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Analysis of hydrogen and deuterium absorption kinetics in Pd nanofilms
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Abstract

An electrochemical quartz crystal microbalance was used to study the kinetics of hydrogen or deuterium absorption in a Pd nanofilm.
The Pd film in a thickness of 120 nm was deposited on a quartz crystal. Hydrogen was electrolytically charged into the film and
monitored by the frequency shift from the microbalance. The kinetics curves of hydrogen or deuterium absorption in the nano-scaled Pd
thin film were obtained at reduction potentials ranging from 21.2 to 21.5 V. Based on the Fick’s law, the diffusion rates of hydrogen or
deuterium in the film were slower than those in bulk Pd by several orders of magnitude. It is proposed that surface effect was the
dominant factor for hydrogen/deuterium absorption in the nano-scaled Pd film. By modifying the Fick’s law with a first order reaction
equation, the kinetics could be interpreted by a surface-controlled process.  2000 Elsevier Science S.A. All rights reserved.
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1. Introduction neglected in a bulk diffusion-controlled process [15].
However, when the thickness of membrane or hydrogen

Palladium and Pd alloys have been widely used as pressure is decreased, the permeation rate becomes slower
catalyst [1,2], separator [3,4], or sensor [5,6] for hydrogen than that extrapolated from the bulk permeation process.
since the hydrogenation properties of Pd were disclosed in The non-linear decay phenomenon of diffusion rate in thin
1886 by Graham. Among them, many applications are films is considered as being caused by the surface effect.
correlated with basic properties such as solubility and For hydrogen absorption in a Pd thin film, the surface
diffusivity of hydrogen in Pd films. Unfortunately, most of effect and diffusion behavior are similar to those in
the database are established for bulk Pd [7–10], not for Pd hydrogen permeation through a membrane sheet. However,
films. There have been very few reports on the characteris- when the film thickness is reduced to the nano-scale,
tics of hydrogen in Pd thin films [11,12]. It has been noted surface process becomes more important, and hydrogena-
that the diffusivity of H in Pd thin films is smaller than that tion of the thin film may also change the stress state of the
in bulk Pd at room temperature. Similar results have also film. Therefore, the surface effect or hydrogen diffusion
been found for hydrogen gas permeation through Pd needs to be modified to explain the hydrogen absorption
membranes in different thicknesses [13,14]. In a permea- kinetics in Pd nanofilms. In this study, hydrogen or
tion process, the gas molecules are first physically ad- deuterium absorption kinetics in Pd nanofilms was studied
sorbed and chemically absorbed on the surface, and then using an electrochemical quartz crystal microbalance
dissociate into atoms at the high-pressure side. Sub- (EQCM) [16]. By modifying the Fick’s law, a first-order
sequently, the atoms diffuse through the membrane that saturation equation was introduced to describe the hydro-
obeys Fick’s law. Finally, the gas atoms recombine and gen absorption kinetics. The surface effect on hydrogen
desorb from the surface at the lower pressure side. The absorption in the nanofilm is discussed.
rate-limiting step could be either the surface reaction or
bulk diffusion. In general, when the membrane thickness is
large enough, the diffusion process would dominate the 2. Experimental
permeation rate of hydrogen. Surface effects can always be
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Fig. 1. Schematic diagram of the EQCM and the quartz crystal electrode. Fig. 2. Hydrogen absorption kinetics curves in the Pd nanofilm at various
potentials. The data points are also fitted with different surface constants.

a coating of gold at the center in a thickness of 100 nm and
a diameter of 0.5 cm. Each was linked with a 2-mm wide

2423 Hz, was caused by the synergistic effects of massgold line connected to the oscillation circuits. A Pd layer
change and the stress induced by hydrogen absorptionwas then deposited on one side of the gold by magnetron
[16], the frequency shift resulted from the stress effect wassputtering. The thickness of the Pd film identified by a
2213 Hz. A compressive stress was then calculated to beprofilometer was approximately 120 nm.
21071 MPa based on EerNisse’s equation [18], close toA schematic diagram for the EQCM set-up is shown in
the value reported by Cheek and O’Grady [19].Fig. 1. The EQCM system consisted of a 5-ml three-

The kinetics curves of frequency shift induced bycompartment glass cell and resonant oscillation circuits. A
hydrogen and deuterium absorption at various potentials0.1-M KOH solution prepared with light or heavy water
are shown in Figs. 2 and 3, respectively. The potentialswas used as the electrolyte. The counter and reference
were all located in the hydrogen reduction region to ensureelectrodes were Pt and Ag/AgCl, respectively, and the Pd
that hydrogen could be charged into the Pd film. The morefilm coated on the quartz crystal was used as the working
negative was the applied potential, the more rapid was theelectrode. The opposite side of the quartz crystal without
absorption rate of hydrogen or deuterium in the Pd thinthe Pd coating was exposed to air. The electrolyte was
film. The equilibrium values for all kinetics curves atde-aerated by bubbling of nitrogen gas to eliminate oxygen
different potentials were about the same.prior to and during the test.

A typical electrochemical reaction for hydrogen dis-In order to know the reduction potential range for
solved in Pd is described as:hydrogen and to estimate the amount of hydrogen or

deuterium absorbed in the Pd film, the cyclic voltammetry 1 2xH 1 xe 1 Pd → Pd H (1)xwas set to scan from 0 V to 21.5 V, and then back to 0 V
at a rate of 5 mV/s. The signals of frequency and current
from the electrodes were transferred to a personal com-
puter through an A/D–D/A interface card.

3. Results and discussion

The loops of electrochemical current and frequency shift
obtained by cyclic voltammetry and the information that
can be derived from the loops have been presented
previously [16]. Briefly, the occurrence of hydrogen
absorption–desorption in the Pd film could be observed
from these curves. Based on the integrated oxidation
current and charge conservation law, the amount of
hydrogen stored in the film was 181 ng, equivalent to a
concentration of H/Pd50.67. According to Sauerbrey’s Fig. 3. Deuterium absorption kinetics curves in the Pd nanofilm at
equation [17], the frequency shift resulted from the mass various potentials. The data points are also fitted with different surface
effect was 2210 Hz. Because the total frequency shift, constants.
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2 2`where the saturation value for x is about 0.7 at room 2D (2n11) p8 1 H
] ]]] ]]]]]temperature [20]. The evolution reaction for hydrogen gas C(t)5C 12 O exp tS DF G0 2 2 2
p (2n11) 4l0molecules on the Pd surface is:

(8)
1 22H 1 2e → H (2)2

With hydrogen diffusivity in bulk Pd being typically in
27 2Before saturation, most hydrogen atoms are absorbed in the order of |10 cm /s at room temperature [8], the

the Pd film and few of them are recombined. According to diffusivities of hydrogen deduced from the curves in Figs.
the Nernst equation, the fugacity f of hydrogen is anH 2 and 3 are all lower by four orders of magnitude. A2

exponential function of overpotential h. Under the equilib- diffusion barrier on the surface of the film might be the
rium condition, cause for the low effective diffusivities.

To study the surface effect, several theories and experi-f 5 exp(22hF /RT ) (3)H2 ments have been proposed to interpret the interaction of
hydrogen with the surface layer in perfect single crystals

where R and T are gas constant and temperature, respec-
and the reconstruction of free surface owing to hydrogen

tively, and F is the Faraday’s constant.
adsorption [23,24]. However, variation of other parameters

Bockris and Subramanyan have reported that the fugaci-
including the geometric roughness, poisoning by other

ty in internal cavities is dependent on the mechanism of
gases, dissociation rate of hydrogen gas, formation of an

hydrogen evolution and can be raised by several orders of
electrical double layer in the electrolyte, and the charging

magnitude in the high-pressure region [21]. From Figs. 2
pressure or voltage in the gas or electrolyte, respectively,

and 3, the hydrogen absorption rate in the Pd film is
etc., may increase the difficulty to identify the surface

increased when the potential is increased. Since hydrogen
properties. The surface effect of a Pd film in the electrolyte

fugacity is exponentially proportional to the applied nega-
involves at least surface reconstruction [23,24] and forma-

tive potential, hydrogen absorption rate is higher at higher
tion of an electrical double layer in front of the Pd surface

fugacities. The change of hydrogen absorption rate slowed
[25]. Due to the surface reconstruction, hydrogen can be

down as the potential was high enough.
absorbed into the subsurface. Addition of hydrogen to the

In general, Fick’s second law is used to describe the
sub-surface will result in further reconstruction of the

kinetics of hydrogen or deuterium absorption:
surface structure, and the corresponding energy barrier will
be increased as well. The formation of an electrical double2

≠C ≠ C
layer, mainly caused by adhesion of solvent molecules,] ]]5 D (4)H 2≠t ≠x specifically adsorbed anions, and solvated cations, ob-
structs the hydrogen flowing to the surface.The initial and boundary conditions in the Pd film coated

Figs. 4 and 5 show the schematic illustrations foron a substrate are given as:
different saturation processes of hydrogen occlusion in
thick and nano-scaled Pd films, respectively. For a thickC(x, t) 5 C x 5 l, t $ 0 (5)0
film, a concentration gradient is built through the thickness

≠C(x, t) based on Fick’s second law to drive hydrogen diffusion
]]] 5 0 x 5 0, t $ 0 (6) until saturation is reached. The initial surface concentration≠x

is dependent on the applied voltage. To reach equilibrium,
where C(x, t) is the hydrogen concentration at time t (t$0) it takes a much longer time for diffusion in the bulk and to
and a distance x (0#x#l) from the interface between the
film and the substrate, l is the film thickness; D is theH

diffusivity of hydrogen in Pd, and C is the hydrogen0

concentration on the Pd surface. The solution of the
diffusion equation in a plane sheet can be obtained as: [22]

` n4 (21) (2n 1 1)p
] ]] ]]]S DC(x, t) 5 C 1 2 O cos xF0 p 2n 1 1 2l0

2 2
2 D (2n 1 1) pH
]]]]]3 exp t (7)S DG24l

From the EQCM measurement, it is noted that each data
point of the frequency shift can be used to calculate the
average hydrogen concentration in the film. From Eq. (7),
by integration to the whole thickness, the average con- Fig. 4. Hydrogen concentration profiles during absorption in a Pd thick
centration across the thickness is given as: film. C is the initial surface concentration.0
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orientation, film geometry, and grain size, etc., will also
influence the absorption rate. In this study, the surface
reaction constant in light water was similar to that for
heavy water at 21.2 V. At higher applied potentials, the
increase in k in heavy water became faster in light water. It
implies that the absorption rate of deuterium in Pd
nanofilm was faster than that of hydrogen.

In classical theory, the diffusivity ratio of hydrogen to
]Œdeuterium in most metals is 2 . It has been frequently

observed, however, that reversed isotope dependence is
associated with Pd over a broad temperature range from
260 to 2008C [8,26,27]. This inversion has been attributed
to a larger activation energy for hydrogen diffusion [8,28].
In the present study, the surface reaction for deuterium alsoFig. 5. Hydrogen concentration profiles during absorption in a Pd
appeared to be faster than for hydrogen. The reason for thenanofilm. C is the initial surface concentration.0

absorption rates or higher surface constants for deuterium
requires further study.

finish the occlusion so that the surface effect can be
ignored. For a nanofilm, however, the thickness of the film
is small enough, either the surface barrier or repulsion 4. Conclusion
from the occluded hydrogen in the sublayer could be the
rate-limiting step of hydrogen absorption into the nanofilm. The kinetics of hydrogen/deuterium absorption in a
Therefore, the diffusion time within the film can be nano-scaled Pd film has been studied by means of EQCM.
neglected, thus, the concentration profile is treated as a The surface effect was considered to be the dominant
constant value, as shown in Fig. 5. The repulsion from the factor in delaying the hydrogen/deuterium absorption rate
occluded hydrogen in the sublayer involves the stress in the Pd nanofilm. The absorption kinetics models for
induced by lattice expansion, release of reaction heat, and thick and nanoscaled Pd films are proposed to interpret the
repulsive force between hydrogen atoms. hydrogen/deuterium absorption behavior without and with

The influence of surface barrier and repulsion from the the surface effect, respectively. A first-order reaction is
occluded hydrogen is not included in Eqs. (7) and (8). If proposed to interpret the surface-controlled absorption in
both of them are considered, the average concentration in the nanoscaled Pd film. The surface reaction constants are
the film can be assumed to increase exponentially until the obtained for different applied voltages and electrolytes.
saturation is reached, which is described as: The absorption rates as well as the surface reaction

constants of deuterium were larger than those of hydrogen.dC(t)
]]5 k(C 2 C(t)) (9)0dt

or
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If the surface reaction is the rate-determining step for
hydrogen absorption, the diffusion term in the nanofilm
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