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Hydrogen uptake in Mg:C thin films
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bstract

Magnesium:carbon films 25 nm thick, with approximately 40% carbon content and a 5 nm Pd capping layer, were co-sputtered in a dc magnetron
puttering chamber. The films were found to be X-ray amorphous. The hydrogen uptake was studied by in situ resistance measurements. The
ptake showed one fast process with a time span of a few seconds followed by much slower resistance change, indicating structural relaxation.

he isotherms show similar behavior as found in amorphous materials with a broad distribution of binding energies. A significant part of the film
howed a reduction in the binding energy of hydrogen in MgH2 that would yield a release temperature of ∼200 ◦C at 1 bar.

2007 Elsevier B.V. All rights reserved.
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. Introduction

There is currently a lot of interest in the high storage capac-
ty of light metal hydrides. Magnesium is one of the lightest
ydrogen storage material known; it is also abundant and inex-
ensive. The main problem with using magnesium as a storage
aterial for hydrogen, is the high binding energy of hydrogen

nd the slow kinetics of uptake through the MgH2 hydride that
s formed at the surface of magnesium grains [1].

A lot of work has been done to solve the aforementioned
roblems. One method to improve the kinetics of the sys-
em is to reduce the Mg grain size using ball milling [2,3].
here it was shown that nanocrystalline Mg exhibited superior
ydriding kinetics over larger grain sized Mg and additionally
howing some lowering of the release temperature. This was
urther enhanced with the presence of Pd clusters on the Mg
urface [4]. The improved kinetics have been explained with
n increase in the specific Mg surface area and shorter diffu-
ion pathways. Cheung et al. [5] calculated the binding energy

f hydrogen in nanosized Mg grains. Those calculations indi-
ated that the binding energy of H in MgH2 lowered with Mg
rain size but at the expense of storage capacity. The binding
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nergy of the Mg20Hx was calculated for x = 0–40 and it was
ound that for x < 10 the removal of hydrogen became energet-
cally unfavorable. Work has also been done to find hydrogen
bsorbing phases of Mg and another material with hydrogen
inding energies lower than that of pure Mg such as Mg(AlH4)
6].

Another possible way to improve magnesium storage prop-
rties is to prepare composites of Mg and other materials such as
g–C composite. There the binding energy can be influenced
ithout forming a new phase. The Mg–C system has been stud-

ed thoroughly using ball milling techniques by Imamura et al.
7,8]. There Mg and Graphite was ball milled with and without
arious organic additives. Results show an improvement in the
ydriding kinetics of Mg. This is attributed to the same effects as
ith pure Mg but additionally it is speculated that a charge trans-

er occurs between Mg and Graphite and this further enhances
he kinetic properties [9,10]. Others have reported that the effect
f carbon is to hinder oxygen back-diffusion to the Mg surface.
xygen on the surface of Mg grains can hinder dissociative

hemisorption of hydrogen thus hindering hydriding kinetics
11,12]. Mg has also been ball milled with various carbon struc-
ures such as carbon nanotubes [13] which has also enhanced

he hydriding kinetics. Mg–C phases do exist [14] but are not
eported to exist in any of the above-mentioned literature. In all
f this work the effect of carbon on the binding energy of hydro-
en in the MgH2 is never quantitatively discussed although a

mailto:sveinol@raunvis.hi.is
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same pressure profile as the one in Fig. 3. These zones, A–C, can
be seen in Fig. 3. The first zone (A) shows the uptake at the lowest
pressure where hydrogen sites with the highest binding energy
are being occupied possibly due to structural defects and vacan-
Á.S. Ingason et al. / Journal of Alloys

ecrease in binding energy is indicated and results generally
how a distribution in the binding energy of the samples [15].

The aim of this work was to gain more information about
he hydrogen uptake kinetics and change in hydrogen binding
nergy in Mg:C films. By cosputtering Mg and C, the structure
onsists of a network of random graphite planes or chains with
agnesium material in between. Such a system could therefore

xhibit improved kinetics, because of faster diffusion along the
g:C:Mg interface, as well as a lowering of the binding energy

ue to the small grain size and possible clamping effects from
he substrate.

. Experimental

The samples were grown in a dc sputtering system that allows the mea-
urement of the sample resistance during growth and under applied hydrogen
ressure. The films were grown on specially prepared MgO(0 0 1) substrates
hich had Cr contacts pads on each end (see Fig. 1). The pads were pre grown

t room temperature and were 100 nm thick. After growing the pads the sub-
trate was placed on the sample holder and four probe wires were placed on top
f the pads, two on each side. A mask was then placed on top of the sample
older, covering everything except the centre of the sample where the film was
rown. The pads were connected by wires through a vacuum feedthrough to a
eithley 2400 resistance meter. The films were co-sputtered from Mg (99.995%)

nd C (99.95%) targets at room temperature while the resistance was measured.
fter growth the films were covered with a 5 nm layer of Pd to enhance the

hemical absorption of hydrogen. The total thickness of the films was 30 nm
ncluding the Pd capping layer, measured by XRR measurements ex situ. The

g:C composition of the samples, was determined to be approximately 40%
and 60% Mg by elastic recoil detection analysis (ERDA) measurements.

ll samples showed oxygen contamination after removal from growth cham-
er. Even with a 5 nm thick Pd layer covering the sample, an oxygen content
f up to 60% could be observed. It was found that by covering the samples
ith more than 5 nm of Pd the oxygen content was reduced to approximately
0%.

In situ measurements are therefore required for the hydrogen uptake mea-
urements. A residual gas analyzer was connected to the system to determine
he composition of the residual gas. The partial pressure of oxygen was found
o be in the order of ∼10−9 mbar with the basepressure ∼10−8 mbar. Oxidation
f the sample during the measurements is therefore negligible. The hydrogen
oading was performed in situ with a hydrogen gas of 99.999% purity. The
oading was done at different temperatures from room temperature up to 423 K.
he temperature was measured below the sample holder and was controlled
y a Eurotherm 94C temperature controller with an accuracy of ±2 K. Two
apacitance pressure gauges in the range 0–10 mbar and 0–100 mbar were used
o determine the applied hydrogen gas pressure. The gas was applied in two
ifferent ways, either by slowly increasing hydrogen pressure from vacuum to

5 mbar or by exposing the samples to a constant hydrogen pressure ranging
rom 6 mbar to 10 mbar for 2, 5 or 10 min. This was performed to study the
inetics of uptake and gain information on the extent of the hydride formation
n the sample.

ig. 1. Schematic of the grown sample. Cr contact pads are grown on each
ide of the substrate and wires connected to the pads. The Mg:C film is grown
etween the Cr pads and then covered with Pd.
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. Results and discussion

The kinetics of the hydrogen uptake at 90 ◦C is shown in
ig. 2. There the pressure was increased very fast to 7.7 mbar
nd held for different periods of time (2, 5 and 10 min) before
t was decreased rapidly to 5 × 10−3 mbar and the resistance
onitored.
The resistance increase in Fig. 2 and hence the uptake shows

ast kinetics and that a large part of the film absorbs hydrogen in
very short time but further hydrogenation is a slow relaxation
rocess. The desorption is also very fast until a certain pressure
evel is reached. There the desorption slows down and reaches
quilibrium in a few hours, usually not reaching the same initial
esistance value.

The measured resistance can be modeled with the following
quation

= V

I
= RPd + RMgHx + Rcarbon + Rinterfaces (1)

here RPd is the resistance of the Pd capping layer, RMgHx the
esistance of the hydrogenated magnesium component, Rcarbon
he resistance of the carbon network in the sample and finally
interfaces is the resistance of the interfaces between Mg and the
arbon network.

In Fig. 3 the isotherm for a Mg:C sample at 70◦ is shown. The
ressure was ramped slowly from base pressure up to 7.3 mbar
nd the resistance monitored as a function of time. The repeata-
ility of the isotherms was found to be history dependent and
lso pressure profile dependent. In spite of this, three different
ones of hydrogen uptake can be seen in all isotherms with the
ig. 2. The resistance response of the sample at 90 ◦C when a pressure pulse of
.7 mbar is applied for different durations (2, 5 and 10 min).
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Fig. 3. The hydrogen absorption and desorption isotherms at 70 ◦C of a Mg:C
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Fig. 4. The hydrogen pressure (dotted line) is decreased in steps and the resis-
tance responce of the sample (full line) is shown. The resistance initially
decreases rapidly for each step but at constant pressure it increases (i) or
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ample. Three different uptake regions are seen in the isotherms and are labeled
s A, B and C in the figure. The onset of MgH2 formation for bulk is at
= 0.2 mbar for this temperature [19].

ies. In zone (B) the resistance change as function of applied
ressure is decreased indicating a new uptake region possibly
ith occupation of similar sites but with lower binding energy.
hen in zone (C) the uptake behavior changes again with appear-
nce of definite equilibrium resistance levels but also followed
ith slow relaxation in resistance. This occurs at a pressure of
.2 mbar, the plateau pressure of bulk MgH2 at this tempera-
ure. The isotherm shows a typical uptake curve of amorphous

aterials with a distribution of site energies [16,17].
This amorphous behavior is shown further in Fig. 4 where

esponse of the resistance to a stepwise decrease of pressure is
lotted as a function of time. In the figure it can be seen that the
esistance initially decreases rapidly at each step but at constant
ressure it increases (i) or decreases (ii) depending on whether
nder or over-pressure is being applied. The pressure level where
he resistance change is stable (ii) indicates a stable occupation
f hydrogen in amorphous like energy distribution of sites. The
ast resistance decrease corresponds to a certain region of the
ite energy distribution being depopulated. At under-pressure
iii) the depopulation relaxes the film, changing the site energy
istribution slightly, creating new energy-levels that populate
ifferently. This is a slow process due to the slow relaxation in
esistance decrease.

The behavior in the Mg:C films is very different from the
ydrogen uptake of pure Mg films [18]. There, a slow initial
esistance increase, at low applied pressures is seen until the
nsulating MgH2 phase starts to form at a certain pressure. At this
ressure, a sharp increase in the resistance is observed followed
y slow resistance increase at higher applied pressure. When the

ressure is lowered the film dehydrogenates at a certain plateau
ressure level [18].

It was not possible to obtain thermodynamic information
sing Van’t Hoff analysis, from the measured isotherms, since

T
a
b
l

ecreases (iii) depending on whether under or over-pressure is applied. At a
ertain pressure level the resistance change is stable (ii) indicating equilibrium
tate.

he resistance change showed hysteresis depending on tem-
erature, rate of applied pressure and previous hydrogenation
istory. This occurred in all isotherm zones A–C, both during
ydrogenation and dehydrogenation.

However, the isotherm at 70◦ in Fig. 3 shows that hydride
ormation is occurring in the pressure range from 0.2 mbar to
t least 7.4 mbar where the pressure was decreased. The bind-
ng energy at 7.4 mbar can be estimated by using the Van’t Hoff
elation, assuming that the values for entropy of solution are the
ame for this pressure range. The binding energy can then be cal-
ulated to be 0.32 eV/atom. This is a significant reduction in the
inding energy of hydrogen in MgH2 and is calculated to yield
release temperature of ∼ 200 ◦C at 1 bar. The sample shows

urther hydrogen uptake at higher pressures up to 100 mbar but
ith smaller resistance change indicating that a smaller volume
f the sample has such low binding energy levels.

. Conclusions

Growth of Mg:C films with 40% carbon content was per-
ormed. The growth process is a complicated process with
ifficulty in capping the sample to prevent oxidation in air. In situ
easurements showed very fast kinetics of hydrogen compared

o pure Mg films. The loading time is in a time span of a few
econds while slow relaxation is seen thereafter. During loading
r unloading there is no defined plateau pressure behavior in the
ptake curve although onset of MgH2 hydride formation is seen.
he thermodynamics of the Mg:C thin film is behaving like an

morphous material with a distribution of binding energies from
ulk MgH2 (−0.38 eV/atom) levels and to lower binding energy
evels as low as −0.3 eV/atom in a small part of the sample.
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