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systems.

Pd-Mg-Pd thin films prepared by magnetron sputtering could absorb hydrogen entirely at room tem-
perature and dehydrogenate completely and rapidly in ambient air. Our investigations of the structural,
optical and electrical properties gave a detailed insight into the desorption mechanism. The overall activa-
tion energy and the hydrogen diffusion coefficient were deduced to be 48 k) mol~! and 8.0 x 10~15 cm?2 s~!
based on optical and electrochemical measurements, respectively. The desorption process followed the
nucleation and growth mechanism by modeling and simulating the resistance data. The small activation
energy and remarkable diffusion kinetics highlighted the applicability as on-board hydrogen storage

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen storage materials have attracted intensive attention
for the future clean energy system. Mg has been considered among
the most promising candidates for automotive applications due
to its low cost, lightweight and high capacity (7.6 wt.% of hydro-
gen) [1]. However, the application is primarily limited by the high
desorption temperature and slow kinetics. Recently, tremendous
efforts have been devoted to decrease the operation temperature
and improve the kinetics by preparing Mg-based nano-composites,
utilizing their high chemical activity and short diffusion paths [2].
Energetic ball milling and cold rolling resulted in improved hydro-
gen storage properties due to increased surface area, formation
of nanostructures and creation of defects [3,4]. Thin films offer a
unique opportunity to carry out such studies as their composition,
interface and crystallinity can be well tailored in nano-scales [5].
Therefore, Mg-based thin films achieved faster kinetics at lower
temperature and hydrogen pressures compared with bulk Mg-Pd
materials. Thus, various attempts have been undertaken to study
the hydrogen storage properties of Mg thin films [6-9]. Design-
ing of favorable structures, such as sandwich-like structured films,
is an important strategy to achieve advantageous kinetics [10,11].
The cooperative phenomenon and spillover effect in this system
might lead to the significant improvement in absorption kinetics
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[12]. Though the hydrogen absorption properties of Mg films have
been the subjects of much study, the desorption behavior requires
clarification. Some evidence indicated that smaller grain size, lower
crystallinity, or doping with catalysts improved desorption kinet-
ics in vacuum [13-16]. However, desorption behaviors of Mg films
at moderate conditions need more discussions. Therefore, inves-
tigation of the corresponding kinetic parameters is of guidance to
explore advanced Mg-based hydrogen storage materials.

Moreover, Mg-based thin films have been extensively studied
as “switchable mirrors”, which exhibit reversible and drastic opti-
cal changes upon hydrogen absorption and desorption [17-20]. As
a result, Mg films could potentially be applied as hydrogen sen-
sors, energy efficient windows and solar absorbers [21-24]. In this
context, it is beneficial to design Mg films to improve the kinetics
and lower the desorption temperature for their potential applica-
tions. Herein, we investigated the hydrogen desorption properties
of sandwich-like Pd-Mg-Pd thin films at ambient air, by monitoring
the structural, optical and electrical changes.

2. Experimental

Pd-Mg-Pd thin films were prepared by a custom designed direct
current (DC) magnetron sputtering system with a background pres-
sure of around 2 x 10~4Pa. First, a 5nm Pd layer was deposited
onto Si (100) wafers, glass and ITO-coated (indium tin oxide) glass
substrates by DC sputtering using a Pd (99.99%) target. The dis-
charge power was 45 W and the argon (99.99%) pressure was 0.8 Pa.
Then a 100 nm Mg layer was deposited on the Pd layer. The dis-
charge power was 50 W and the argon pressure was 0.8 Pa. Finally,
another 5 nm Pd layer was coated on top of the Mg layer by DC sput-
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Fig. 1. XRD patterns of Pd-Mg-Pd thin films: (a) as-prepared; (b) after hydrogenation at 4 x 103 Pa H, at 298 K; (c) after dehydrogenation in air at 298 K. The photographs

of Mg thin films: (d) as-prepared; (e) after hydrogenation; (f) after dehydrogenation.

tering, which is necessary to protect Mg against oxidation and to
promote hydrogen dissociation. The deposition rates of Mg and Pd
were 0.26nms~! and 0.33nms~!, respectively. After deposition,
the samples were hydrogenated at 4 x 103 Pa hydrogen (99.99%) at
room temperature for 4 h. The dehydrogenation process was per-
formed in dry air at different temperatures for tracing desorption
mechanism.

The structures of the samples were studied by powder X-ray
diffraction (XRD) (Rigaku D/max-200) using monochromated Cu
Ka radiation and 6 — 26 scan. The film thickness was determined by
cross-section scanning electron microscopy (SEM) measurements
(Hitachi S4800). Optical transmission measurements at 298 K were
performed using a UV-vis recording spectrophotometer (Shimadzu
UV-2401PC) with a dual beam measurement system. The UV-vis
transmission spectra at higher temperatures were measured with
a Shimadzu UV-3100 spectrometer. The changes in resistance were
recorded in a gas loading cell equipped with a four-probe resistance
measurement, monitored by a Keithley 2000 digital multimeter.
The diffusion coefficient of the Mg films deposited on ITO-coated
glass substrate was determined by the electrochemical multi-
potential steps method in 6 M KOH solution. Platinum foil and
Hg/HgO were used as the counter and reference electrode, respec-
tively. The fast rate (100 mV s~ 1) cyclic voltammogram was applied
to clean the surface prior to measurement. The Mg film electrode
was firstly held at a cathodically polarized potential (—1.10V vs.
Hg/HgO) for 2 h and subsequently switched to an anodically polar-
ized potential (—0.5V vs. Hg/HgO) for another 2 h.

3. Results and discussion
3.1. Structural characterization

The XRD patterns of Pd-Mg-Pd thin films after hydrogen
absorption and desorption are shown in Fig. 1. The as-prepared
sample preferentially grew along the (002) direction, as indi-
cated by the peak around 34.6°. The broad peak around 40.0°
was attributed to Pd (111). Upon exposure to 4 x 103 Pa H, at
room temperature, the Mg (00 2) peak disappeared and the MgH,
(110) peak became significant. Subsequently dehydrogenated at
298K in air, the Mg (002) peak reappeared and the sample trans-
formed completely from rutile 3-MgH, to h-Mg. The Mg (1 0 1) peak
also appeared at 36.5°, suggesting that the preferential orienta-
tion of (00 2) direction was attenuated due to the dehydrogenation
induced reconstruction. The corresponding photographs of the
samples are also shown in Fig. 1. The image of the cartoon girl

was reflected on the as-prepared metallic film. After fully hydro-
genation at 298 K, the boy behind the sample was observed clearly
through the transparent sample. Subsequently dehydrogenated at
ambient air, the highly reflecting shiny film obstructed the view of
the cartoon boy again.

3.2. Hydrogen desorption kinetics

3.2.1. Activation energy in hydrogen desorption

Optical transmittance changes of the hydride films at 500 nm,
T|Ty, with respect to desorption time under different temperatures
in air are plotted in Fig. 2, where Ty is the maximum transmittance
after fully hydrogenation. Exposure to air caused a transition from
the transparent hydride state to the high reflecting metallic state
by dehydrogenation, during which the transmittance gradually
decreased. Since the slopes of the transmittance curves represented
desorptionrates, faster dehydrogenation kinetics at higher temper-
atures were observed in the figure. Heating the samples increased
the unloading rates, probably due to the temperature dependence
of the surface reactions and the hydrogen diffusion [25]. The entire
unloading process at 338 K took only 20 min, while at 298 K approx-
imately 300 min were needed. Therefore, the overall rate at 338 K
was 15 times larger than that at room temperature. This tendency
could be suitable for practical use in the energy efficient windows
because we are willing to change the window from the transpar-
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Fig. 2. Optical transmittance changes at 500 nm, T/To, with respect to desorption
time under different temperatures in air. The inset is relative transmittance changes,
In T/Top, with respect to desorption time during dehydrogenation.



1192 J. Qu et al. / Journal of Power Sources 195 (2010) 1190-1194

2k

3k
5 n
s
4
£ -4r

48 kJ mol”
5k
A 1 A Il A L A Il A
2.9 3.0 3.1 3.2 3.3 3.4
1000/T (K™)

Fig. 3. Arrhenius plot of the desorption rate constants for hydrogen desorption in
air. The straight line is the linear fit according to data.

ent state to the mirror state at hot condition to block sunshine
[26].

According to the Lambert-Beer’s law, In(T/Ty), the logarithm
of the optical transmission is expected to vary linearly with
the hydrogen concentration in the film, as shown in Fig. 2
inset [27]. The desorption data had been analyzed using the
Jonhnson-Mehl-Avrami theory [28]. Upon a first-order phase tran-
sition, the reacted fraction is given as function of time, by

r=1—exp[—(kt)"] (1)

whereris the reacted fraction, tis the desorption time, k = k(T) is the
temperature dependent kinetic constant and n is the reaction order.
Alinear interpolation of the plots, In(—In(1 —r)) versus In(t), yielded
the values of n and k. We used the transmittance data to calculater,
due to the reacted fractions of thin films were difficult to measure
by the traditional gravimetric and volumetric method. Assuming
that it was totally dehydrogenated when the transmittance kept
constant as a function of time, it was then possible to determine
the initial desorption rates from the slopes of the curves. Hence,
the amount of hydride transforms to metal (reacted fraction r) in
desorption process could be obtained. The value of the exponent
was n=1 for the desorption process [29]. The temperature depen-
dent desorption rates generally followed the Arrhenius type law.
The overall activation energy of hydrogen desorption was obtained
as 48kJmol~1, shown in Fig. 3. The activation energy was lower
than the value 80kJmol~! obtained in Mg-Pd system which we
investigated before [30]. The smaller desorption activation energy
could be attributed to the sandwich-like structure with Pd catalyst
layers on both sides of the Mg layer. The cooperative interaction
and the extended Pd-Mg interfaces were also favorable for the fast
desorption at room temperature [15].

3.2.2. Electrical resistance

The time dependent resistance during hydrogen desorption
provided information about the kinetic properties as well as
hydrogen-induced changes of the electrical properties [31]. The
time evolution of relative resistance changes, R/Rmax, at different
temperatures in air is shown in Fig. 4(a), where Ry is the ini-
tial resistance of the hydride film before dehydrogenation. The
resistance decreased immediately upon exposure to air, due to
the formation of metallic Mg grains during the dehydrogenation
process. The resistance reached the similar value as that of the
as-prepared film and did not change any more after a period of
time, indicating that the samples completely transformed to metal-
lic films. Therefore, the time needed for the resistance to saturate
could be taken as an indicator of the average dehydrogenation rate.
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Fig. 4. (a) The relative resistance changes of Mg thin films during dehydrogenation
inairatdifferent temperatures. (b) The time dependent volume fraction of Mg during
dehydrogenation in air at different temperatures.

As shown in the figure, the hydrogen desorption rates were much
larger at higher temperatures. To analyze the hydrogen desorption
kinetics in details, the volume fraction of Mg was calculated by fit-
ting the resistance data. To simulate the experiments, we built a
triple layer model with a 10nm Pd layer in parallel with the Mg
and MgH, layer. The changes in resistance were determined by the
volume fraction of Mg. Mg had a resistivity of 6.5 €2 cm and the
resistivity of MgH, was assumed to be 10 m€2 cm. The time depen-
dent volume fraction of Mg, fyg, is shown in inset Fig. 4(b). The data
provided qualitative evidence that the desorption process under-
went the nucleation and growth mechanism. First, few Mg nuclei
might grow as isolated islands in the continuous MgH, film near
the surface and the interface, leading to the sharp decrease in resis-
tance and transmittance upon exposure to air [32]. Subsequently,
more Mg nuclei rapidly formed and joined together and hydrogen
atoms diffused through the growing metallic layer [33]. The sec-
ond stage was an important factor governing desorption kinetics.
Heating treatments accelerated desorption rates significantly dur-
ing this period. At last, the nucleation rate slowed down and the
film became metallic completely.

3.2.3. Hydrogen diffusion coefficient

Hydrogen diffusion coefficient was an important Kkinetics
parameter. Hagi’s model was applied to analyze the current with
respect to the discharge time to calculate the hydrogen diffusion
coefficient [34,35]. The current density could be approximated as

(Co — C*)Dy —JTZDHt
Jn= — 1z~ exp —az (2)
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Fig. 5. Hydrogen diffusion coefficient of Mg thin films at room temperature. The
straight line is the linear fit according to data.

where Jy is the current density, t is the discharge time, Dy is the
diffusion coefficient, L is the thickness of the film electrode, Cy is the
initial hydrogen concentration, C* is the hydrogen concentration
after the electrode is anodically biased. Therefore, a plot of In(Jy)
with respect to the discharge time should be a straight line after a
long time with the slope —mw2Dyt/4L2, thus the diffusion coefficient
could be calculated in Fig. 5. The hydrogen diffusion coefficient at
298 K was deduced to be 8.0 x 10~15 cm?2 s~!, which is larger than
thevalue Dy =1.1 x 10-16 cm? s~1 at 300 K [36]. The larger diffusion
rate could be attributed to the favorable structure of the Mg films.

The kinetic response of the Mg film as a potential hydrogen sen-
sor is illustrated in Fig. 6. Results show the switching cycles of the
thin films by monitoring the changes in resistance, R/Ry, as a func-
tion of time, where Ry is the maximum resistance in the first cycle.
We investigated the switching cycles of the samples at two desorp-
tion processes. These films were exposed to 4 x 103 Pa hydrogen
first and then alternatively to air or vacuum at room temperature.
In order to simplify the discussion about the response kinetics, we
calculated the slopes of the initial changes in resistance as desorp-
tion kinetics parameters. These samples showed obviously faster
desorption kinetics in air than vacuum. This was probably caused
by the oxidation reactions on the Pd layer [25]. The equilibrium
hydrogen pressure was calculated by means of the Van't Hoff equa-
tion. High thermodynamic stability of MgH, resulted in a relatively
high desorption enthalpy, which corresponded to an unfavorable
desorption temperature of 553 K at 10° Pa H,. In addition, the slow
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Fig.6. Relative resistance changes, R/Ry, with respect to switching timein4 x 10% Pa
H, and air/vacuum at 298 K.

kinetics was a major impediment for its practical application at
298 K. However, the catalyst effect of Pd layer and nanocrystalline
structure, as well as the oxidation reaction between the oxygen and
the films, resulted in the faster absorption kinetics of Mg-based thin
films at room temperature. The same degradation phenomenon
was observed for both conditions, as well as other Mg-based sys-
tems. The formation of magnesium oxide at the outermost surface
after repeated cycles was the reason for the degradation [37,38].
Other possible reasons could be that alloying between Mg and Pd
during cycling resulted in the failure of the Pd cap layer and the non-
reversible hydride formed [39,40]. The encapsulation of Pd catalysts
was usually observed and caused by strong metal-support inter-
action (SMSI) [41]. No clear evidence for the formation of Mg-Pd
alloy was observed. For instance, no interfacial Mg-Pd alloy seemed
to be formed in Mg-based thin films during hydrogen absorption
[8,11,15]. However, there might exist alloying over a few atomic
layers at the interface. The formation of a very thin interface Mg-Pd
alloy at most three-monolayer thick was found for Mg-Pd films
after desorption at 468 K [42].

4. Conclusions

In summary, we demonstrated the hydrogen desorption prop-
erties of sandwich-like Pd-Mg-Pd films in air at room temperature.
The samples became transparent and insulating after hydrogena-
tion, and reverted to the metallic mirror state completely and
rapidly on exposure to air at 298 K. The desorption process followed
the nucleation and growth mechanism. The dehydrogenation rates
increased at higher temperatures and the overall activation energy
was 48 k] mol~1. The hydrogen diffusion coefficient was calculated
as 8.0x 101> cm?s~! at 298 K. The small activation energy and
fast diffusion rate were attributed to the cooperative interaction
and extended interfaces. With the remarkable absorption and des-
orption kinetics, Mg-based films could be favorable candidates as
hydrogen storage materials for fuel cell automobiles.
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