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Three types of products were synthesized from Mg vapor and H2 using chemical vapor deposition (CVD) at
temperatures of 570–740 K and hydrogen pressures of 1–6 MPa. A CVD reactor with a moderate temper-
ature gradient was developed, and the fluid behavior in the reactor was simulated to discuss the effects
of temperature effects on product shape and phase accurately. The products were divided in terms of
the temperature and hydrogen pressure at which they were synthesized. (1) At temperatures higher
than or close to the formation equilibrium temperature of conventional MgH2 powder at the hydrogen
ydrogen absorbing materials
etal hydrides
anostructured materials
apor deposition
canning electron microscopy
-ray diffraction

pressure applied, hexagonal particles of Mg were obtained. (2) When the temperature and hydrogen
pressure were near equilibrium, curved fibers of Mg, MgH2 or both were produced. (3) Straight fibers of
MgH2 were obtained at temperatures lower than the equilibrium temperature at the hydrogen pressure
applied. Straight fibers of MgH2 were directly synthesized from Mg vapor and H2, while curved fibers
were produced through hydrogen absorption by Mg fibers. These results indicate that MgH2 can be syn-
thesized in a uniform straight fibrous shape by controlling temperature and H2 pressure during CVD.
. Introduction

Magnesium hydride, MgH2, has attracted great attention as
hydrogen storage material since its hydrogen capacity of 7.6
ass% stands out from known metal hydrides. However, the for-
ation rate of MgH2 is too low for practical applications [1]. As
matter of fact, Mg does not completely absorb hydrogen, and

hus MgH2 grains generally contain an unreacted Mg core [2]. In
rder to complete MgH2 formation and to realize sufficient hydro-
en storage capacity, previous studies have used additives and
erformed nanostructure fabrication to control material proper-
ies such as kinetics, thermodynamics and nanostructure in MgH2
3–11]. Although material design techniques have enabled certain
mprovements, hydrogen capacity inevitably decreases with as the
mount of added substances and the oxidized surface area increase.

Instead of material design techniques, we applied process-
ngineering techniques to avoid the dominant rate-limiting steps

f MgH2 formation: hydrogen penetration into solid surfaces and
ydrogen diffusion in the solid phase [12]. Surface contamina-
ion with magnesium oxide inhibits hydrogen penetration [13].
he hydride phase also plays a role in blocking hydrogen diffu-
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sion because hydrogen diffusion is extremely slow in hydrides [14].
In order to eliminate these problems, we developed a direct reac-
tion process based on chemical vapor deposition (CVD). Using the
CVD method, MgH2 could be successfully produced from Mg vapor
and H2 [15] because H2 can make contact with Mg without pass-
ing through the any of the solid phases. The MgH2 synthesized by
CVD consists of irregularly curved fibers and straight fibers of single
crystals [15–18].

The CVD product of MgH2 shows an equilibrium hydrogen
pressure different from that of conventional MgH2 powder: the
hydrogen absorption of the CVD product reaches equilibrium at a
temperature of 578 K and a hydrogen pressure of 1.3 MPa [16,17];
the equilibrium pressure of conventional MgH2 powder is 0.2 MPa
at the same temperature [19]. The nanostructure and strain in
the materials have been reported to influence the thermodynamic
properties of the Mg/H2 system [20,21]. Further investigation of
the relationship between the shape and hydrogen storage capac-
ity of the fibers is strongly required to understand the phenomena.
Therefore, we aim to prepare uniform MgH2 particles in order to
investigate the effects of particle shape. In this paper, we present

the effect of CVD conditions, namely, temperature and pressure, on
the shape of the product.

The CVD reactor used in our previous study had a steep tem-
perature gradient in the boundary layer between the bulk gas and
the substrate, on which the product of MgH2 was synthesized [22].

dx.doi.org/10.1016/j.jallcom.2010.07.218
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Fig. 1. Schematic of CVD reactor.

he temperature gradient produces the distribution of the prod-
ct shape along the direction of product thickness. To evaluate
he effect of temperature on product shape, a moderate temper-
ture gradient is required. Therefore, we improved the reactor to
ave a more moderate temperature distribution than the previous
ne. In addition, the thermofluid behavior in the reactor was simu-
ated to evaluate the temperature distribution in the reactor. MgH2

as synthesized using the modified CVD reactor, and the tempera-
ure dependence and pressure dependence of product shape were
valuated considering the simulated temperature.

. Experimental and simulation

.1. CVD and analysis of MgH2

The schematic drawing of the CVD apparatus is shown in Fig. 1. The apparatus
onsisted of an electric muffle furnace and a reactor tube made of stainless steel. The
uter diameter of the reactor was 1/2 inch (1.27 cm) and the thickness of the reactor
all was 1.5 mm. The temperatures of the inner and outer walls of the reactor were
easured prior to the experiments and are shown in Fig. 2. The measured temper-
ture of the inner wall of the reactor was used for the boundary condition in the
imulation. This temperature was not measured during CVD because thermocou-
les disturb the convection flow in the reactor. The temperature of the outer wall
as monitored during CVD to determine whether the temperature gradient along

he reactor agreed with the gradient shown in Fig. 2.

Fig. 2. Temperature difference between inside and outside wall.
Compounds 507 (2010) 502–507 503

At the closed end of the reactor, 1.7 g of Mg (99.9%, Kojundo Chemical Laboratory
Co. Ltd.) was placed. The other end was attached to a gas line. The reactor was
evacuated using a rotary pump, and then was filled with hydrogen gas (99.99999%).
After repeating this procedure three times, the atmosphere inside of the reactor was
filled with hydrogen. Hydrogen pressure was set at 1, 2, 4 or 6 MPa. The part of the
reactor where Mg was placed was heated at 900 K for 60–200 h. During heating, the
internal pressure was monitored, and kept constant. A few hours later, the reactor
was naturally cooled down in an electric muffle furnace, detached from the gas
line, and transferred into a glove box filled with purified Ar. The reactor was closed
using a valve while it was off-line, thus the product was never exposed to air. The
reactor was sliced into rings using a tube cutter in the glove box. The deposited
CVD product was separated from the ring. Samples for characterization were set
in sample holders for X-ray diffraction (XRD) analysis and field emission scanning
electron microscopy (FE-SEM). The sample holder for XRD analysis was covered with
plastic foil to prevent oxidization during the measurements. The FE-SEM sample was
transferred in a sealed container, exposed to air in front of the machine, and set in
an FE-SEM system within 10 s.

2.2. Thermofluid simulation of the CVD reactor

The fluid behavior and temperature distribution inside of the reactor was
simulated using the thermofluid simulation software FLUENT (ANSYS Inc.). The sim-
ulation model was constructed on the basis of the actual reactor used in the CVD. It
was assumed that 1 mL of Mg metal was heated at 900 K in the reactor filled with
H2 of 1, 2, 4 and 6 MPa. The boundary condition of inner wall temperature was
fixed to the experimentally measured values shown in Fig. 2. At first, steady state of
hydrogen convection was calculated under the assumption that Mg did not evapo-
rate. This result was regarded as the initial condition at t = 0 s (t, time after starting
the reaction). Then, the unsteady state simulation was started. Mg was assumed to
evaporate at 900 K at a rate of 2 × 10−8 g/s. The evaporation rate was determined
from the experimentally obtained amount of the CVD product per reaction time.
The simulation model was regarded as a system closed at the filter gasket because
the hydrogen flow through the filter was negligible in comparison with the flow in
the simulated space.

Gaseous components composed of H2 and Mg were treated as ideal gases. The
properties of hydrogen were derived from the FLUENT database. A few properties
of magnesium vapor, such as thermal conductivity and heat capacity, were derived
from HSC Chemistry (Outotec Oyj). The viscosity of Mg vapor has not been reported
to the best of our knowledge; therefore, it was assumed to be the same as that
of hydrogen. The Mg vapor was assumed to consist only of monomers (single Mg
atoms). The existence of Mg dimers (Mg diatomic molecules) [23] was not consid-
ered in this study because its equilibrium mole fraction in a mixture with monomers
is negligible (less than 0.004%) [24]. To simplify the simulation model, neither the
reaction between Mg and H2 nor product deposition was not taken into account.
The calculation was iterated until the standard deviation became less than 0.1%.

3. Results and discussion

3.1. Simulation results

The simulation results of the temperature distributions for t = 0 s
and 104 s at hydrogen pressures of 1 and 6 MPa are shown in Fig. 3.
The temperature distribution remained stationary from t = 0 s to
104 s. Even increasing the mole fraction of Mg vapor did not affect
the temperature distribution over time. At pressures of both 1 and
6 MPa, the temperature distribution had a gentle gradient in the
horizontal direction, that is, 10 K/mm at the maximum. At 6 MPa,
the temperature contours in the range of temperatures from 400
to 800 K showed sigmoid curves, which produced a temperature
difference of approximately 30 K between the gas bulk and the
boundary layer on the reactor wall. The temperature gradient along
the direction of product thickness was less than half of that in a
previous study, in which the CVD reactor generated a temperature
drop of 40 K within a range of 1 mm [22]. The temperature contours
at 1 MPa ran in the vertical direction, and there was only a slight
temperature gradient between the upper part and lower part of the
reactor. At 2 and 4 MPa, the temperature gradients along the direc-
tion of product thickness were between those at 1 and 6 MPa. These

results confirmed that the reaction setup realized moderate tem-
perature gradient in the reactor as we intended. The temperature
at which the product was synthesized was determined by reading
the simulated temperature at the position where the product was
obtained.
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and velocity of convection flow in the reactor.
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Table 1
Formation equilibrium temperatures of conventional MgH2 powder and tempera-
tures at the boundary between metallic powder and white powder.

Pressure [MPa] Equilibrium temperaturea [K] Boundary temperature [K]

1 642 630
2 675 640
4 712 700
6 736 710

a Obtained by substituting the values of �H0 and �S0 reported in Ref. [15] into

3.3. Characterization of the product synthesized by CVD

The XRD patterns of the products are shown in Fig. 4. At 1, 2 and
4 MPa of H2, the products of white powders synthesized at tem-
Fig. 3. Simulated temperature distribution

The simulation results of the total velocity magnitude and the
-component of the convection flow are shown in Fig. 3. Such
arameters did not change over time; thus only those at t = 104 s are

isted. At each pressure simulated, the flow was rightward (from the
igh-temperature side to the low-temperature side) in the upper
alf of the reactor and leftward (from the low-temperature side to
he high-temperature side) in the lower half. In the middle of the
eactor, the total velocity and x-component showed the same mag-
itude. The convection flow was composed of the x-component.
his means that the rightward flow in the upper half of the reactor
nd the leftward flow in the lower half did not run into each other.
his result is crucial to understanding the experimental results
elow.

.2. CVD of MgH2

As a result of the CVD, the deposition was obtained in the
ntire pressure range studied. Products were formed on the reac-
or wall in the upper part, but not in the lower part. The simulation
esult indicated that the product was not obtained in the lower
art because the Mg vapor was transferred from the higher tem-
erature area to the lower temperature area by convection flow
nd deposited on the wall in the upper part. Thus, no Mg vapor
emained or was deposited in the reflux in the lower part of the
eactor.

The products differed in appearance depending on the position
here they were obtained. In the higher temperature area, plate-

haped powders with metallic luster were obtained. The product
n the lower temperature area was white powder, showing nei-
her visible luster nor reflection. The white powder was easily
emoved from the wall, while the metallic powder was difficult to
emove. The boundary between the white powder and the metal-
ic powder could be clearly observed. The temperatures at the
oundary during CVD are listed in Table 1 with the formation equi-

ibrium temperatures of MgH2 for conventional Mg powder [19]

t each of the H2 pressures applied during the CVD. The boundary
emperature and equilibrium temperature were similarly depen-
ent on hydrogen pressure, although each boundary temperature
as lower than the equilibrium temperature at the corresponding
ressure.
van’t Hoff’s equation: ln PH2 = �H0/RT − �S0/R, where PH2 is the equilibrium H2

pressure, R is the gas constant, T is the equilibrium temperature, �H0 is the stan-
dard enthalpy of formation (−74.5 kJ/mol-H2), and �S0 is the standard entropy of
formation (−135.2 J/K mol-H2).
Fig. 4. XRD patterns of CVD products.
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Fig. 5. SEM images of CVD

eratures lower than the boundary listed in Table 1 were all MgH2
Fig. 4a–c). The product obtained at the H2 pressure of 6 MPa and at
emperature between 710 and 650 K contained a small fraction of

g (Fig. 4d) even though it was a white powder. The white powder
btained at lower temperatures, for example, less than 650 K, was
gH2 as shown in Fig. 4e.
FE-SEM images of the products are shown in Figs. 5 and 6. The

roducts shown in Figs. 5b, 6a, d and g were obtained at temper-
tures higher than the boundary listed in Table 1. They contained
exagonal particles and plates with 120◦ corners showing a hexag-
nal crystal habit. This indicates that the products are all Mg metal.

FE-SEM images of the white products synthesized at tempera-
ures lower than the boundary are shown in Figs. 5c, 6c, f and i.
he white products consisted of straight fibers and were deter-
ined to be MgH2 by XRD analysis. The straight fibers of
gH2 were successfully synthesized separately from the curved

bers.
The curved fibers shown in Fig. 5a (right side) and Fig. 6b, e

nd h existed between the boundary listed in Table 1 and the area

here straight fibers were obtained. In Fig. 5, the curved fibers are

hown on the right (Fig. 5a), while the straight fibers are shown
n the left. There was a clear boundary between the curved and
traight fibers, as indicated by the white dashed line in the FE-
EM image, although the boundary was not visible to the naked
ucts synthesized at 6 MPa.

eye. The lower temperature side was at the left of the boundary.
The product obtained at low-temperatures was determined to be
a mixture of Mg and MgH2 by XRD analysis (Fig. 4d); however, the
phase of the curved fibers could not be determined between the
two phases. Li et al. reported helpful information for discussing the
phase and growth mechanism of the curved fiber. They prepared
various nanostructured Mg samples using a vapor deposition tech-
nique in an inert atmosphere by changing the deposition conditions
[7]. The shape of the curved fibers (which they call “nanowires”) of
Mg that they prepared is similar to the shape of the curved fibers
in this study. Judging from their shape, the curved fibers obtained
in this study are likely related to the Mg wires reported by Li et al.
A Mg wire absorbs hydrogen at levels as high as 7.6 mass% within
30 min at 573 K [7]. In our previous study, the CVD product was
identified as MgH2, even though it contained curved fibers [16,17].
These two reports suggested that curved Mg fibers absorb H2 and
form curved MgH2 fibers during CVD depending on the experimen-
tal conditions. Here, a fraction of the curved fibers did not complete
hydrogen absorption, and therefore unreacted Mg was found, as

shown in Fig. 4d. The straight fibers of MgH2 were likely synthe-
sized through the direct reaction between Mg vapor and hydrogen
rather than through the hydrogenation of Mg fibers. The difference
in fiber curvature was due to the difference in MgH2 formation
route.
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Fig. 6. SEM images of CVD products synthesized at 1, 2 and 4 MPa.

Fig. 7. Pressure–temperature diagram of CVD product.
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The diameters of the straight MgH2 fiber and the curved fibers
ere apparently different: the diameter of the straight fibers was

pproximately 0.5 �m and that of the curved fibers was approxi-
ately 2–3 �m under all CVD conditions studied. The difference in

ber diameter is due to the different in growth mechanisms of the
traight MgH2 and the curved Mg fibers.

.4. Pressure–temperature diagram of the CVD products

The shape and phase of the products synthesized by CVD in
his study are plotted in the pressure–temperature diagram shown
n Fig. 7. The solid line indicates the equilibrium condition for

gH2 formation with conventional Mg powders [19]. The observed
oundary (boundary A) between metallic powders and white pow-
ers in the product is also plotted and fitted with a dashed line.
he boundary between the curved and straight fibers (boundary
) is shown as the dash-dotted line. The pressure–temperature
iagram was divided by the two boundary lines into three parts.
1) At temperatures higher than boundary A, Mg powder particles
f hexagonal plate shape were obtained. (2) Curved fibers of Mg
nd/or MgH2 were obtained at the temperatures between the two
oundaries (gray area). (3) Straight fibers of MgH2 were obtained

n the region at temperatures lower than boundary B.
The region of metallic Mg particle formation extended to an

rea with temperatures lower than the equilibrium temperature
f MgH2 formation for conventional Mg powder (solid line) [19].
his means that the Mg particles were not involved in the equi-
ibrium of MgH2 formation between Mg metal and hydrogen gas
uring the CVD process.

The product synthesized at temperatures lower than the bound-
ry B consisted of straight fibers of MgH2. At 1 MPa, both the curved
nd straight fibers coexisted at the temperature higher than the
ash-dotted line. The boundary between the two types of fibers
id not fit the dash-dotted line. As shown in the simulation results,
hen the pressure was decreased, the convection flow became

lower. The slower convection flow resulted in a longer resident
ime in the high-temperature area, and enabled MgH2 formation
t temperatures higher than the dash-dotted line. Conversely, the
onvection flow at pressures higher than 2 MPa was so rapid that
t carried Mg vapor to the low-temperature area before MgH2 for-

ation reached completion.

. Conclusions

The effects of temperature and pressure during CVD, by which
gH2 was produced from Mg vapor and hydrogen, on product

hape were examined. In order to discuss the effect of temperature

recisely, a CVD reactor with a moderate temperature gradient was
eveloped and the thermofluid behavior in the reactor was simu-

ated. The shape and phase of CVD products were dependent on the
emperature and pressure at which the products were synthesized.

e obtained three types of products divided by two boundaries. (1)

[

[
[
[
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Mg particles were obtained at temperatures higher than or close to
the equilibrium temperature of MgH2 formation for conventional
Mg powder. (2) Curved fibers of Mg and/or MgH2 were obtained
at the temperature and H2 pressure between the two bound-
aries. (3) Straight fibers of MgH2 were obtained separately from
both the curved fibers and the Mg particles at temperatures lower
than the MgH2 formation equilibrium temperature. The straight
fibers were product of the direct deposition of MgH2, while the
curved fibers were eventual product of Mg fiber deposition and the
subsequent hydrogenation. This study demonstrated that uniform
straight fibers of MgH2 can be synthesized using the CVD method.
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