Journal of Power Sources 186 (2009) 515-520

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect

Journal of Power Sources

Superior hydrogen absorption and desorption behavior of Mg thin films

Jianglan Qu?, Yuntao Wang?, Lei Xie?, Jie Zheng?, Yang Liu?, Xingguo Li2-P-*

2 Beijing National Laboratory for Molecular Sciences (BNLMS), The State Key Laboratory of Rare Earth Materials Chemistry and Applications,

College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, China

b College of Engineering, Peking University, Beijing 100871, China

ARTICLE INFO ABSTRACT

Article history:

Received 5 April 2008

Received in revised form 13 October 2008
Accepted 15 October 2008

Available online 5 November 2008

Pd-capped Mg films prepared by magnetron sputtering achieved complete dehydrogenation in air at room
temperature and behaved as favorable gasochromic switchable mirrors. Their cyclic hydrogen absorption
and desorption kinetics in air were investigated by using the Bruggeman effective medium approxima-
tion. The overall activation energy was 80 k] mol~!, while the reaction orders controlling desorption were

deduced to be n=2 at 328K and n=1 at lower temperatures by analyzing the transmittance data. The
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hydrogen diffusion coefficient and the corresponding activation energy were calculated by electrochemi-
cal measurements. Mg thin films exhibited the smaller activation energy and remarkable diffusion kinetics
at room temperature which implied potential applications in smart windows.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen storage materials have attracted intensive attention
for the increasing demands on energy consumption and envi-
ronment protection. Mg is considered as a promising hydrogen
storage material for automotive applications due to its high capacity
(7.6 wt% of hydrogen), lightweight and low cost. However, thermo-
dynamics indicate that hydrogen desorption of the bulk MgH, only
takes place at temperatures above 600 K, which is a major imped-
iment to application [1]. Recently, tremendous efforts have been
devoted to decrease the operation temperature and improve the
desorption kinetics by preparing nano-composites, due to their
high chemical activity and fast diffusion ability [2,3]. Thin film tech-
nique is a powerful method to investigate the interaction between
Mg and hydrogen because the composition, interface and crys-
tallinity can be well defined on the nano-scale [4,5]. Thus, various
attempts have been undertaken to study the hydrogen storage
properties of Mg thin films [6-9]. Moreover, though the hydrogen
absorption properties have been the subject of much study, the
desorption behavior requires clarification. Results show that dras-
tic reductions in the desorption temperatures have been found in
Pd/Mg films at 473K [10] and Pd/Mg/Pd films around 373K [11].
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Doping Mg with catalysts, such as Nb or Pd, could also improve the
desorption kinetics at higher temperatures in vacuum [12,13]. How-
ever, desorption behavior of Pd-capped pure Mg films at moderate
conditions has rarely been verified.

In addition, the term “switchable mirror” has been used to
describe the spectacular optical and electrical changes during
hydrogen absorption and desorption. In 1996 Huiberts et al. first
discovered that Y and La thin films exhibited optical switching
from the mirror state to the transparent state [14]. Similar behavior
was subsequently found in Mg-rare-earth films and magnesium-
transition-metal alloys, such as MgNi and MgTi films [15-19]. These
intriguing thin films could potentially be applied as displays, hydro-
gen sensors, smart windows and solar absorbers [20,21]. Yoshimura
et al. have developed all-solid-state switchable devices, which
exhibit excellent gasochromic switching properties [22-24]. MgNi
alloy films, with a wide optical-modulation range, could be applied
as energy efficient windows [25,26]. Moreover, the color neutral
Mg-Ti-H thin films are suitable for solar collectors, as well as
smart windows and hydrogen sensors [18,20,27]. Pd-capped pure
Mg films could also exhibit drastic optical and electrical changes
upon exposure to hydrogen [28,29].

However, few results in the literatures indicate that hydrogen
desorption of pure Mg films in air at room temperature is possi-
ble, which is an important step toward the practical application
[30,31]. Therefore, it is significant to investigate the detailed struc-
tural, optical and electrical changes during the hydrogen absorption
and desorption process at room temperature in order to understand
the interaction mechanism between Mg and hydrogen. It is con-
venient to prepare pure Mg films and construct a corresponding
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simple film model to deduce the kinetics mechanism. Moreover,
investigation of the kinetic parameters is of guidance to explore
advanced Mg-based hydrogen storage materials.

Herein, the hydrogen absorption and desorption properties of
Pd-capped Mg thin films were investigated by monitoring the
changes in structure, transmittance and resistance. The reaction
kinetics was analyzed with a nucleation and growth mechanism
by assuming a double layer model. The kinetic parameters, overall
activation energy, hydrogen diffusion coefficient and the corre-
sponding activation energy were all calculated to trace the superior
hydrogen absorption and desorption behavior of Mg thin films.

2. Experimental

Pd-capped Mg thin films were prepared by a custom designed
direct current (DC) magnetron sputtering system with a back-
ground pressure of around 2 x 10~4Pa. Mg layer with 100 nm
thickness was firstly deposited onto Si(1 0 0) wafers, glass and ITO-
coated glass (indium tin oxide) substrates by DC sputtering using a
Mg (99.99%) target. The discharge power was 50 W and the argon
(99.99%) pressure was 0.8 Pa. Then a 10 nm Pd layer was coated on
top of the Mg layer by DC sputtering using a Pd (99.99%) target.
The discharge power was 45 W and the argon pressure was 0.8 Pa.
The Pd cap layer is necessary to protect Mg against oxidation and
to promote hydrogen dissociation. The deposition rates of Mg and
Pdwere 0.26 nms~! and 0.33 nms~!, respectively. After deposition,
the samples were transferred into a steel chamber which was evac-
uated to 103 Pa later. Then it was loaded with 0.1 MPa hydrogen
(99.99%) and was maintained at 353 K for 4 h.

The structures of the samples were identified by powder X-
ray diffraction (XRD) (Rigaku D/max-2000) using monochromated
Cu Ko radiation and (theta)—2(theta) scan. Film thicknesses were
determined by cross-section scanning electron microscopy (SEM)
observations using a Hitachi S4800 at 10 kV. Optical transmission
measurements at 298 K were performed by using a UV-vis record-
ing spectrophotometer (Shimadzu UV-2401PC) with a dual beam
measurement system. The UV-vis transmission spectra at higher
temperatures were measured with Shimadzu UV-3100 spectrom-
eter. 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 substrates 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, respectively. The fast rate (100mVs~1) cyclic
voltammogram was applied to clean the surface prior to measure-
ments. 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 polarized potential (—0.5V vs Hg/HgO)
for another 2 h.

3. Results and discussion
3.1. Structural characterization

The XRD patterns of Mg thin films during hydrogen absorption
and desorption cycles are shown in Fig. 1. In the as-prepared sam-
ples, the peak around 34.6° was the preferential growth orientation
of Mg (00 2), while the broad peak around 40.0° was attributed to
Pd (111). Upon exposure to 0.1 MPa H, at 353K for 4 h, the Mg
(002) peak disappeared and the MgH, (11 0) peak became signifi-
cant. Subsequently dehydrogenated at 298 K in ambient air, the Mg
(002) peak reappeared and the sample transformed completely
from rutile 3-MgH, to h-Mg. The Mg (101) peak also appeared
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Fig. 1. (a) XRD patterns of Mg thin films as-prepared and during the hydrogen des-
orption cycles in air at 298 K. (b) XRD patterns of Mg thin films during the hydrogen
absorption cycles in 0.1 MPa H; at 353K for 4 h.

at 36.5°, suggested that the preferential orientation of the (002)
direction was attenuated and the restructured Mg formed. The sam-
ples could absorb-desorb hydrogen reversibly, although the peaks
became weaker and broader with the increasing cycle numbers,
due to the strong hydrogen induced stress during the structure
change. According to Debye-Scherrer analysis, the crystalline size
decreased from 36 nm for the as-prepared sample to 22 nm after
the first cycle.

3.2. Optical switching properties

The photographs of Mg films during hydrogen absorption and
desorption are shown in Fig. 2. The image of the camera was
reflected on the as-prepared metallic film. The red logo of Peking
University in Chinese characters behind the sample could not be
seen entirely. After fully hydrogenation at 353 K, the whole logo
was seen clearly through the transparent film, which indicated that
a visible metal-insulator transition took place due to the hydro-
genation. Upon dehydrogenated at ambient air, the highly reflecting
shiny film obstructed the view of the logo again.

The samples presented optical switching properties. Fig. 3 illus-
trates the optical transmittance changes at 500 nm with respect
to the exposure time during desorption cycles in ambient air. As
shown in the figure, the transmittance decreased immediately once
the samples were exposed to air at room temperature. The film
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Fig. 2. Photographs of Mg thin films during hydrogen absorption and desorption. The red logo belongs to Peking University. (a) As-prepared sample (b) after hydrogenation

in 0.1 MPa H; at 353K for 4 h (c) after dehydrogenation in air at 298 K for 5 h.

dehydrogenated in air at 298 K, which were attributed to the sur-
face reactions on the Pd layer. The hydrogen could react with oxygen
to form an OH group and eventually a water molecule, which des-
orbed from the surface [32]. According to Lambert-Beer’s law, the
logarithm of the optical transmission In(T/Ty) is found to vary lin-
early with the hydrogen concentration in the film, where T is the
maximum transmittance of the film after fully hydrogenation [33].
Since the slopes of the transmittance curves described the desorp-
tion rates of the hydride in the initial dehydrogenation process, a
deterioration of desorption rates with the increasing cycles were
observed in Fig. 3. The failure of the Pd cap layer and the forma-
tion of magnesium oxide at the outermost surface were the major
causes of the degradation [23,34]. The reason could be that alloying
between Mg and Pd during cycling results in the interdiffusion of
the two elements, and the nonreversible hydride forms and leads
to partially dehydrogenation [35,36]. The encapsulation of the Pd
catalyst was usually observed during cycling of switchable mirrors
and caused by strong metal-support interaction (SMSI) [37,38]. The
same degradation phenomenon was also found in other Mg-based
systems [23,34].

3.3. Electrical resistance

The time dependent resistance during hydrogen absorption and
desorption provided information about the kinetic properties as
well as hydrogen-induced changes of electrical properties. For
modeling the electrical properties of a mixture of two materials A
and B during hydrogen absorption, we could apply the Bruggeman

InT/T,

Time (hour)

Fig. 3. Optical transmittance change at 500 nm of Mg thin films with respect to the
exposure time during desorption cycles in air at 298 K.

effective medium approximation [16]:

faloa —p) felos—p) _ (1)
Lo+(1=L)pa  Lp+(1-L)ps

where f, and fg are the corresponding volume fractions (fa +fg=1)
and L is the geometric factor (L=1/3 for spherical inclusions). To
simulate the experiments, we assumed a double layer model with
20nm Pd-Mg composite layer with the resistivity of 75 w2 cm
in parallel with the 90nm Mg-MgH, layer. Mg had a resistiv-
ity of 6.5 2cm and the resistivity of MgH, was assumed to be
10 m$2 cm. The time dependent volume fraction of MgH, is shown
in Fig. 4. The absorption rates increased with the increasing cycle
numbers. For example, at the first absorption cycle, f4 (MgH, ) satu-
rated after exposure to H, for 80 min, suggested that the complete
transformation from Mg to MgH, had almost been achieved. While
on the second absorption cycle, the f; (MgH;) reached the satu-
ration in only one hour. The explanation could be that hydrogen
absorption-desorption induced smaller grain size and more defects
which promoted the hydrogen penetration, as proved by XRD [9].
Moreover, at the very beginning process, fq (MgH,) during all the
cycles increased dramatically because the hydrogen atoms pene-
trated throughout both the grain boundaries and the metal spheres.
Then the hydrogen atoms had to diffuse through the blocking MgH-
layer beneath the Pd layer and therefore the loading rate reduced
[39].

The relative resistance change, R/Ry, which was proportional to
the hydrogen concentration in the Mg film, was plotted as a function
of the desorption time at different temperatures, shown in Fig. 5
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Fig. 4. The volume fraction of MgH>, f4 (MgH ), with respect to the hydrogenation
time under 0.1 MPa H; at 353 K.
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Fig. 5. Relative resistance change of Mg films, R/Ro, during hydrogen desorption at
different temperatures in air.

[40]. Rg is the maximum resistance of the initial hydride film. The
resistance decreased upon exposure to air, due to the formation of
metallic Mg grains during the dehydrogenation process. While the
resistance reached the similar value as that of the as-prepared film
and did not change any more after a period of time, indicated that
the samples completely transformed to metallic films. As shown
in the figure, the hydrogen desorption rates were much improved
at higher temperatures in air. At 328K, the film achieved com-
plete dehydrogenation after merely 30 min. The overall rate was 10
times higher than that at room temperature. This tendency could
be suitable for practical use in energy efficient windows, which
could transform from the transparent state to the mirror state at
hot condition to block sunshine [21].

3.4. Hydrogen desorption kinetics

3.4.1. Activation energy in hydrogen desorption

Faster dehydrogenation kinetics with higher temperatures was
clearly visible, as illustrated in Fig. 6 (a). The desorption data had
been analyzed by using the Jonhnson-Mehl-Avrami theory [41].
Upon a first-order phase transition, the reacted fraction was given
as function of time, by

r=1-exp[—(kt)"] (2)

where 1 is the reacted fraction, t is the desorption time, k=k(T)
is the temperature dependent kinetic constant and n is the reac-
tion order. A linear interpolation of the plots, In(—In(1 —r)) vs In(t),
yielded the values of n and k. Since the reacted fractions of thin films
were difficult to be measured using the gravimetric and volumetric
method, we used the transmittance data to calculate r. According to
the Lamber-Beer law, In(T/Ty) was a good indicator of the hydrogen
concentration [31]. Assuming that it was totally dehydrogenated
when the transmittance saturated as a function of time, it was then
possible to determine the 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 temperature dependent desorption rates generally followed
the Arrhenius type law. From the slopes of the initial experimen-
tal data, the overall activation energy of hydrogen desorption was
obtained as 80k] mol~!, shown in Fig. 6(b). The activation energy
deduced from our experiment was lower than the value 94 k] mol~!
obtained in Ni-catalyzed MgH, system [42]. The smaller desorp-
tion activation energy could be attributed to the catalyst effect of
Pd layer and the nanocrystalline structure of the thin films.
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Fig. 6. (a) Relative transmittance change at 500 nm, In(T/Tp), with respect to des-
orption time under different temperatures in air. (b) Arrhenius plots for hydrogen
desorption in air. The straight line is the linear fit according to data.

In hydrogen desorption reaction, the transmittance data seemed
to follow a nuclear and growth mechanism. The value of the expo-
nent varied from n=1, at 298K, 308 K and 318 K to n=2 at 328K.
Due to the Pd catalyst, the dissociation rate could be considered
as sufficiently fast. Therefore, the n=2 at higher temperature was
expected that a constant number of Mg nuclei form very quickly at
the beginning of the process. The growth of the nuclei in the film
was controlled by a two-dimensional interface process. While the
n=1 at lower temperature was expected that the phase transition
occured by the one-dimensional growth of a fixed number of Mg
grains [43].

3.4.2. Hydrogen diffusion coefficient

Hydrogen diffusion coefficient and the corresponding activation
energy are two important parameters in the hydrogen desorption
process. Since the diffusion was governed by the Fick’s second law
with a constant diffusion coefficient, Hagi’'s model was applied to
analyze the current with respect to the discharge time to calcu-
late the hydrogen diffusion coefficient [44,45]. When time is long
(>31%/72Dy), the current density could be approximated using the
long time expression as

_cx 2
(Co — C*)Dy exp< b DHt)

Ju= (3)

12 4]2
where Jy is the current density, t is the discharge time, Dy is
the hydrogen concentration independent diffusion coefficient, L
is the thickness of the film electrode, Cy is the initial hydro-
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Fig. 7. (a) Hydrogen diffusion coefficient of Mg thin films at room temperature.
The dash line is the linear fit according to data. (b) Arrhenius plots of the diffusion
coefficients. The straight line is the linear fit according to data.

gen 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 —m2Dyt/4L2, thus the diffusion coeffi-
cient could be calculated. Based on the method mentioned above,
the hydrogen diffusion coefficient at 298 K was deduced to be
6.52 x 10-1> cm?s~! (Fig. 7(a)), which was little larger than the
value Dy =1.1 x 10716 cm?2 s~1 at 300 K [46]. The faster diffusion rate
could be attributed to the catalyst effect of the Pd top layer. The
Arrhenius plot of the Dy is shown in Fig. 7(b). The activation energy
E, for hydrogen diffusion was calculated as 67 k] mol~!, which was
about four fifth of the overall activation energy. The smaller activa-
tion energy for hydrogen diffusion was beneficial to the application
of these samples as smart windows.

4. Conclusions

In summary, we demonstrated the superior hydrogen absorp-
tion and desorption properties of Pd-capped Mg films. The samples
became transparent and insulating after hydrogenation at 353K,
and reverted to the metallic mirror state completely and rapidly on
exposure to air at 298 K. The hydrogen desorption process followed
nucleation and growth mechanism and the hydrogen diffusion pro-
cess was the rate determining step. The hydrogen desorption rates
increased at higher temperatures in air and the overall activation
energy was 80kJmol~!. The diffusion coefficient was calculated
as 6.52 x 101> cm?2 s~! at 298K and the corresponding activation

energy was deduced to be 67 kJmol-!. Attributed to the faster
diffusion rate and smaller activation energy, the samples exhib-
ited remarkable optical and electrical properties. With the superior
hydrogen desorption kinetics at room temperature in air, the Mg
films could be candidates for smart windows.
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