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Abstract

The catalytic activity of niobium oxide for hydrogen absorption is determined using an optical indicator technique to measure hydrogen sorpti
kinetics. The catalytic activity of NbQis studied as a function of the oxygen concentration determined from electron spectroscopy. STM mea
surements display a clustered Nb8urface, disproving a diffusion-controlled kinetics. The catalytic effect results from dissociation of hydrogen
by niobium oxide. The measured activation energy depends strongly on the oxygen concentration and reaches a minimum of 0.6 eV at the hig
oxygen contenty( = 2.5, i.e., NBOs). Pure Nb does not display a catalytic effect. Oxide surfaces with a high concentration of artificial oxygen
vacancies are less catalytically active.
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1. Introduction unclear, sparking controversy about the origin of the effect.
In particular, Huot et al. reported a catalytic effect of transi-
Limited energy resources and increasing pollution assocition elements like Nb and Ta in bulk (nanocrystalline) Mg hy-
ated with classical energy production have stimulated the searghides and attributed their catalytic effect to the formation of a
for cleaner, cheaper, and more efficient energy technologiesietastable niobium (tantalum) hydride phase that acts as a gate-
One promising technology involves hydrogen that can be use@ay through which hydrogen released from Mgftows [6].
in fuel cells stored in metal hydrides and switchable mirrorsRecent studies have called into question whether pure transi-
for smart window coatingfl,2]. An important feature of these tion metals have any significant catalytic activity, howejr
systems is the hydrogen uptake kinetics. According to diffu-Based on studies of empirical hydrogen uptake kinetics, the cat-
sion data, hydrogen transport inside metals or metal hydrides &lytic effect of transition elements has been attributed to the
sufficiently fast to provide high hydrogen absorption and despresence of oxygen, which forms oxides with the transition
orption rates at room temperature. However, in most systemspetals[7]. It has also been demonstrated that among several
only slow rates are observed, providing one indication (amongdransition metal oxides, the catalytic effect of M is supe-
others) that the surface properties of the metal grains determirér for both hydrogen absorption and desorptigh Although
their H sorption kinetic$3,5]. these empirical studies demonstrate the catalytic effect of ox-
Several empirical studies demonstrate the possibility of enides, the exact role of the additive and the corresponding mecha-
hancing kinetics by introducing special additives (catalysts) timisms remain unclear. The kind and number of active sites have
the metal hydride system. Still, the exact phase of the addito be known to improve already established additives and to
tive, its role, and the corresponding mechanisms have remainetiso develop new catalysts at lower temperatures and for other
light metal hydrides (e.g., alanates).

" ) The present study aimed to gain a better understanding of
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for various levels of oxidation of the oxide. For this, we fol- @5 YO @

lowed a novel indicator methd®,10]. Our thin-film approach X

used an yttrium indicator layer, the hydrogen uptake of which yttrium schematic
can be monitored optically. The metallic indicator layer has substrate setup

a high affinity for hydrogen but cannot absorb it directly, be-

cause of its nonactive oxide top layer. This thin oxide layer yhydrogen |

transports hydrogen to the optically active indicator layer once m Tr:?:gsén fsson

the molecular hydrogen is dissociatg] by a catalyst (e.g., (top view)

Pd clusterg11]). On this layer we deposited catalysts (NHO :

and studied their catalytic effect as a function of compositiongig. 1. The top image sketches the sample setup to evidence the catalytic effect
thickness, temperature, and hydrogen pressure. Using thin filnus Nb,Os. The sample is exposed to 2 bar hydrogen at*Z5@or 1 h. The

has the advantage of allowing us to probe and modify the syftansmission image (bottom) of the hydrogenated sample shows transparency
face using well-established surface science techniques, such gghtintensity), i.e., hydrogen uptake, only under the oxide layer.

X-ray photoelectron spectroscopy (XPS) and Ar ion bombard-

ment. Thus we corroborated the results of Barkhordarian et afiue to the hydrogen uptake by yttrium is optically monitored
that niobium oxide is indeed the catalytically active species®nd thus indicates the catalytic activity of the corresponding
[7]. In addition, we measured the activation energy and absor:2p layer. The time between the opening of thevdlve and

tion rate as a function of the surface composition of Nb@e  the first maximum (corresponding to the infrared transparency
found that the catalytic effect correlated with the degree of surwindow of the g-phase) is defined as the switching timef

face oxidation. the film. The reciprocal value of is proportional to the hy-
drogen uptake rate of the yttrium film. Alternatively, recording
2. Experiment the logarithmic change of transmission directly yields a mea-

sure of the hydrogen uptake rate. As shown previo[&lythe

For these experiments, polycrystalline Y, Nb, and NbO two methods give the same results.
were grown on glass substrates using a DC sputtering system.
The argon pressure was Tmbar, and the background pres- 3. Resultsand discussion
sure was<10~7 mbar. Niobium oxide films were prepared by
reactive sputtering in an Ar/O atmosphere. The partial pressure Using the indicator technique, we probed the catalytic activ-
of oxygen was adjusted to obtain various oxidation stfit&k ity for hydrogen absorption of both Nb@ind surface-oxidized
The metallic Nb films were covered with a thin oxide skin dueNb in a single experiment.
to exposure to 10? mbar oxygen and subsequent transport Fig. 1 shows the transmission image of a surface-oxidized
through air. The yttrium films were surface-oxidized by expos-yttrium film capped with a spot of 5 nm NBs and 5 nm
ing them to air for 2 min. The surface composition of the filmssurface-oxidized Nb after hydrogen exposure at 2 bar and 523 K
was evaluated by XPS. The experiments were performed in #r 1 h. The indicator film under the NBs film contained ab-
VG ESCALAB 5 photoelectron spectrometer at a base pressugorbed hydrogen, evidence of a catalytic effect. The film under
>10~2 mbar. The photoelectrons were excited by Mg-#-  the thin Nb layer remained metallic; here the hydrogen uptake
diation (1253.6 eV). The energy scale of the spectrometer wasas strongly reducef@5]. However, the spot displayed a small
calibrated by setting the Au,, level to 84.0 eV and the Au halo, probably due to catalytically active pBs formed by a
Fermi level to 0 eV. The experimental energy resolution wagull oxidation of the metallic Nb film at the thin borders of
around 1 eV. To vary the amount of oxygen and to produce oxythe Nb. The observation fits perfectly well with that of Bark-
gen vacancies, the samples were bombarded with Ar ions withordarian et al[7], who observed enhanced hydrogen sorption
energy up to 3 keV using the Specs ion source IQE 11/35. Thekinetics of V-doped Mg after subsequent contamination with
the surface composition was checked in situ by Auger electronxygen[14]. The yttrium indicator layer has a high affinity for
spectroscopy (AES). STM images were obtained with an Omihydrogen but is not able to absorb it directly, because of its
cron UHV scanning probe microscope in constant current modaonactive oxide top layer (se€éig. 1; the uncovered part of
for the topography images and constant height mode for curretihe film remains black). The nonactive oxide layer transports
imaging. The STM data were collected using an electrochemihydrogen to the optically active indicator layer once the mole-
cally etched tungsten tip. cular hydrogen is dissociat¢d,11]. We thus conclude that the

The optical setup for measuring catalytic activity is de-catalytic effect resulted from dissociation of hydrogen by nio-
scribed elsewheifd 2]. Surface-oxidized, 130-nm-thick yttrium bium oxide. Apart from these qualitative considerations, the
films were used as indicators for the H concentration, becauseethod indicates the quantitative catalytic activity of the cap-
yttrium displays large optical changes on hydrogen incorpoping layer. The amount of hydrogen absorbed in the yttrium
ration [2,10]. Pure yttrium and yttrium with a hydrogen con- layer is 2 per yttrium atom, because we defined the switching
centrationry < 0.21 (@-phase) are shiny metals. The dihydride time by the appearance of the dihydride pg¢8k Switching
YH» (B-phase) is also metallic, but has a weak transparency d@imes of around 7500 s correspond to an averaged uptake rate
a photon energy around 1.9 eV. ¥Kly-phase) is an insulator of aboutR = 1x 10" H, s 1cm=2. At 2 bar and 525 K, the im-
with a band gap of 2.68 el13]. The metal-insulator transition pingement rate of hydrogen ¥4, = 3.2 x 10%* Hys tem 2,
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position

from which a dissociation rate &fp = R/ Ny, = 3 x 1071t is
obtained. This small value provides another indication that the
hydrogen uptake rate is dissociation-limited.

To shed light on the role of oxygen in catalytic properties,
we grew NbQ layers on yttrium films under various oxygen
background pressures, resulting in various oxygen composi-
tions of the NbQ layer[15]. We measured the hydrogen uptake
of each layer using the aforementioned indicator method and
found increasing catalytic activity with increasing oxygen pres- (a)
sure, supporting the hypothesis that the oxide is the catalytically
active species. However, making a quantitative statement is dif-
ficult because of uncertainties in the growth procedure. :g

To circumvent these technical problems, we grew NEY- S
ers with locally varying oxygen content among the samples g
(i.e., gradient samples). The oxide gradient was evaluated by in- g

5
g

n
Nb02 36 Nb02.42 NbOZAB

troducing 10% mbar oxygen through a tube toward one side of
the 70-mm-long sample during Nb sputtering at an argon pres-
sure of 102 mbar. This led to a locally higher partial oxygen
pressure, resulting in an oxygen gradient of the Nio@er the 0 2000 4000 6000
entire sample. The niobium oxide gradient layer was deposited (b) time (s)
on top of the indicator film.

The whole sample was exposed to 2 bar hydrogen, while the
transmission was recorded as a function of time and position.

In Fig. 2, a vertical line scan through the gray-scale image at @ "B
a fixed position represents the optical transmission as a func- E
tion of time at a given oxygen concentration, enabling us to P
study the catalytic activity of the NbGlayer as a function of g

its oxygen content by measuring the evolution of the transmis-
sion of the indicator film. The absolute uptake rate (averaged
over the whole absorption process) was obtained by measur-
ing the switching time up to the so-called dihydride pgak (c)
that is, the time needed to fill the whole film with two hydrogen o - ) )
atoms per atom of yttrium (see above). However, in first OrderFlg. 2. (a) Transmission of a surface-oxidized yttrium sample capped with 5 nm
. . L ) N . thick niobium oxide gradient during hydrogen exposure at 2 bar, as a function

the Ioganthmlc tr§n5m|ss'0n IFbpt of the unde_rlyl_ng yttrium of location and time. The temperature is changed during hydrogenation from
layer was proportional to hydrogen content (within thandg Ty =498 K, T» = 523 K, T3 = 548 K to T4 = 573 K. Bright intensities display
phases). Thus the change irffl with timer was a measure of  high transmission. Three representative linescans at fixed positions are plotted
the instantaneous hydrogen uptake 7o) o (dIn Topt(l‘))/dl‘- f(ir futher ar;\al)r/]sis_in (b)l. ;I'r}e slopef]q{])tﬁre plotted asdg functitgn ?f temper—_

. . . - ure In an Arrnenius plot, frrom wnic € corresponading activation energies
In this paper we neglect the _prqpornonallty_consya_nt gnd deflngre calculated (c).
R = (dInTopy/dr. As shown inFig. 2, catalytic activity imme-
diately increased with increasing oxygen content, as measured

]E)y XPS. The temperatuzre during hydrogen exposure in(r:]reasqeal phases, and thus identical mechanisms, are present despite
rom 7y =498 K, T; =523 K, T3 =548 K103 =573 K. The 4, different experimental conditions. The uptake rates cross
corresponding values were calculated from the slopes. The rach other af’ — 1000/1.82 K-1 = 550 K, which may be in-

sponse of the gradle_nt_ layat(T) depended strpngly on the terpreted as an isokinetical point due to a compensation effect
location, as shown irFig. 2b. The corresponding averaged .

ratesR(T) were calculated from the fitted slopes of the nearlyIn Arrhen_|us_ -paramete!{a 8]. This COU|d. point to a change in
the rate-limiting step, in agreement with the results of Bark-

mhordarian et al[8], who found a change of kinetics at the

which the activation energies as a function of the location wer§2Me temperature. But in contrast, the physical significance of
calculated. The location with the lowest activation energy wag compensation effect, which is deduced from the simultaneous
that with the highest oxygen content. determination of the apparent prefactor and apparent activation
Obviously, the activation energy varied with oxygen contentenergy from an Arrhenius analysis, is under discus$i®).
(location) and reached a maximum value of 1.4 eV and a miniThe reason for this is that an Arrhenius analysis is based on
mum value of 0.6 eVA62 kJ/mol). The value of 62 kdmol is ~ the assumption that only one barrier determines the kinetics,
in good agreement with the results for bulk desorption measurevhich is true only under very special conditions. As a matter of
ments of NbOs doped Mg[8], for which identical activation fact, this assumption is no longer valid if the rate-limiting step
energy was found. This may be taken as an indication that iderchanges and an Arrhenius analysis becomes problematic.

1E-5}
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Fig. 3. Morphology of a 4 nm Nb@uglayer on a 130 nm thick polycrys-
talline yttrium film as measured by UHV-STM. Maximum height difference Fig. 4. XPS-measurement of 4 nm Np@s-layer on a 130 nm thick polycrys-

is 0.60 nm, bias voltage 3 V, current 0.1 nA. Small grains associated with theine yttrium film. The inset shows an enlargement of theY@aks. The
NbO» 4glayer are typically 1-4 nm in diameter. The inset shows a Iinescaqntensity ratio isf (Y3d)/I (Nb3d) = 3.3 x 10-2.
through such a grain.

4.0x10*

Changes in film structure can have a significant influence on
hydrogen uptake rate. Because a closed oxide layer represents
a relatively high diffusion barrier for H, the exact morphology
of the NbQ. can influence the hydrogenation process. There-
fore, we used STM to determine the morphology of the NbO
covered yttrium filmsFig. 3shows a typical UHV-STM image
of a 130-nm-thick Y layer covered by a 2-nm-thick Nb43
layer. We found relatively large clusters covered by little is- 25x10* = 290 >0 548
lands, the latter being approximately 1.4 nm in diameter. The oxygen content (O/Nb)
larger clusters were associated with yttrium grdib8]. The
smaller clusters were observed only whenever Ni@s de-
posited on the Y film. However, we did not observe any striking

3.5x10*+

3.0x10*+

rate (arb units)

—
QO
~

morphological changes when the oxygen content varied from }%
NbO, 36t0 NbO; 48 We conclude that the change in hydrogen %‘
uptake was not due to a change in morphology of the NbO 15
layer. Note, however, that although the morphology as shown g
in Fig. 3is not as well defined as has been reported in single- %
crystal model studies, it represents the typical microstructure of @ A
a realistic metal hydride storage matefibl]. The presence of o o5 T s

a clustered Nb@-surface with a high number of grain bound- (b)
aries guarantees rapid transport of hydrogen toward the yttrium
via surface diffusion on clustef8,20]. Indeed, thin NbQ lay- Fig. 5. (a) Hydrogen absorption rates as a function of the surface composition,
ers block interdiffusion between a Pd layer and the active metaheasured by the GINb3d ratio of the corresponding XPS lines. (b) Normal-
hydride without strong reduction of the hydrogen kinetics even'zed_ XPS Ql/Nb3d intensity ra}tio as a function of the angle. of incidgncg for
at room temperaturi21]. posmons with lowest (A) and highest (B) oxygen concentration, also indicated

This interpretation of the morphology was confirmed byIn (@-
XPS measurements shownHig. 4. All peaks were assigned to
excitations of Nb and O atoms. Only a very weakdvj#ak (in-
tensity ratiol (Y3d)/I (Nb3d) = 3.3 x 10~2) was visible, from n;/S;
which we conclude that we are dealing with a fully covered = Si-Gi = Gi= S ni/S:
but polycrystalline Nb@ surface (excitation length of 1000 eV . _l
electrons. ~ 1.5 nm[22], film thickness 2 nm). Variation of where S; are the sensitivity factors of theﬁlement. We used
the 1(Y3d)/I(Nb3d) ratio was not observed as a function of the empirically derived sensitivity factorsy,”* = 1.57 for
oxygen content, only as a function of thickness. However, thé\b and Sés = 0.66 for O [22]. The graph inFig. 5a clearly
experiments were performed at constant thickness, and indestiows a correlation between the hydrogen uptake rate (i.e., cat-
no variation of the intensity ratio was found. alytic activity of the NbQ-layer) and the exact stoichiometry

For quantitative analysis of the oxygen content, we used thand therefore quantifies the aforementioned qualitative observa-
simplified assumption that the number of photoelectrons in dions. However, the deviation from stoichiometric Mg was
specific spectral peak; is proportional to the concentratian rather small, whereas the uptake rate doubled within this de-

angle of incidence 0 (deg)

of the element [22]
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viation. This suggests that the catalytic activity of Nb®as
related to a peculiarity of the N5 surface. To prove this as-
sumption, we performed angular resolved photoemission on the
gradient sample for positions with the lowest and highest oxy-
gen concentrations (sdégg. 5). For high oxygen concentra-
tion, the XPS O3/Nb34 intensity ratio increased significantly
with the angle of incidence, as would be expected for an oxygen
terminated surface. For low oxygen concentrations, the ratio
remained nearly constant. Thus, the change in total compo-
sition was due mainly to changes in tharface termination,
whereas the underlying bulk composition remained nearly con-
stant. From these findings, we can conclude that the catalytic
activity is correlated with the amount efirface oxygen.

However, all of the surface oxygen atoms orp®b nanopar-
ticles are not supposed to be the catalytic sites for hydrogen dis-
sociation. Catalytic activity has been reported to originate from
oxygen vacancies on transition metal oxide surfaces, that is, dfig. 6. Transmission image (bottom) of an yttrium film capped with 5 nm
oxygen-deficient surfaces. For example, it has been proven th¥p20s during hydrogen exposure at 2 bar, 523 K. Bright intensities display
oxygen vacancies act as acive sites forwater issociation on rf SIS The p age ovs e uger nersiyeooe
tile TiO2(110) [23,24] Furthermore, hydrogen was suggestedg;,,, image.
to preferably occupy surface oxygen vacan¢s. Nonethe-

less, there is hard evidence that hydrogen also interacts wWithy . atails of the process are beyond the scope of this pa-

surface oxygen sitg26]. _ _ per; however, we propose that hydrogen adsorption originates
Because_ undelrstandlng th? role Of, catalytically active OXYtrom thermodynamically induced surface vacancies. At higher
gen vacancies is important to interpreting the hydrogen absorga \neratures. the surface might be in quasi-equilibrium with

tion p.roces.s, we 'investigated the Cata'Y“C activity of 0P the hydrogen gas creating such vacancies. The density of cat-
layer in which various defect concentrations were |mplementeg|ytica||y active sites will then be nearly independent of its

by Arion bombardment. For this, a 150-nm surface-oxidized,s renared state. Accordingly, the hydrogen uptake rates do
yttrium film was covered with 5 nm NiDs by reactive sputter- o gitfer at higher, which is indeed found (sEig. 2). In such

ing. The film was then locally bombarded with 3 keV Ar ions. 5 jnterpretation temperatures, the state of the subsurface layers
Because of the similar weight, Arions preferably remove oxy-qf the catalyst cannot be neglected. A relation between surface
gen from the NbOs, resulting in oxygen vacancies in the film. 5,4 pulk defects of sputtered Np@vas indeed found by UlI-
The number and distribution of vacancies were simulated usingya et al.[31], who showed that the defect structure of the
SRIM [28]. We calculated a mean penetration depth of abouptermost surface depends in a subtle way on the number of
5 nm with a maximum vacancy concentration directly at theyqint defects in the underlying layers. Therefore, an oxide layer
surface. To measure t.he defgct concentration experimentally,, top of metallic Nb is expected to behave differently than a
the surface loxygeymloblum ratio was estimated by AES. Then gjmilar oxide layer on top of NgDs. Indeed, we found that an
the whole film was exposed to hydrogen and simultaneouslyxygen-covered Nb film is less catalytically active thar,®b

its transmission was monitored. The 20 capping layer was  (seeFig. 1). Another piece of evidence supporting this expla-
bombarded with 3 keV Arions withadose bfr x1 =12mC  nation is the thickness dependence of the catalytic effect; only
and 2.4 mC at positions A and B, respectively. A representan, 0y thin films of around 3 nm thickness are catalytically ac-
tive transmission image, shown Kig. 6, indicates two black tjve This agrees with previous observations that hydrogen is not
craters at the Ar-bombarded positions, under which the yttriungctivated on bulk NiOs [27,33] but rather is enhanced due to
layer has not absorbed any hydrogen. These two craters corfgteraction with the underlying oxide support.

spond to NBOs with a high defect concentration, evidenced by similar effects were found for the ©and H-adsorption

the lower oxygen content at these positions (B 6). EVi-  on znO[32], which is also catalytically active for hydrogen ab-
dently, the decrease in catalytic activity does not depend on th§orption[34]. In particular, the energy for adsorption was found

dose (i.e., oxygen vacancy concentration). The borders havetg depend on the kind and density of vacancies on the ZnO sur-
slightly higher oxygen concentration (compare the AES measfgce.

surements), probably due to scattering of oxygen atoms during

Ar ion bombardment, and thus this effect scales with the Ar4. Conclusions

ion dose. Further sputtering leads to a complete removal of

the NbQ:, layer. This transition is relatively abrupt, indicating a  In this study we have investigated the mechanism of a hydro-

sharp interface between Nh@nd Y>Os. gen absorption process catalyzed by a thin niobium oxide layer.
The reduction of the catalytic effect by Ar bombardmentFor this, we correlated the chemical and electronic structure of

clearly demonstrates that artificially induced oxygen vacanthe catalyst with its catalytic activity. By electron spectroscopy,

cies are not the origin of the catalytic activity of s [30].  we found that we can produce a thin Np@m with lateral

o
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