efficiently control the working pressures of the
gen desorption is around 10 bar for the)¥Zr7 s—H» system hydrides, by small variations of their chemical composition
and close to 0.1 bar for ¥Ti175Zr75—H2. The correspond- (Table 3 Fig. 4), makes them promising for the applications
ing values for the quaternary alloys have intermediate valuesin compact, safe and technologically flexible hydrogen stor-
between these limits. This allows, by applying small vari- age units and as efficient reversible hydrogen getters for the
ations of the amount of the additives of the M-component vacuum plasma technologifk6].
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0.01 : |
g 04 2 is close to 2.5. It is higher than isotopic effect recently
@ reported[17] for the RECg alloys (Po/Pq = 2). A com-
parison with the performance of undoped vanadij4j; (
500 400 300 Py/Pp ~3 atT = 40°C) reveals two principal advantages
Ly ' : of the materials studied in the present work. Firstly, we have
- not observed a significant difference between absorption—
1004 (€9 desorption dynamics both fortdnd Dy, whereas the reaction
1 (Fe of D, with pure vanadium is much slower compared to hydro-
1 (€n gen. Secondly, for the }Ti10Zr75Ni7 5 alloy the transition
W VH..» <> VH. 1 takes place at the same concentrations both
" ] for hydride and deuteride, and maximum sorption capacities
© = . .
QL are close in both cases. On the contraryyttteuteride on the
o v basis of pure vanadium has much lower reversible sorption
. (Ni) capacity than correspondingdihydride[4].
943 In conclusion, present study shows that vanadium alloys
- _— Vo25-x—yZr75Ti751,—yMy (M=Cr, Mn, Fe, Co, Nixx = 0,
T n
0.01 3
: (Ti) ]
0.0 ~—————————— 1 e e
0.002 0.0024 0.0028 0.0032 0.0036 0.004 10— il"' v " Bie
(b) 1/T,K E :D W
Fig. 4. (a) Hydrogen desorption isotherms %&at= 60°C: experimental i & g T
points and calculated curves; (b) Van't Hoff plots for hydrogen desorption 2
derived from PCT fitting parameter$dble 3. g ’—E ;’
= ;
Especially promising application of the studied V-based ] ; ABS DES
alloys is hydrogen thermal sorption compression. From 0.1 p Hz ™ O
the PCT derived thermodynamic parameters, the use of e % D
. . . . ] & 2 v v
Vg25Zr75 and VysTi1pZr7 sNiz s will allow a compression ]
of hydrogen from 20 barZ{ = 10°C) to 150-200 barq = ] o
150°C) with reversible H capacity exceeding 150%q 5t %
Finally, a very efficient separation of hydrogen iso- ' R R N
0 04 5 08 1.2 16 2

topes can be achieved on the basis of the bcc vanadium ' C HM

alloys. Indeed, as it can be seen frdfig. 6, the alloy ’

V75Ti102175Ni75 shows a strong inverse Isotopic effect: at rig. 6. Isotherms of hydrogen and deuterium absorption and desorption for
T = 60°C in the plateau region the pressure rakig/ Pp V75Ti10Zr75Nizs at T = 60°C.
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10; y = 0, 7.5) have significant potential for the thermally  [7] A. Kagawa, E. Ono, T. Kusakabe, Y. Sakamoto, J. Less-Comm. Met.
managed hydrogen storage applications. Possibilities to sig-  172-174 (1991) 64. '
nificantly influence the thermodynamics of the V<> [8] T. Kuriiwa, T. Tamura, T. Amemiya, T. Fuda, A. Kamegawa, H. Taka-

VHN; transition and hydrogen sorption capacity by the sub- [9] g u/;i;b'\:‘: ﬂ%jkzjé’A,\u;yss gli??;dozgssgzg 5 (1999) 433.

stituting M-element are the most valuable features of these 10} v.v. Bumasheva, V.V. Fokina, V.N. Fokin, S.L. Troitskaya, K.N.

systems. Further improvements of the H storage properties  Semenenko, Bull. USSR Acad. Sci., Inorg. Mater. 20 (5) (1984)

can be achieved by reducing the H content in@Heydride 799.

thus increasing the efficient H capacity of the system. [11] A. Nowikow, H.G. Baer, Z. Metallk. 49 (1958) 195. .

[12] P. Villars, L.D. Calvert, Pearson’s Handbook of Crystallographic
Data for Intermetallic Phases, 2nd ed., vol. 4, Materials Park, OH
44073,

[13] B.P. Tarasov, J.P. Maehlen, M.V. Lototsky, V.E. Muradyan, V.A. Yartys,
J. Alloys Compd. 356357 (2003) 510.
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