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In this work we present a unique transmission electron microscopy study of the thermal stability of
gas phase synthesized Mg nanoparticles, which have attracted strong interest as high capacity
hydrogen storage materials. Indeed, Mg nanoparticles with a MgO shell (~3 nm thick) annealed at
300 °C show evaporation, void formation, and void growth in the Mg core both in vacuum and
under a high pressure gas environment. This is mainly due to the outward diffusion and evaporation
of Mg with the simultaneously inward diffusion of vacancies leading to void growth (Kirkendall
effect). The rate of Mg evaporation and void formation depends on the annealing conditions. In
vacuum, and at T7=300 °C, the complete evaporation of the Mg core takes place (within a few
hours) for sizes ~15-20 nm. Void formation and growth has been observed for particles with sizes
~20-50 nm, while stable Mg nanoparticles were observed for sizes >50 nm. Furthermore, even
at relative low temperature annealing (as low as 60 °C), void formation and growth occurs in 15-20
nm sized Mg nanoparticles, indicating that voiding will be even more dominant for nanoparticles
smaller than 10 nm. Our findings confirm that Mg evaporation and void formation in nanoparticles
with sizes less than 50 nm present formidable barriers for their applicability in hydrogen storage, but
also could inspire future research directions to overcome these obstacles. © 2010 American Institute

of Physics. [doi:10.1063/1.3305453]

I. INTRODUCTION

Magnesium (Mg) is a light, abundant, and a relatively
cheap metal which is attractive for hydrogen storage due to a
reversible gravimetrical capacity of 7.6 wt % hydrogen.1
However, the key features of a successful hydrogen storage
material are not only a high hydrogen content, but also fa-
vorable thermodynamics and kinetics for hydrogen
absorption-desorption cycles.z’3 Many studies have focused
on the modification of the hydrogen kinetics and thermody-
namic properties by ball milling Mg with catalyst and alloy-
ing elements.*”’ Although the kinetics could be improved,
the thermodynamics was hardly affected and the significant
thermal stability of MgH, still remains the main obstacle for
application of Mg(-alloys) in hydrogen storage.

Metallic nanoparticles are of particular interest because
they often show size dependent properties different from
bulk matter.® Theory calculations predict that a particle size
below 2 nm decreases the thermal stability of MgH,, which
will improve the desorption temperature for hydrogen
storage.g’10 According to calculations, the heat of formation
increases from 66.9 to 79.5 klJ/mol when the particle size
varies from 0.6 to 2 nm and approaches the bulk value
(~83.7 kJ/mol) beyond 2 nm.’ Therefore, much effort has
been devoted to the preparation of Mg nanoparticles with
sizes below 5 nm by various routes, e.g., electrochemical
reduction,'" solvated metal atom dispersion,I2 carbon sup-
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ported melt infiltration,”® and a sonoelectrochemical
method.'* Indeed, it has been reported that the desorption
temperature 7, can be decreased to 85 and 115 °C compared
to 7,,>350 °C for bulk Mg.“’12 Nanoconfinement of MgH,
nanoparticles incorporated in carbon aerogel scaffold prohib-
its nanoparticles to coarsen and leads to increased number of
hydrogenation/dehydrogenation cycles and with faster dehy-
drogenation kinetics compared to the ball milled nanostruc-
tured materials.'>'®

However, so far, insufficient attention has been paid to
the thermal stability of Mg nanoparticles. Moreover, knowl-
edge and understanding of the structural evolution of Mg
nanoparticles during hydrogenation is lacking. Such studies
are crucial for hydrogen storage technology and applications
based on Mg nanoparticles. Therefore, in this paper we re-
port the effect of thermal annealing (within various condi-
tions) on Mg nanoparticles (as prepared by gas phase syn-
thesis) and discuss their applicability to hydrogen storage.

Il. EXPERIMENTAL

The Mg nanoparticles were produced by an NC200U
nanoparticle source from Oxford Applied Research.'” The
sample chamber was evacuated to a base pressure of ~1
X 107® mbar with a partial oxygen pressure of ~10™ mbar.
Supersaturated metal vapor is produced by high pressure
magnetron sputtering of a Mg target (99.95% purity obtained
from Alpha Aesar) in an inert krypton atmosphere (pressure
of ~0.25 mbar). The nanoparticles formed in the aggrega-
tion volume are removed fast by the use of helium as a drift

© 2010 American Institute of Physics
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gas. The nanoparticles were deposited on 25 nm thick
silicon-nitride membranes, which were used for high reso-
lution transmission electron microscopy (HRTEM) imaging
and heating analysis in a JEOL 2010F TEM." In situ TEM
annealing experiments were performed using a Gatan heating
holder, where the temperature is accurately controlled with a
Gatan model 901 SmartSet Hot Stage Controller. It employs
a proportional-integral-derivative (PID) controller which al-
lows accurate control of the temperature within +0.5 °C. A
desired final temperature can be reached with a fast ramp rate
without overshoot.

lll. RESULTS AND DISCUSSION
A. HRTEM analysis of hydrogenated Mg nanoparticles

Figure 1 shows an example of Mg nanoparticles after
hydrogenation for 40 h at 280 °C in 10 bar H,. The forma-
tion of MgH, hydrides is confirmed by Fourier transform
analysis of HRTEM images as shown in Fig. 1. The mea-
sured interplanar distance in two orthogonal directions in
Fig. 1(a) is d=0.328 =0.10 nm and matches with the inter-
planar distance d;;,=0.319 nm given in PCPDFWIN (No.
120697). This confirms that the magnesium hydride has the
a-rutile MgH, phase, where it is viewed along the [001] axis

such that the orthogonal (110) and (110) planes are resolved
in the image. In addition to this, we imaged several times
(see Appendix) the (101) planes of the a-MgH, phase with
an interplanar distance d=0.259*£0.07 nm which matches
with the PCPDFWIN (No. 120697) value of d;y
=0.251 nm. The analysis of Fig. 1(b) indicates the presence
of Mg hydrides with the y-MgH, phase, which has an ortho-
rhombic structure. The measured interplanar distance d
=0.281+0.04 nm matches with d;;;=0.284 nm of the
PCPDFWIN file No. 351184. Moreover, the MgH, also
shows the (020) reflection of the vy phase with an interplanar
distance d=0.274*0.03 nm, matching the dy;=0.272 nm
of the PCPDFWIN file (No. 351184) (see Appendix). There-
fore, our results confirm that besides the alpha phase there is
also the y-MgH, hydride phase.

Notably, the high temperature (in the range from 250 to
900 °C) and high pressure (10*~10° bar) treatment of the
a-MgH, phase was discussed in Ref. 19, where a partial
transformation of a-MgH,—y-MgH, takes place in bulk Mg.
In contrast we observed the presence of the y-MgH, phase
along with the @-MgH, in most of the Mg nanoparticle after
hydrogenation at 280 °C for 40 h and at 10 bar H, pressure.
The presence of y-MgH, phase confirms that Mg nanopar-
ticles when hydrogenated, even at the relatively low pressure
of 10 bar, wundergo a partial transformation of
a-MgH,—y-MgH, phase, while bulk Mg shows a partial
transformation of the @«-MgH, phase only at high pressure
(more than three orders of magnitude higher than that of the
nanoparticles).

As-deposited Mg nanoparticles show a core/shell struc-
ture with a pure Mg core and a MgO shell of (~3 nm
thick)."® Comparison of Mg nanoparticles before and after
hydrogenation, Figs. 1(c) and 1(d), shows that an additional
amorphous shell has formed around the crystalline MgO,
which surrounds a predominantly hollow particle core. Dur-

J. Appl. Phys. 107, 053504 (2010)

orphous shell

- Hollow Mg

FIG. 1. HRTEM images of Mg nanoparticles after hydrogenation at 280 °C
in 10 bar H, pressure. (a) a-MgH, phase (tetragonal structure) at the periph-
ery of the Mg nanoparticle. (b) y-MgH, phase (orthorhombic structure) as
formed in the Mg nanoparticle. (c) Thin a-MgH, shell (tetragonal structure)
as developed in the vicinity of the intersections of the Mg{1010} facets. (d)
Hexagonally shaped nanoparticle, where the Mg core has become to large
extent hollow, and where an amorphous shell, surrounding the crystalline
MgO, has been formed during hydrogenation.
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FIG. 2. Bright field images showing the effect of in situ TEM (vacuum)
annealing at 300 °C on Mg nanoparticles with sizes in the range 10-50 nm.
(a) Mg nanoparticles before annealing without voids, (b) the same set of
nanoparticles after 5 h of annealing at 300 °C within the TEM; particles
with sizes in the range 15-20 nm have formed a completely hollow core
(only the MgO shell remains), particles with sizes in the range 20-50 nm
show void formation and growth. (c) Mg nanoparticle with a size of 30 nm
shows void formation after 1 h of annealing at 300 °C, (d) the same particle
after 5 h of annealing showing void growth.

ing hydrogenation of Mg nanoparticles, outward diffusion of
Mg takes place accompanied with a simultaneous inward
diffusion of vacancies leading to a hollow particle core. After
hydrogenation we observe a large void in each Mg nanopar-
ticles, and only a relative thin hydride shell surrounded by a
MgO shell remains. The hydride phase preferably forms in

the vicinity of the original Mg{1010} facet intersections.

An additional important aspect of the hydrogenation ex-
periment leading to the results shown in Fig. 1 is that void
formation within the Mg core started earlier than the hydride
formation, since annealing is carried out prior to hydrogen
introduction therefore only a relatively thin hydride shell de-
veloped. This will generally hold for laboratory H, dose ex-
periments, where due to the danger of H, reacting with O,
during heating in a closed vessel, first heating is carried out
in vacuum and only then H, gas is introduced. In our case,
the sample was kept for ~1.5 h at 280 °C in vacuum and
subsequently H, gas was introduced at a pressure of 10 bar.
In this respect, it is important to understand what effect
vacuum annealing has on Mg nanoparticles, especially at a
temperature of 300 °C (or higher) where H, absorption and
desorption typically takes place.m21

B. Annealing of Mg nanoparticles in vacuum

Figure 2 shows the effect of in situ TEM annealing at
300 °C (~5x 1077 mbar) for nanoparticles ranging in size
from 10 to 50 nm. It is observed that the Mg nanoparticles
with sizes of 15-20 nm suffer from the formation of a com-
pletely hollow core, where only the MgO shell remains, even
within 2 h of heating at 300 °C. The nanoparticles, which
have already a void directly upon deposition (due to oxida-
tion and the associated Kirkendall effectlg), form a hollow
core during 1 h of annealing, while the others without initial

J. Appl. Phys. 107, 053504 (2010)
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FIG. 3. (Color online) (a) Mg nanoparticles prior to annealing. (b) Mg
nanoparticles above 50 nm do not form an observable void within 5 h (in
situ TEM) vacuum annealing at 300 °C. (c) Areal percentage of Mg loss as
a function of annealing time up to a total time of 5 h annealing at 300 °C in
vacuum showing an increase in Mg loss with decreasing particle size.

void form a void within 1 h annealing, and a completely
hollow core within 2 h of annealing. Furthermore, Mg nano-
particles with sizes in the range 20-50 nm form a void and
show void growth within 5 h of annealing at 300 °C without,
however, forming a completely hollow core. Figures 3(a) and
3(b) show Mg nanoparticles larger than 50 nm, where no
longer a void forms within 5 h of annealing.

The void formation process can be attributed to the so-
called Kirkendall effect. This effect generally occurs with
processes such as oxidation, nitridation, and sulfidation. Ba-
sically it refers to a faster outward diffusion of cations com-
pared to an inward diffusion of anions, where the amount of
outward material flow is compensated with an inward flow of
vacancies, which can finally cluster to form a void. In our
case we observe a similar Kirkendall effect but it is now
predominantly associated with evaporation. Oxidation in
general has a negligible effect since we do not observe oxide
shell (crystalline MgO) thickening. In fact, the vapor pres-
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sure (P,) of nanoparticles with a highly curved surface is
much higher than that for a flat surface (P,,) following the
Kelvin Eq. (1),

=exp , (1)
Py p,RTd

where 1y is the surface energy, M is the molecular weight, p,
is the density of the particle, R is the gas constant, 7T is the
temperature, and d is the particle size. The latter shows that
the driving force for evaporation is much higher in case of
nanoparticles than for bulk Mg.zz’23 The ratio of the vapor
pressure of 10-50 nm Mg nanoparticles based on Eq. (1) at
300 °C after inserting realistic values for Mg (bulk; using
¥y=0.63 J/m? at 300 °C) shows that the driving force for
Mg evaporation for 10 nm nanoparticles is more than 13
orders of magnitude higher than a nanoparticle with size of
50 nm. The latter confirms that the smaller Mg nanoparticles
will be evaporating much faster than the larger ones, and the
driving force to reach the equilibrium vapor pressure (ther-
modynamic equilibrium with its metallic Mg) triggers the
outward diffusion of Mg with simultaneous inward diffusion
of vacancies, which cluster to form voids.

Figures 2, 3(a), and 3(b) clearly confirm that there is a
thermodynamic effect (small particles influenced more than
larger ones) during vacuum annealing leading to hollow-core
formation of nanoparticles with sizes 10—80 nm and not only
a kinetic effect explaining the Mg evaporation.23 In addition,
as Fig. 3(c) indicates, the areal percentage of Mg loss in
different sized nanoparticles shows that with sizes <20 nm
the loss is much faster than with sizes larger than 20 nm.
From the analysis up to now it can be concluded that the
void formation in Mg nanoparticles during vacuum anneal-
ing is size dependent and is driven by the outward diffusion
of Mg (evaporation associated Kirkendall effect) with simul-
taneous inward diffusion of vacancies. The size dependence
can be readily understood on the basis of the Kelvin equa-
tion, leading to an increased driving force for evaporation
with decreasing particle size, as already explained above.”**

C. Influence of hydrogenation sequence

To address a pitfall of the hydrogenation experiments
that led to the results presented in Sec. III A (cf. Fig. 1),
where first annealing in vacuum is performed before H, is
introduced resulting in void formation before hydride forma-
tion. Therefore, we will now present results with the reversed
sequence. First we introduced hydrogen gas at a pressure of
5 bar in a closed vessel, which was prepumped to a pressure
of 1072 mbar, and only then the samples were annealed at
temperature of 300 °C. From Figs. 4(a) and 4(b), showing
TEM images acquired after 1 h annealing under these con-
ditions, it becomes evident that voids in Mg nanoparticles
with sizes 15-50 nm develop even faster than during anneal-
ing in vacuum. In this case, during annealing the Mg vapor
probably condensates on the walls instead of creating a vapor
pressure and this leads to a high driving force for evapora-
tion (due to the large difference between the actual and the
equilibrium vapor pressure).

J. Appl. Phys. 107, 053504 (2010)

FIG. 4. Void formation and void growth in Mg nanoparticles (sizes 33 and
27 nm) after 1 h of annealing at 300 °C with introduction of 5 bar hydrogen
prior to heating.

Moreover, we cannot completely exclude that fact that
the introduction of hydrogen prior to heating can increase the
defect density in MgO and thereby increasing the diffusivity
of Mg. During vacuum annealing the removal of Mg vapor is
apparently not so fast and therefore the Mg evaporation is
slower. Figure 4 indicates also that rate of formation of
MgHj, is very slow compared to the rate of the Mg evapora-
tion, which makes the void formation and its growth very
fast. These results also show that there is a high energy bar-
rier for MgH, nucleation and high activation barrier of hy-
drogen splitting, which finally delays the hydrogenation pro-
cess. On the other hand evaporation growth is not nucleation
controlled and it takes place first. These results and the ones
that will be shown directly below clearly indicate that there
is a major effect of the surrounding environment on the Mg
evaporation rate.

D. Annealing of Mg nanoparticles in argon gas flow

Furthermore, if we consider the practical application of
this type of Mg nanoparticles for hydrogen storage in tanks,
then it is also important to understand how they would be-
have during annealing under a flow of gas simulating desorp-
tion and absorption of H,. Annealing of Mg nanoparticles in
a flow of argon (at 1 bar pressure) reveals that nanoparticles
with sizes in the range 10-50 nm form a hollow core within
2 h. Figure 5(a) shows that after 2 h of annealing a 30 nm
Mg nanoparticle forms a completely hollow core, with only
the MgO shell remaining, whereas a 45 nm nanoparticle in
Fig. 5(b) is only partially hollow. Also in this case the Mg
vapor is removed very fast by a flow of argon gas, which
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FIG. 5. (a) Mg nanoparticle with a size of 30 nm showing a completely
hollow core within 2 h of annealing at 300 °C in an Ar gas flow (the inset
shows the same nanoparticle after 1 h annealing). (b) Mg nanoparticle with
a size of 45 nm showing an almost hollow core and an amorphous shell
around the crystalline MgO after 2 h of annealing in an argon flow at
300 °C (the inset shows the same nanoparticle after 1 h annealing).

leads to a high driving force for evaporation (due to the large
difference between the actual and the equilibrium vapor pres-
sure) and thus a high evaporation rate.

E. Annealing of small (<10 nm) Mg nanoparticles

Finally, it remains to be considered what happens during
annealing of Mg nanoparticles having sizes below 10 nm. In
fact, there has been great interest for Mg nanoparticles with
sizes below 5 nm because there are indications that the ki-
netics and thermodynamics of hydrogen absorption/
desorption with respect to that of bulk Mg are improved.n’12
In recent publications of Mg nanoparticles with size <5 nm
produced by various methods, it was shown that H, absorp-
tion and desorption is possible at relatively low temperatures,
~100 °C, in comparison with the bigger nanoparticles
which required about 300 °C.""!? Moreover, in Mg-based
multilayers, it was shown that the equilibrium pressure is
modified by two orders of magnitude, when a thin film is
clamped by surrounding Pd layers.24 We find here that the
annealing of Mg nanoparticles (prepared from gas phase syn-
thesis) in vacuum at 60 °C for 24 h leads to voids in the
smaller nanoparticles of size ~15—-20 nm [Figs. 6(a) and
6(b)]. From our previous experiments, we expect the void
formation to be even faster when annealing takes place out of
the vacuum.

Therefore, if Mg nanoparticles in the size range 15-20
nm undergo significant voiding at 60 °C, then particles with
sizes <5 nm would quickly become completely hollow by
heating at 100 °C. As a matter of fact it was impossible for

J. Appl. Phys. 107, 053504 (2010)

(a)

50 nm

(b)

FIG. 6. (a) Mg nanoparticles with sizes in-between 15-35 nm with a void in
one of the nanoparticles formed during deposition as the arrow indicates. (b)
The same set of Mg nanoparticles after annealing at 60 °C for 24 h showing
void formation, and void growth in particles having a size of ~15-20 nm.
TEM images of Mg nanoparticle assembled film before (c) and after (d)
vacuum annealing for 5 h at 300 °C leading to the same void formation as
observed for individual nanoparticles under the same conditions.
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us to produce nonhollow Mg nanoparticles with sizes below
10 nm using the gas phase synthesis (due to Kirkendall effect
associated with oxidation), which cannot be prevented for
gas-phase produced Mg nanoparticles even in a high to ul-
trahigh vacuum environment. Note that for Mg nanoparticles
prepared by other methods in the size range below 5 nm no
explicit discussion or consideration is given to the Kirkendall
effect associated with oxidation.'' ™

F. Annealing of nanoparticle assembled films

Having completed our analysis of the annealing behavior
of individual Mg nanoparticles at various critical conditions,
it is also important to investigate the effect of annealing on
Mg nanoparticle assembled film, which is more relevant for
H-storage applications. Results of these studies on the Mg
nanoparticle assembled films show the same effects as ob-
served for individual nanoparticles in vacuum. The Mg nano-
particle assembled film imaged in Figs. 6(c) and 6(d) shows
that after heating for 5 h at 300 °C in vacuum hollow core s
are formed in generally all particles. Continuous observation
of the Mg nanoparticle films at 1 h intervals at 300 °C for 5
h revealed that nanoparticles with sizes 10-80 nm behave the
same way as the individual nanoparticles. Therefore, it is
likely that the Mg nanoparticle film will also behave in the
same way as it was noticed for individual nanoparticles in all
other conditions. Our TEM observations show that there is
no coalescence of these nanoparticles up to 5 h of annealing,
which is probably explained by the dense MgO shell (3—4
nm thick) around each nanoparticle, which prevents aggre-
gation.

This is similar to the nanoconfinement of MgH, nano-
particles incorporated in carbon aerogel scaffold as discussed
in Refs. 15 and 16. The MgO shell around the Mg core
confines the Mg nanoparticle, which forces it to maintain its
nanoscale identity and never leads to coarsening even after
annealing for long periods. During annealing the MgO crys-
talline shell act as a diffusion barrier for the Mg diffusion
and subsequent evaporation delaying the formation of the
hollow Mg core. Similarly the dehydrogenation of MgH,
nanoparticle at (7,;) confined in a carbon aerogel scaffold,
will also provide an indication of how the Mg evaporation
rate varies as compared with the system MgO shell/Mg core.

IV. CONCLUSIONS

Mg nanoparticles with sizes in-between 10-50 nm show
the formation of voids and hollow cores, i.e., only the (
~3 nm) MgO shell remains after heating at 300 °C for a
few hours (in various conditions). Nanoparticles with sizes
of 15-20 nm develop a hollow core within 1-2 h of anneal-
ing (in vacuum) at 300 °C. Even annealing at a temperature
as low as 60 °C for 24 h in vacuum results in void formation
and void growth in 15-20 nm in size particles. The above
results hold for individual nanoparticles, but also for nano-
particle assembled films. Mg nanoparticles with sizes smaller
than 10-15 nm already develop a hollow core when they are
produced by an UHV based technique due to oxidation and
the associated Kirkendall effect. Therefore, it seems impos-
sible to devise a technique that can produce protected Mg

J. Appl. Phys. 107, 053504 (2010)

FIG. 7. (a) Mg nanoparticle with sizes in the range 10-80 nm before heating
in a TEM. (b) The same set of Mg nanoparticles with the accelerating effect
of the electron beam on the Mg evaporation, void formation, and void
growth during 40 min continuous observation. (c) HRTEM image of the
a-MgH, phase where the (101) plane is resolved. (d) HRTEM image of the
a-MgH, phase where the (020) plane is resolved.

nanoparticles with sizes below 10 nm. Even if they could be
produced, the present results prove that these particles are
not sufficiently stable, even with a protecting MgO shell dur-
ing annealing at relatively low temperatures (as low as
60 °C). Moreover, Mg nanoparticles with a size above 50
nm appear sufficiently stable to be used for hydrogen stor-
age, but their size is too big to alter kinetics and thermody-
namics drastically from that of bulk Mg. In any case, the
present results not only outline the formidable limitations of
Mg nanoparticles for application in hydrogen storage but
also could inspire future research directions to overcome
these obstacles.
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APPENDIX: ELECTRON BEAM EFFECT

The in situ heating in the TEM was performed without
exposing the sample to the electron beam, so that there is no
accelerating effect on the Mg evaporation or void formation
due to the electron beam. Figure 7(b) shows the effect of the
electron beam irradiation on the Mg nanoparticles when they
were continuously observed in the TEM for 40 min. Figure
7(c) shows the HRTEM image of the a-MgH, phase, where
the (101) plane is resolved with an interplanar distance d,
=0.259+0.07 nm as discussed in the main text of the manu-
script. Figure 7(d) shows the y-MgH,, where the (020) plane
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is resolved with an interplanar distance  dyg
=0.274*+0.03 nm as discussed in the main text of the manu-
script. Many times we measured in HRTEM images a
d-spacing with a value of about 3.3 A, which is in between
the d,, of the alpha and the d,;, of the gamma phase. There-
fore, this d-spacing did, unfortunately, not allow the identi-
fication of either the a-MgH, or the y-MgH, phase.
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