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Abstract

A novel optical technique to measure catalytic activity for hydrogen sorption is presented. The catalytic activity of the noble metals of
Pd, Ni, Cu and Ag is studied as function of pressure and temperature. The uptake rate is limited by chemisorption as deduced by modelling
kinetics. An empirical relation between uptake rate and the measured activation energy is given. The catalytic activity of NbOx is studied as
a function of the oxygen concentration determined from electron spectroscopy. The measured activation energy depends strongly on the oxygen
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oncentration and reaches a minimum of 0.6 eV at the highest oxygen content (x = 2.5, i.e. Nb2O5). Pure Nb does not display a signific
atalytic efect.
2005 Elsevier B.V. All rights reserved.
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. Introduction

There is an enormous empirical knowledge about cataly-
is and catalysts. We know, for instance, that the kinetics of
ydrogen sorption in Mg based storage devices is greatly en-
anced by additives like transition metal oxides[1], while it
as found that oxides on top of typical hydride forming met-
ls (Mg, Y, etc.) strongly impede hydrogen absorption[2,3].
ensors[4] and hydrogen switchable mirrors[5] use Pd as
catalytic caplayer, and usually Pt is used for hydrogen dis-

ociation in fuel cell electrodes[6]. But in general, we do not
now why[7]. One reason for this is that ‘catalytic activity’
s not a fundamental property of a material. In particular it
epends on the surface properties of the catalyst, which are
trongly influenced by external parameters like reaction gas
urity etc. Moreover, the activity and selectivity hinge on the
etails of complex kinetic phenomena, often at spectroscop-

cally elusive active sites. For finding general fundamental
elations, it is mandatory to have an experimental method to
eliably measure the catalytic activity for hydrogen sorption,
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and – at the same time – to probe the active sites by a
priate analysis methods. In this paper, we describe a
method to determine the effect of catalysts on the kin
of hydrogen sorption. The method uses an indicator la
whose hydrogen uptake can be optically monitored[8]. The
metallic indicator layer has a high affinity for hydrogen bu
not able to absorb it directly due to its non-active oxide s
This thin oxide layer does transport hydrogen to the optic
active indicator layer, once the molecular hydrogen is
sociated[3] by a catalyst (e.g. Pd-clusters[9]). On this thin
film system, various catalysts are deposited and their cat
effect is studied as a function of composition, thickness,
perature and hydrogen pressure. The technique is ext
to a combinatorial screening method by the use of large
thin film matrix samples with controlled gradients in lo
chemical composition of two or more constituents. The
film approach opens the possibility to use well-establis
surface science techniques. As a demonstration of this
nique we investigate the appropriate thermodynamic co
tions for a fast sorption kinetics of noble metal catalysts
addition, we study the role of oxygen in the NbOx-catalyzed
sorption process on microscopic scale by X-ray photoe
tron spectroscopy.
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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2. Experiment

Polycrystalline Y, Pd, Ni, Cu, Ag and NbOx films are
grown using a dc sputtering system. The argon pressure
is 102 mbar, the background pressure less than 10−7 mbar.
NbOx films are grown by reactive sputtering from a Nb tar-
get in an Ar/O atmosphere. The yttrium is surface-oxidized in
air for 2 min. The surface composition of the films is deter-
mined by X-ray photoelectron spectroscopy (XPS). Exper-
iments are performed in a VG ESCALAB 5 photoelectron
spectrometer at a base pressure better than 10−9 mbar. The
photoelectrons are excited by Mg K� radiation (1253.6 eV).
Yttrium films are used as indicator for the H concentration,
as yttrium displays large optical changes upon hydrogen in-
corporation (see Ref.[5,8]). Pure yttrium and YHx x ≤ 0.21
(�-phase) are shiny metals. The dihydride YH2 (�-phase) is
also metallic, but has a weak transparency at a photon energy
around 1.9 eV. The corresponding spectrum is shown inFig.
1, the dihydride phase corresponds to the first maximum in
the loading curve (at around 90 s in the inset ofFig. 1). YH3
(�-phase) is an insulator with a band gap of 2.68 eV[10] (Fig.
1). The time evolution of the optical changes of such yttrium
samples is monitored with a CCD camera using a macro-
objective. The sample is exposed to hydrogen in a loading
cell with single-crystalline sapphire windows which with-
stand temperatures up to 300◦C in a hydrogen atmosphere at
p read
o GB
s ana-
l tware
e mea-
s e and
3 oven.
T d in
F

The time between the opening of the H2 valve and the
first maximum (corresponding to the infrared transparency
window of the dihydride) is defined as the switching time
of the film. We consider only the switching within the�-
and �-phases, because the position of a maximum is bet-
ter defined than the saturation level at the metal–insulator
transition within the�-phase. Additional reasons are thermo-
dynamic considerations (see below). The switching time is
a measure for the average hydrogen uptake of the yttrium
film. However, it does not inform us about the progression of
the kinetics. The transmissionT increases exponentially with
the formation of the�-phase (seeFig. 1). Therefore, the hy-
drogen absorption kinetics can mathematically be modelled
by assuming a Lambert–Beer like law, a linear law for the
change of the optical absorptionKd with hydrogen concen-
trationx and a constant hydrogen flux ˙a into the yttrium:

T = T0 e−K(x)d, K(x) ∝ −ẋ (1)

Indeed, the logarithmic transmission functions inFig. 3
are well fitted with a linear function within the mixed� + �
state. The kinetics depends strongly on the particular surface
modification, here the Pd- caplayer thickness (Fig. 3). For
various thicknesses, the corresponding slopesm = d ln T/dt

are plotted versus the reciprocal switching times 1τ (inset of
Fig. 3). The resulting proportionality ˙x ∝ m proves a con-
s ere-
f rties
o
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o ness
o -
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F with 10 integrate
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ressures up to 10 bar. The signal of the CCD camera is
ut by a personal computer. The time evolution of the R
ignals during hydrogen ab/desorption for each pixel is
yzed by means of the dedicated image processing sof
escan. The loading cell is placed in an oven to perform
urements at temperatures between room temperatur
00◦C. Camera and light source are placed outside the
he optical setup to measure catalytic activity is sketche
ig. 2.

ig. 1. Optical transmission spectra of a 100 nm yttrium film capped
pectral range from 1 to 3.5 eV.
tant hydrogen flux over the whole absorption range. Th
ore, the hydrogen flux is only determined by the prope
f the thin film caplayer. The reciprocal value ofτ as well as

he logarithmic change of transmission can both be tak
measure for the hydrogen uptake rate and thus as a m
f the catalytic activity of the caplayer. The analogous
f both methods was proven in Ref.[12]. Naturally, this be
avior is only true, if the indicator layer (yttrium) fulfil
articular conditions. The dissociation pressure of YH2 has

nm Pd. The inset shows the time evolution of the transmission in thed
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Fig. 2. Setup to measure optically hydrogen uptake of thin films. The hydrogen cell is setup by two CF100 sapphire single crystal windows (CW) withstanding
10 bar hydrogen and a CF100 stainless steel adapter flange with sample holder and temperature sensor. All used seals are made out of copper (CS) to avoid any
contaminations at high temperature.

to be much lower than the used hydrogen pressure of 2 bar
(pdiss = 105 Pa at 600 K[11]). This corresponds to the high
heat of formation of−114 kJ/mol H of YH2. Moreover, the
diffusion within the yttrium has to be faster than the surface
uptake rate. This is valid only in thin films. With a diffusion
rate ofD = 3 × 10−10 cm2/s the time for hydrogen diffus-
ing through 100 nm yttrium isτ = 0.3 s[13], while a typical
switching time is at least several seconds. A further condition
for the use of a particular indicator material is that alloying
or intermixing with the catalytic caplayer is avoided by, e.g.
the formation of a chemically very stable but thin oxide skin.
The hydrogen diffusion through this oxide should not be rate
limiting [3]. From this it becomes clear that only a few hy-
dride forming materials are suitable as an indicator, e.g. Y or
Gd.

3. Results and discussion

In the following, we describe two typical systems to illus-
trate the indicator method. The optically measured hydrogen
uptake kinetics for various noble elements is discussed in
Section 3.1. Under real operating conditions one has to con-
sider the effect of impurities, in particular oxygen. The im-
portance of oxygen on the catalytic effect of Nb is described
in Section 3.2. It also demonstrates the combinatorial ability
of the indicator method.

3.1. Catalytic effect of noble metals

To shed light on the physical mechanism of the hydrogen
absorption process, we study the kinetics as a function of the
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Fig. 3. Optical transmissions of a 100 nm yttrium film capped with various Pd-thicknesses during loading from the�- to the�-phase. The film is exposed to
2 bar hydrogen at 423 K att = 0. Transmission values smaller than 0.005 have been removed (noise level of the camera). The inset compares the as-measured
reciprocal switching time with the slope of the transmission curves.

external thermodynamic parameters pressurep and temper-
atureT. From kinetic modelling we expect that:

(i) If dissociation is the rate determining step, the rate will
be proportional to the physisorbed hydrogen[14]. Since
the coverage with physisorbed hydrogenΘph is small at
room temperature,Θph and therefore the total hydrogen
absorption rateR is proportional to the hydrogen pres-
sure[14]:

R ∝ Θph ∝ p (2)

(ii) If the surface is not the rate limiting step, the driv-
ing force will be the thermodynamic potential differ-
ence between gaseous and dissolved hydrogen (quasi-
equilibrium)[14] andR ∝ √

p

To distinguish between these two cases, the switching ki-
netics of Pd-capped yttrium film is studied as a function of
H2-pressure. For this, the switching time of the as-grown
samples is measured at room temperature for various hydro-
gen pressures. The resulting rate, i.e. the reciprocal switching
time, is a monotone function of the pressure (Fig. 4). The data
points are well fitted by a linear function, i.e. chemisorption
of hydrogen is the rate limiting step during hydrogen ab-
sorption. To investigate the temperature dependence of the
hydrogen absorption process we determined the switching
t ssure
( in an
A ergy

EA. This is shown inFig. 5 for four noble metals Pd, Ni,
Cu and Ag. As expected, Pd capped films display highest
rates. The values are well fitted with a linear function from
which an activation energy is calculated. However, the re-
sults are surprising in the following respect. The catalyst
with the highest hydrogen absorption rate has the highest
activation energyEA, what is not expected for a true Ar-
rhenius relation (R ∝ exp(−EA/(kT ))). The rates are better

F on of
a kness
1 orption
l

ime of the as-grown samples at constant hydrogen pre
2 bar) for various temperatures. The rates are plotted
rrhenius plot to determine an apparent activation en
ig. 4. Hydrogen absorption rate of Pd-capped yttrium film as a functi
pplied hydrogen pressure. The yttrium thickness is 150 nm, the Pd thic
0 nm. The experimental data (squares) are compared to the chemis

imited model (R/p) and the quasi-equilibrium model (R/pp).
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Fig. 5. Arrhenius plot of the hydrogen uptake rate of 130 nm yttrium films
capped with the noble metals Pd, Ni, Cu and Ag at constant pressure (2 bar).

described by

R ∝ p exp

(−EA

kT
+ � EA

)
(3)

The factor�= 57.5 1 eV−1 is constant for all measured noble
metals. From this, we conclude that two steps are involved in
the process: one temperature dependent and one temperature
independent step. A more detailed analysis will be published
elsewhere.

3.2. Surface oxygen as catalytically active site for
hydrogen sorption

Using the indicator technique we probe the catalytic effect
of both Nb2O5 and surface-oxidized Nb for hydrogen absorp-
tion in one experiment.Fig. 6shows the transmission image
of an yttrium film capped with a spot of 5 nm Nb2O5 and 5 nm
surface-oxidized Nb after hydrogen exposure at 2 bar, 523 K
for 1 h. The indicator film under the Nb2O5 film has absorbed
hydrogen, evidence for a catalytic effect. The film under the
thin Nb layer remains metallic; here, the hydrogen uptake
is strongly reduced[17]. However, the spot displays a small
halo. This effect is probably due to catalytically active Nb2O5,
formed by total oxidation at the thin borders of the Nb. The

Fig. 6. Transmission image (top) of a yttrium film capped with a spot of
5 nm Nb2O5 and 5 nm surface-oxidized Nb after hydrogen exposure at 2 bar,
523 K for 1 h. Bright intensities display high transmission. The bottom image
sketches the sample cross section after hydrogenation.

observation fits well with that of Barkhordarian et al.[1], who
observed an enhancement of the hydrogen sorption kinetics
of Nb doped Mg after contamination with oxygen. To shed
light on the effect of oxygen on the catalytic properties, we
grow NbOx layers, whose oxygen content varies locally on
the sample (‘gradient samples’). The oxide gradient is real-
ized by introducing 10−4 mbar oxygen through a tube towards
one side of the 70 mm long sample during Nb sputtering at
an argon pressure of 10−2 mbar. This leads to a locally higher
partial oxygen pressure resulting in an oxygen gradient of the
NbOx over the entire sample[16]. Before depositing the ox-
ide gradient, the indicator layer is deposited. Such a sample is
exposed to 2 bar hydrogen and simultaneously the transmis-
sion is recorded as a function of time and position. InFig. 7,
a vertical linescan through the gray-scale image at a fixed po-
sition represents the optical transmission as a function of time
at a given oxygen concentration. Thus, we are able to study
the catalytic activity of the NbOx-layer as a function of the
oxygen content by measuring the evolution of the transmis-
sion. In first order, the change of lnTopt with time is a mea-

sure of the hydrogen uptake rateR = d ln Topt
dt

(seeSection
2). The temperature during hydrogen exposure is changed
from T1 = 498 K, T2 = 523 K, T3 = 548 K to T4 = 573 K.
The response of the gradient layerR(T) depends strongly on
the location, as shown inFig. 7(b). The corresponding fitted
s ure
i as
a ac-
t .
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d with
l con-
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s tive,
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lopes of d lnTopt/dt are plotted as a function of temperat
n an Arrhenius plot, from which the activation energies

function of the location are calculated. Obviously, the
ivation energy varies between 1.4 and 0.6 eV (�62 kJ/mol)
he value of 62 kJ/mol is in good agreement with the res

n bulk desorption measurements of Nb2O5 doped Mg o
arkhordarian et al.[15]. This may be taken as an indicat

hat identical phases and therefore mechanisms are p
espite the different experimental setups. The location

owest activation energy is that with the highest oxygen
ent as measured by XPS. This leads to the assumptio
pecial sites on top of the surface are catalytically ac
hich are peculiar to the fully oxidized Nb2O5 surface.
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Fig. 7. (a) Transmission of a surface-oxidized yttrium sample capped with
a 5 nm thick niobium oxide gradient during hydrogen exposure at 2 bar, as
a function of location and time. The temperature is changed during com-
position fromT1 = 498 K,T2 = 523 K,T3 = 548 K toT4 = 573 K. Bright
intensities display high transmission. Three representative linescans at fixed
positions are plotted for further analysis in (b). The slopes are plotted as
a function of temperature in an Arrhenius plot (c), from which the corre-
sponding activation energies are calculated. The oxygen concentration is
measured by XPS.

4. Conclusions

We have presented a novel optical technique to measure
the catalytic activity for hydrogen sorption. As a demon-
stration of the indicator technique we have investigated the
hydrogen absorption catalyzed by various noble metals and
metal oxide clusters deposited on the surface of the hydrogen

absorbing metal. The catalytic activity of the noble metals
of Pd, Ni, Cu and Ag is studied as function of pressure and
temperature. The uptake rate is limited by chemisorption
as deduced by modelling kinetics. An empirical relation
between uptake rate and measured activation energy is
given. A great advantage of our technique is the possibility
to measure the hydrogen uptake rate on a sample that
can be well characterized by standard surface science
techniques. This made it possible to measure the amount
of surface oxygen on NbOx by XPS. Using the indicator
technique we probe the catalytic effect NbOx. We find
different that the activation energy for catalytic hydrogen
absorption is large (≈1.4 eV) for an oxygen deficient surface
and decreases with a decreasing amount of oxygen. It
reaches a minimum of 0.6 eV at the highest oxygen content
(Nb2O5). Pure Nb does not display a significant catalytic
effect.
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