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Hydrogen diffusion in partially quasicrystalline Zr g =Cuq,Niqj Al 5
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We report on the direct determination of the hydrogen diffusion confantthe hydrogen-storage quasi-
crystalline alloy ZrCuNiAl using the technique of nuclear magnetic resonance diffusion in a static fringe field
of a superconducting magnet. The diffusion constant of partially quasicrystalligeCzy Ni,;Al; 5 exhibits a
significant decrease with increasing hydrogen-to-metal tafidl, owing to creation of defects in the lattice
during hydrogen loading, whereas the actual alloy structure—the amorphous, icosahedral, or approximant—
appears to be less important in the hydrogen diffusivity.
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A high number of tetrahedrally coordinated interstitial sion in QC’s slower withD<10 8 cn?/s, so that no direct
sites within the crystalline structure and the favorable hydrodetermination ofD in QC’s by the PFG method was
gen chemistry make the Zr- and Ti-based quasicrystalgeported—to the best of our knowledge—in the literature so
(QC's) attractive hydrogen-storage materialSfhe most far. In this paper we present a direct determination of the
studied example is the TiZrNi icosahedral alfoy, which  hydrogen self-diffusion coefficient in the hydrogen-storage
can accommodate hydrogen up to the hydrogen-to-metal rg@grCuNiAl QC alloy by using the method of NMR diffusion
tio H/M~1.6, similarly to the best crystalline materials. Onein a static fringe field(SFP of a superconducting magnet.
of the key factors that characterize good hydrogen-storagelere we apply the SFF method to the study of hydrogen
materials is the ability to get hydrogen into and out of thediffusion in QC'’s.
metal easily and within a reasonable time. This is related to  The SFF method, introduced in the 1990’s by Kimmich
the mobility of hydrogen atoms within the crystalline lattice, et al,'? takes advantage of the ultrahigh magnetic field gra-
so the knowledge of the hydrogen self-diffusion coefficientdients (typically up to 80 T/m of the highly stable static
in a metal host is of high importance. There exist manyfringe field of an NMR superconducting magnet, extending
methods to determine the hydrogen diffusion constant irsensitivity to molecular diffusion down tB=10"** cn/s.
metal hydrides;® among which nuclear magnetic resonancesrF diffusion measurements were successfully applied to
(NMR) has probably been applied to more hydrides than angystems such as supercooled liquids, molecular crystals,
other technique. Various NMR techniques, including spin-long-chain polymers, and systems of confined mesoscopic
lattice relaxation in the laboratory, rotating, and dipolargeometries and fractal structurésyhereas no reports exist
frames, NMR linewidth, and diffusion in a magnetic field on the measurement of hydrogen diffusion in metal hydrides
gradient are suitable to characterize diffusion coefficients inpy this technique. For hydrogen storage QC’s, the SFF
the range between 16 and 10°* cn¥/s. Out of these tech- method offers a promising way to directly determine the hy-
niques, only the diffusion in a field gradient gives a directdrogen diffusion coefficient. There, tH2 values are below
model-independent value of the diffusion constadi  the detection threshold of the PFG method at practically all
whereas all other techniques yield indirect information, thetemperatures of interest, because at elevated temperatures
correlation timer, of the fluctuating local magnetic fields. (e.g., at 350 °C fdrTiZrNi) the icosahedrali) QC structure
Assuming thatr, fluctuations arise predominantly from the decomposes and transforms into more stable crystalline hy-
translational diffusion of hydroger(svhich is in many cases dride phases.

a crude and not well justified assumptipthe diffusion co- Our hydrogen diffusion measurements by the SFF method
efficient may be estimated from the relatién=fa?/6r,. were performed in a quaternary icosahedral alloy
Here a is the mean jump distance arfg is the structure-  Zrgo LCup,Nij,Al;s  (in the  following abbreviated as
sensitive “tracer correlation function,” ranging usually be- ZrCuNiAl, 5). This alloy exhibits exceptional glass forming
tween 0.5 and 1. Except for some simple structuaemdf;  ability, and is one of the few known systetfishat undergo
are not easily obtained. Regarding the NMR diffusion techtransformation from the glassy to the quasicrystalline state
nigue in a magnetic field gradient, the most commonly em{y annealing the amorphous as-cast matenalt-spun rib-
ployed method is that of Stejskal and TanHewhich uses  bong above the glass transition temperature 372 °C. The de-
pulsed field gradientPFG. The technically available PFG tails of the material preparation, hydrogen loading and de-
values limit the sensitivity of this technique to the rarige sorption, stability, structural quality, and structure
=108 cn?/s. The PFG method was successfully applied totransformation  upon  hydrogenation are  published
simple-structure metal hydrides, such as the elemeftal  elsewheré?~*® During annealing, a microstructure of icosa-
PdH, and TiH, and the Pg,Ag,H, alloys'" whereD was  hedral QC’s develops within the sea of amorphous material,
determined at temperatures where its value was in the ranghe largest attainable quasicrystalline volume be

10 °-10"8 c?/s. The more complicated structure and/or ~90%. Since the storage capacity was found higher and the
structural and chemical disorders make the hydrogen diffuhydrogen absorption kinetics faster for samples with a qua-
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sicrystalline volume of about 50% than for the fully quasic- T (K)

rystalline one¥ (90%), our experiments were conducted on R22383 R 33 % 8
Voc=50% samples. The hydrogen diffusion results pre- et S A (4
sented in the following should thus not be considered as _

specific to the QC phase, but to quasicrystalline microcrys- “‘g

tals embedded in an amorphous matrix. The samples were =

hydrogen loaded electrolitically in a 2:1 glycerine-
phosphoric acid at 25°C and a current density jof
=10 A/n?. The hydrogen content was determined by a mi-
crobalance with accuracy of1 ug and from the shift of the
x-ray lines® towards smaller angles due to lattice expansion.
The increase of the quasilattice constant by about 10% at
H/M=2.0 in ZrCuNiAlL 5 compares well to the 7% increase
observed in the Ti-based QC’s wittH/M =1.6. Our study
included five samples loaded to differert/M’s: (i) an
amorphous as-cast material loadedHttV = 0.192(hereafter
referred to as sample AO.L,.9vhere the amorphous material
can be loaded to a maximukVM = 0.9 before failure of the
ribbonl® and four quasicrystalline samples loaded (0
H/M=0.309 (QCO0.31 sample (iii) H/M=0.50 (QCO0.50, 10° '
(iv) H/M=1.9 (QCL1.9, and(v) H/M=2.1(QC2.]. Since 23 24 25 26 27 28 29 30 34
the amount of hydrogen outgassing soon after the hydroge- 1000/T (K

nation has not been studied, the highM values of 1.9 and

2.1 should not be taken literally. An increasing degree of FIG. 1. Temperature-dependent hydrogen diffusion constant
hydrogenation leads to an increased nearest-neighbor die- in the ZrCuNiAlL s alloy hydrogenated to different/M
tance of both the QC phase and the amorphous matrix, a¢samples described in the tgxtSolid lines are fits withD
companied by a phase transformation of the QC from icosa= D, exp(—E,/kgT), using in all cases the same value of the acti-
hedral to approximant phas"éand its final amorphization at vation energyE,= 365 meV. TypicalR; vs 7 curves, from which
H/M values above 1.0. X-ray diffraction and transmissionD is extracted, are shown as an inset.

electron microscopyTEM) investigation®® showed that, af-

ter hydrogen degassing, the quasilattice parameter is restoregder to extracD, one first varies systematically the “diffu-
totally to its initial (H/M =0) value, whereas the remaining sion time” t, keeping the timer fixed. The echo amplitude
weakened contrast of the bright-field TEM images and théhan decays in with the constanR, = 1/T, + y?g>D 2. The
absence of weak diffraction lines indicate the presence of @xperiment is repeated for a seto¥alues and the resulting
high density of defects, not present in the virgin material.R; is plotted as a function of?. Typical R; vs 72 curves at
These defects—of still unknown type—are created duringdifferent temperatures are shown as an inset in the Fig. 1.
hydrogen loading and are not annealed-out after completéhe slope of the straight line yields the diffusion constant

1078—_

D (cms)

hydrogen desorption. whereas the zero intercept isT1/ which is independently
The SFF experiment was conducted in a superconductingnown from the relaxation-time measurements.
magnet with the center field 6.3 (Eorresponding to théH The diffusion constants were determined in the interval

resonance frequency of 270 MHZThe experimental setup, between room temperature and 440 K and the data are
including the fringe field data of this magnet, were publisheddisplayed in Fig. 1. Within this temperature interval, the
recently™® The probe head was fine positioned at one edge ob values of all samples are in the range between 8

the superconducting coil, where the proton resonance freand 1.8<10°° cn?/s. The D(T) data points fall on
quency amountea(*H)=100.0 MHz and the gradient was straight lines in the IID vs 1/T plot, indicating a simple
g=49 T/m. The stimulated spin-echo pulse sequene& ( classical over-barrier-hopping hydrogen diffusion with

— 17— mw/2—t— w/2— 7—echo) was used with the/2 f pulse =~ =Dgexp(—E,/kgT), where E, is the activation energy.
length of 1us. In the presence of diffusing nuclei in a con- Within our experimental precisiof~10%), theD(T) curves
stant field gradieng, the amplitude of the spin echo decays of all samples run in parallel, demonstrating that the varia-

with time according t& tion of the activation energy between the samples is smaller
than the experimental error. This, however, does not exclude
A=Ay exp —27/T,)exp( —t/Ty) the possible small variation of the, with H/M, it is just too

small to be detected by the SFF technique. Th@) fits
) (solid lines in Fig. ) are all made with the same value of the
' activation energ\e,= 365+ 15 meV (which should be con-
sidered as the avera@g of all samples Here it is important
Here A, is the initial echo amplitudeT; and T, are the to stress that thi&, value is model independent and hence
spin-lattice and spin-spin relaxation times, respectivglis ~ does not suffer from the model-dependent analysis as in the
the gyromagnetic ratio, anb is the diffusion constant. In case when extracted from the data of the NMR relaxation

2
t+§7'
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FIG. 2. TheH/M dependence of the diffusion prefactbr,

(solid circles and the Korringa constamt (open circles FIG. 3. TheH spin-lattice relaxation rates of the investigated

ZrCuNiAl; s samples in the temperature interval from 480K in

a (T;T)"! vs T plot. The constant plateaus below 100 K demon-
experiments. The translational shifts of ti¥T) curves  strate the dominance of the conduction-electron relaxation contribu-
show that the prefactor®,~a?/6r,, [wherer, ' is the hy-  tion at low temperatures, whereas thg T) ! increase above 100
drogen jump attempt frequency defined by the Arrhenius reK is due to the dipole-dipole contribution.
lation 7.= 7., expE,/kgT)] are different. Samples loaded to
higher H/M values show systematically lowdd, values be attributed to the gradual amorphization of the QC samples
(Fig. 2). This result demonstrates that the main difference inupon the hydrogenation-induced phase transformation to the
the hydrogen diffusivity within the samples hydrogenatedamorphous state, as the amorphous sample A0.19 shows in
to differentH/M’s and also showing structural differences fact the highest diffusivity, equal to that of the QCO0.31
(the starting material is amorphous whereas the QC samplegmple. This unconventional hydrogen diffusivity decrease
undergo an icosahedral-to-approximant-to-amorphous tranger increasingd/M can be consistently explained by consid-
formation® upon hydrogenation with increasingl/M)  ering the above discussed TEM—and x-ray detected defects
comes predominantly from the prefaciy and not from the in the lattice, introduced by the hydrogen loading, to be at
difference in the activation energies. This is not a trivial re-the origin of this phenomenon. The defects locally distort the
sult, as one would expect that the increased nearest-neighb@trahedral coordination of the interstitial sites, making the
separation due to lattice expansion with increastv number of available hydrogen sites smaller with increasing
would increase the potential barriers between adjacent hyd/M. The concentration of defects strongly depends on
drogen interstitial sites, so th&t, should increase at higher H/M, but is rather independent of the actual crystalline
H/M. In contrast, the results of Fig. 1 suggest that the destructure(as tetrahedral sites are present in all phases—the
creased diffusivity for increasingl/M originates predomi- QC, the approximant, and the amorphpthis hypothesis is
nantly from the decrease @,, whereas the change in the supported indirectly by the low-temperature measurements
activation energy—if present—plays only a minor role. Theof the NMR nuclear spin-lattice relaxation rate . In metal
diffusivity is also fairly independent of the actual crystalline hydrides, the'H relaxation rate usually contains two terts,
structure(D values of the starting amorphous material A0.19T; *=T, '+ T;;, where T;{ is the nuclear dipole-dipole
and the quasicrystalline QC0.31 sample, both loaded to smadontribution andT;. is the conduction-electron relaxation
H/M, are practically equalwhereas it is strongly dependent rate that becomes by far dominant at low temperatures. The
on the amount of hydrogen loaded, being smaller for largetonduction-electron rate obeys the well-known relation
H/M’s. A trivial explanation could be the “site-blocking” (T,.T) '=K with K being the Korringa constant that is re-
effect, where the increased occupancy of the interstitialated to the density of electronic statd30S) at the Fermi
sites for increasingd/M =x would result in a decrease of |evel Kxg?(Eg). The relaxation rates of all samples are dis-
the attempt jump frequency ag2—x)7.* (where 2 is played in Fig. 3 in a T,T) ! vs T plot. The horizontal
taken as the maximum possibbe for the ZrCuNiALg, (T,T) '=const lines below 100 K demonstrate the domi-
so that the diffusion coefficient scales witk as D nance of the conduction-electron relaxation rate at low tem-
=(2—x)Dgexp(—E,/kgT). This should lead to a linear de- peratures. The height of the plateau of each sample is deter-
crease of the prefactor (2x)D, with increasingH/M, in mined by the value of its respective Korringa constant. In
contrast to a much faster variation of the experimeitgl Fig. 2, theK values are displayed, as a functionHfM, on
values displayed in Fig. 2. According to this, thEM de-  the same plot together with th2,. The constant& exhibit
pendence oD, may not be explained by the simple site- a decreasing behavior for increasidgM in a very much the
blocking effect. The decrease Bf, with H/M can also not same manner as the diffusion prefadyy. This K behavior

212202-3



BRIEF REPORTS PHYSICAL REVIEW B8, 212202 (2003

can be again qualitatively explained by the defects-inducedéydrogen diffusion in the ZrAICuNis alloy is of minor im-
distortion of the Iattice, which decreases the electronic Do%ortance. The main reason for decreased hydrogen diffusiv-
function g(E¢) and hence the Korringa constant. The cre-jty in samples loaded to highét/M values appears to be the

ation of defects in the lattice upon hydrogenization thus Contattice distortion(that is not just a simple uniform expansjon
sistently explains the temperature dependence of both thg e to defect creation upon hydrogenation.

diffusion prefactoD, and the Korringa constait. The fact .
thatD, andK show strong dependence &M, but do not We thank Professor U. Kter from Dortmund for provi-
depend significantly on the actual structure of the samplesion of the samples and for reading the manuscript prior to
demonstrates that the influence of quasiperiodicity on theubmission.
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