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ABSTRACT: The catalytic effect of two nanoscale transition
metal oxides, Fe,O; and Co0,0;, as additives on the
dehydrogenation properties of LiAlH, after milling are
investigated. The onset dehydrogenation temperature for the
S mol % Fe,0;-doped and S mol % Co,0;-doped samples are
85 and 79 °C lower for the first-stage and 60 and 45 °C lower
for the second-stage, respectively, compared with the as-
received LiAlH,. The isothermal dehydriding kinetics reveals
that the S mol % Fe,O5-doped sample can release about 7.1 wt
% hydrogen in 70 min at 120 °C, whereas as-received LiAlH,
only releases 0.3 wt % hydrogen under the same conditions.
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From differential scanning calorimetry (DSC) and Kissinger desorption kinetics analyses, the apparent activation energies (E,) of
the 5 mol % Fe,O3-doped sample are 54.2 and 86.4 kJ/mol for the first two dehydrogenation stages, resulting in decreases of 42.8
and 50% compared with those of as-received LiAlH,, respectively, which are considerably lowered compared with LiAlH, doped
with other reported catalysts calculated by Kissinger method. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
and Fourier transform infrared (FTIR) analyses demonstrate that these finely dispersed Li,Fe, ,0,¢, Fegos,0, and various Co
oxides contribute to kinetics improvement by serving as active sites for nucleation and growth of dehydrogenated products.

1. INTRODUCTION

The environment and energy crisis drives humanity to find new
energy carriers for mobile and stationary applications. As one of
the ideal energy carrier candidates for various applications,
hydrogen attracts more and more attention due to its
environmental friendliness, cost effectiveness and fuel efficiency.
However, until now the major obstacle to realizing a hydrogen-
based economy is how efficient and safe hydrogen can be stored
and released for utilization.' ™ According to the 2015 hydrogen
energy strategy, released by the US Department of Energy, in a
viable hydrogen storage system, the practical hydrogen storage
material should reach more than 5.5 wt % absorption capacity
and have fast desorption rate of 1.5 wt % min™".* Compared with
traditional hydrogen storage methods, such as high pressurized
gas and cryogenic liquid hydrogen, solid-state hydrogen storage
is a promising option, not only because of its high volumetric
hydrogen capacity, but also favorable safety considerations.>~”
Among various solid-state hydrogen storage materials, lithium
aluminum hydride (LiAlH,) is viewed as a potential hydrogen
storage material due to its relatively large theoretical hydrogen
storage capacity. LiAlH, has been regarded as a promising
candidate both for fundamental research of the absorption/
desorption mechanisms and for technological applications.®
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Theoretically, LiAlH, can desorb 10.5 wt % hydrogen upon
heating, according to the following reactions’

3LiAIH, — Li,AlH¢ + 2Al + 3H, (T = 150 — 175°C,

5.3 wt%H) (R1)
Li,AlH, — 3LiH + Al + %HZ (T = 180 — 220°C,

2.6 wt%H) (R2)
3LiH + 3Al — 3LiAl + %Hz (T = 400 — 420°C,

2.6 wt%H) (R3)

The whole process of R3 only releases 2.6 wt % H, and
requires heating above 400 °C, which is not considered viable for
practical applications. Therefore, it is reasonable to consider the
dehydrogenation properties of LiAlH, during the first two
reaction steps for practical applications.
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Unfortunately, the high-thermodynamic stability and slow
desorption kinetics of LiAlH, have severely constrained its
practical application as a suitable hydrogen storage medium. In
order to overcome these obstacles, extensive studies of catalysts
incorporated by ball-milling to ameliorate dehydrogenation
properties of LIAIH, have been conducted recently.'® Up to now,
the investigated catalysts fall into the following six categories: (1)
pure metals, such as V1 Nj, 113 Re, L1410 i 16720 g 16 510
ALY (2) alloys, such as Ti;Al, TiAl;, Al,Fe, and AIZZFe3T18;14’16
(3) carbon-containing materials, such as carbon black,"* CNFs,*!
and TiC;** (4) halides, such as AICL,'' FeCl,'"' TiCl,e1/
3AICL," 7 VBr,** HfCl,,*® ZrCl,* LaCl,*® VCL,*' TiCl,,>’
ZnCl,>” NiCl,,*® TiF,,* NbF,** MnCL,*" K,TiF,>* TiCl,,**
and NH,CI;** (5) metallic oxides, such as TiO,,> Nb,Os,*
Cr,0,,*® and MnFe,0,;*” and (6) the others such as nanosized
TiH,,*® Ce(S0,),,* metallic single wall carbon nanotubes,*’ and
TiN." Among these catalysts, multivalent transition metal oxides
have shown significant catalytic effect on improving the
dehydrogenation properties of LiAlH,.>>™>” Meanwhile, reduc-
ing the size of catalytic additives to nanoscale is another
approach, which can also improve kinetic and thermodynamic
properties of hydrogen storage materials.”*'>'¥**35737 There-
fore, nanosized transition metal oxide catalysts exhibit huge
potential for improving the hydrogen storage properties of
LiAlH,.

To our knowledge, no studies have been reported on LiAlH,
doped with Fe,O; and Co,0;. According to Zhang et al,*'
mesoporous Fe,O; exhibits a prominent effect on improving the
dehydrogenation properties of LiBH,. Recently, it has also been
reported that Fe®* and Fe could provide favorable effect on
enhancing the dehydrogenation properties of LiAlH,'*™'%%
Thus, Fe,O; could be selected as catalyst precursor to investigate
its effect on the dehydrogenation properties of LiAlH,.
Meanwhile, previous investigations showed that the Co oxide
additives improve the dehydrogenation kinetics of MgH,** and
LiBH,/2LiNH,/MgH, system.* Therefore, it is reasonable to
assume that Fe,0; and Co,0; can significantly improve the
hydrogen storage properties of LiAlH,.

In the present work, the effects of Fe,O; and Co,O; additives
on the dehydrogenation properties of LiAlH, were investigated
by utilizing a pressure—composition—temperature (PCT)
apparatus, thermogravimetry (TG), and differential scanning
calorimetry (DSC). The catalytic mechanism was demonstrated
by analyzing the results of Fourier transform infrared spectros-
copy (FTIR), scanning electron microscopy (SEM), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS).

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. LiAlH, (>95% pure), the high-
purity nano-oxides of Fe,O; (30 nm, spherical, 99.5%), and
Co0,0; (>99%, ~90 nm) were purchased from Sigma Aldrich
Co., and all materials were used as received without any further
purification. All operations were carried out in the high-purity
argon-filled glovebox (H,O, <10 ppm; O,, <10 ppm). About 1.5
g of LiAlH, was mixed with various mole fractions of Fe,O; and
Co0,0; nanopowders and then the mixture was loaded into a
stainless milling vial with a ball to powder weight ratio of 20:1.
Subsequently, the samples were ball-milled for 30 min by using a
high-energy Spex mill (QM-3B) at the rate of 1200 rpm. After
every 10 min of milling, the samples were cooled for 5 min.

2.2. Characterization. Hydriding/dehydriding properties of
as-received and doped LiAlH, samples were measured by a

Sieverts-type PCT apparatus (Beijing Nonferrous Metal
Research Institute, China). This apparatus can be operated up
to 10 MPa and at 600 °C. It mainly consist of a pressure
transducer and a reactor. The former was used to connect with
the pressure transducer and thermocouple, and the reactor
consisted of two parts, the heater and the sample vessel. From the
magnitude of the hydrogen pressure change, we could calculate
the amount of the hydrogen absorbed and desorbed.*** About
0.3 g of sample was loaded into the vessel. For dehydrogenation
(the first two steps), the sample was heated to 250 °C at a heating
rate of S K min~" under 0.1 atm pressure. The dehydrogenation
amounts, calculated for all the samples, were converted to pure
LiAlH, with the elimination of various impurities.

The synchronous DSC/TG analysis was conducted by using a
NETZSCH STA 449C under high-purity (99.99%) Ar flow 50
mL min~". Typically, the sample mass was S mg. Heating runs
were performed at different rates (6, 9, and 12 K min™") from 35
to 300 °C, respectively. Then the dehydriding kinetics of the
doped LiAlH, samples was calculated by using DSC results
according to the Kissinger method.

The microstructure of as-received and doped samples was
observed by using the SEM (ZEISS EVO 18, Germany). Sample
preparation for the SEM measurement was carried out inside the
glovebox, and then the samples were transferred to the SEM
chamber. The elemental mapping was used to study the
distribution of catalyst.

FTIR analysis of the pure and doped samples after ball-milling
was carried out by using a Bruker Vector 22 FTIR spectrometer.
The FTIR spectra were recorded from 750 to 2000 cm ™" with a
spectral resolution of 4 cm™.

The phase structures of milled samples, before and after
desorption, were detected by X-ray diffraction MXP21VAHF X-
ray diffractometer (XRD with Cu Ka radiation, 40 kV, 200 mA)
at room temperature. The X-ray intensity was tested over the 26
angle ranged from 10 to 80° with a scanning velocity of 0.02° per
step. Before measurements, the samples were coated with
parafilm to prevent oxidation during XRD measurements. XPS
experiments were performed in an ultrahigh vacuum (UHV)
chamber with the base pressure of 3 X 10™"* MPa, equipped with
a Perkin-Elmer PHI-5300 XPS spectrometer.

3. RESULTS AND DISCUSSION

3.1. Dehydrogenation Properties Analysis. Figure 1la
shows the nonisothermal dehydrogenation properties of as-
received LiAlH,, as-milled LiAIH,, and LiAlH, doped with 5 mol
% Fe,O; and Co,0; nanoparticles, respectively. All samples
exhibit similar decomposition processes, which include two
dehydrogenation steps, corresponding to the first reaction (R1)
and the second reaction (R2). By comparing the dehydriding
properties of LiAlH, with and without the dopant, it is clear that
doping with the nano-oxide exhibits a quite striking catalytic
effect on the dehydriding properties of LiAlH,, not only for the
dehydrogenation characteristics of (R1) but also for the second
step (R2). For as-received LiAlH,, it starts to release hydrogen at
around 155 °C and desorbs about 5.0 wt % hydrogen for the first
dehydrogenation step. For the second stage, it starts to
dehydrogenate at 200 °C, and about 2.5 wt % hydrogen is
released. Thus, a total hydrogen release capacity of 7.5 wt % is
obtained below 250 °C. For the as-milled LiAlH,, the onset
desorption temperatures for the first two dehydrogenation steps
both decreased by about 21 °C, compared with the as-received
LiAIH,, attributed to the decrease of the grain size of LiAlH, by
mechanical milling.®> As seen in Figure 1, the desorption
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Figure 1. (a) Comparison of thermal desorption profiles of as-received
LiAlH,, as-milled LiAlH,, LiAlH, doped with 5 mol % Fe, O3, and Co,0;
nanoparticles. (b) LiAlH, doped with 3, S, and 7 mol % Fe,O; and
Co,0; nanoparticles.

temperature of LiAlH, decreased significantly by doping Fe,O;
and Co,0; nanoparticles, and the Fe,O; nanopowders exhibit
more superior catalytic effect than nanosized Co,0O;. For the §
mol % Fe,0;-doped and S mol % Co,0;-doped samples, the
dehydrogenation process starts at 70 and 76 °C for the first stage,
which are 85 and 79 °C lower than that of pristine LiAlH,,
respectively. With further heating of the samples, the second-
stage occurs at 140 and 155 °C, resulting in a drastic reduction of
the desorption temperature onset of LiAlH, by 60 and 45 °C,
respectively. During the first two dehydrogenation processes, 7.4
and 7.3 wt % of hydrogen can be desorbed for the 5 mol % Fe,O5-
doped and S mol % Co,0;-doped samples, respectively, which
are both close to the theoretical hydrogen release content of
pristine LiAlH,. By analyzing the above results, it is concluded
that the Fe,O;- and Co,0;-doped samples exhibit superior
catalytic properties by reducing the dehydrogenation temper-
ature onset and improving the desorption kinetics of LiAIH,.
Moreover, the dehydrogenation temperatures of 5 mol % Fe,O;
doped sample are significantly lower than those of LiAlH, with
various catalysts reported in the literature."*%**

Figure 1b exhibits the nonisothermal dehydrogenation
properties of as-received LiAlH,, as-milled LiAlH,, and LiAlH,
doped with various mole fractions of oxide nanoparticles. All the
Fe,0;- and Co,0;-doped samples start to decompose below 100
°C in the first-stage, as shown in Figure 1b. The 7 mol % Fe,O;-
doped sample begins to decompose at 58 °C, which is 97 °C
lower than that of pure Li Alanate. However, for the samples
doped with 3, 5, and 7 mol % Co0,0; nanoparticles the initial

dehydrogenation temperature lowers to 95, 76, and 62 °C,
respectively, slightly higher than the corresponding temperature
decrease caused by Fe,O; nanoparticles. In addition, the total
hydrogen release of 3—5 mol % oxide-doped samples changes
from 7.4 to 7.5 wt %, which is lower than that of the as-received
LiAlH,. However, further increase of the additive amount to 7
mol % results in Fe,O;-doped and Co,0;-doped samples
desorption hydrogen content of only 4.8 and 6.2 wt % in the first
two dehydrogenation steps, accounting for 63.5 and 82.3% for
the total hydrogen release of pure LiAIH,. This phenomenon can
be attributed to the fairly low dehydrogenation temperature
caused by the excessive catalytic effect leading to a substantial
amount of hydrogen released along with the ball-milling
process.’*3**>37 Compared with other mole fractions of
metal oxide additives, it is reasonable to conclude that 5 mol %
addition exhibits the optimal dehydrogenation performance,
including not only the onset dehydrogenation temperature but
also the released hydrogen capacity. As a result, both 5 mol %
doped samples are appropriate for analyzing the catalytic effects
and mechanisms in the following tests.

In order to further verify the catalytic effects of Fe,O; and
Co,0; nanoparticles on the thermal decomposition performance
of LiAlH,, DSC/TG measurements have been performed on the
samples of as-received LiAIH,, LiAlH, + 5 mol % Fe,0;, and
LiAIH, + S mol % Co0,0; within the temperature range of 35—
300 °C at the heating rate of 6 K min~’, respectively, as shown in
Figure 2. For as-received LiAlH,, 7.5 wt % H, was released during
the first two stages, as shown in Figure 2a, which is in good
agreement with the results tested by PCT. Analyzing the DSC
curve of the as-received LiAlH, shows that there are four
characteristic peaks in the first two dehydrogenation stages,
including two exothermic peaks and two endothermic peaks. The
first exothermic peak appears at 154.9 °C, corresponding to the
interaction of LiAIH, with surface hydroxyl impurities, and the
first endothermic peak that emerges at 166.4 °C corresponding
to LiAlH, melting.** For elevated temperature, the second
exothermic peak appears at 184.5 °C, corresponding to the
decomposition of liquid LiAlH, (R1), and the second
endothermic peak at 240.0 °C, corresponding to the
decomposition of Li;AlHg (R2).>*> As can be seen in Figure
2b,c, both DSC curves only exhibit two characteristic peaks,
including one exothermic peak and one endothermic peak, which
correspond to the first two dehydrogenation processes. For the
LiAIH, + S mol % Fe,O; sample, the thermal event for the doped
sample initiates at 83.0 °C, and the exothermic and endothermic
peaks appear at 130.3 and 219.0 °C, respectively. Compared with
Fe,0; doped sample, the DSC curve of Co,0; doped sample
shows that an exothermic reaction occurs between 92.1 and
153.5 °C with an exothermic peak at 136.1 °C, and then between
198.2 and 226.5 °C the endothermic reaction begins with an
endothermic peak at 223.0 °C. By analyzing the above DSC
results, it is found that the first endothermic peak for doped
samples corresponds to the decomposition of solid-state LiAIH,,
due to the oxide-doped LiAlH, starting to decompose prior to
melting. Meanwhile, from the TG results in Figure 2b,c it is clear
that the two thermal processes in DSC curves correspond exactly
to the first two decomposition stages of LiAlH,. The hydrogen
release content for S mol % Fe,0;- and Co,0;-doped samples
reaches 7.4 and 74 wt %, respectively, which is in good
agreement with the results measured by PCT (Figure 1). By
comparing the dehydrogenation performance of LiAIH, with and
without catalyst measured by DSC and PCT, the onset
dehydrogenation temperature tested by DSC is quite higher
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Figure 2. DSC/TG profiles of (a) as-received LiAlH,, (b) LiAIH, + S mol % Fe, 05, and (c) LiAlH, + S mol % Co,0; within the 35—300 °C temperature

range at a heating rate of 6 °C min~ %

than that tested by PCT (Figure 1). A similar phenomenon also
appears in the previous reports of various catalysts,>*>>>>%7
attributed to the different decomposition atmosphere during
DSC (1 atm argon) and PCT (0.1 atm H,) tests, leading to the
different driving force for the desorption process.””

In order to further illustrate the significant influence of nano-
oxide additives on the desorption kinetics of LiAlH,, Figure 3
shows the isothermal dehydrogenation behavior of as-received
LiAlH, at 120 °C and LiAlH, doped with S mol % nano-oxide
additives at 90, 120, and 150 °C, respectively. For the as-received
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Figure 3. Isothermal dehydrogenation kinetics of (a) as-received LiAlH,
at 120 °C, (b—d) LiAIH, + S mol % Fe,O; at 90, 120, and 150 °C, (e—g)
LiAIH, + S mol % Co,0j3 at 90, 120, and 150 °C, respectively.
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LiAlH,, the desorption rate is sluggish at 120 °C, and only 0.7 wt
% of hydrogen can be detected within 180 min, demonstrating
the perishing desorption kinetics of pristine LiAIH,. However,
the S mol % Co,0;- and Fe,0;-doped samples release 4.0 and 4.4
wt % H, in 180 min at 90 °C, respectively, indicating that the first
dehydrogenation step of LiAlH, almost completed for the
LiAlH,/Fe,O; composites. When heated at 120 °C, about 5.2
and 7.2 wt % hydrogen is released in 120 min for the Co,05-
doped and Fe,O3-doped samples, illustrating that the second
dehydrogenation stage of LiAlH, has occurred. Further increase
in temperature up to 150 °C for only 15—20 min is required to
complete the first dehydrogenation step for those two oxide-
doped samples, and the dehydrogenation amount reaches 7.2
and 7.4 wt % in 120 min, respectively. Moreover, the Fe,O;-
doped sample could finish the first dehydrogenation step and
desorb about 5.0 wt % of hydrogen in 15 min at 150 °C,
indicating significantly improved dehydrogenation kinetics. As a
result, the oxide-doped samples exhibit dramatic improvement in
the dehydrogenation properties, compared with the as-received
LiAlH,.

3.2. Dehydrogenation Mechanism. To observe the
changes of particle size and morphology of as-received LiAlH,
and the doped samples before and after ball-milling, Figures 4—6
shows the representative SEM micrographs of as-received
LiAlH,, as-milled LiAlH,, and LiAlH, doped with S mol %
Fe,0; and Co,0; nanopowders, respectively. As seen in Figure
4a, the as-received LiAlH, sample consists of large irregular
polyhedron particles, up to 40 pm in size. However, the shape of
as-milled LiAIH, changes into regular globular particles and their

dx.doi.org/10.1021/jp405844z | J. Phys. Chem. C 2013, 117, 18343—18352
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Figure 4. SEM images of (a) as-received LiAIH, and (b) pure LiAlH,
after 30 min ball-milling.

particle size varies between 3 and 10 pm, as seen in Figure 4b,
indicating a significant decrease in the particle size of LiAlH, after
ball-milling. Figures Sa and Figure 6a exhibit the microstructure
of LiAlH, doped with 5 mol % Fe,O; and Co,0; after
mechanical ball-milling for 30 min. Microscopically, the doped
samples after milling have disordered surface, and the initial
particles break into smaller particles with the size of ~6 ym. The

collision and friction during ball-milling make the sizes decrease
and cracked surfaces occur. The distributions of all the species in
the mixture are uniform, which can be seen from the elemental
maps of Al, O, Fe (Co), as shown in Figures S and 6. This means
that the oxide catalysts are well mixed with LiAIH, after high
energy ball-milling, and there exist good contacts between the
catalyst and LiAIH, particles, resulting in the significantly
enhanced dehydrogenation kinetics. However, the elemental
map of O is much more obvious than that of Fe and Co in these
two elemental maps, attributed to oxidation during the specimen
preparation process. As a result, deformed and disordered surface
regions are produced around them, exhibiting many surface
defects, which introduce a larger amount of reaction nucleation
sites and hydrogen diffusion channels for the dehydrogenation
process. The significant reduction in the crystallite size of
nanosized oxide-doped collaborates with the high surface defect
density and grain boundaries introduced by the dispersive
catalyst properties, improving the desorption properties.

To further analyze the dehydrogenation mechanism of oxide-
doped LiAlH,, the activation energy (E,) of the first two
decomposition steps of LiAlH, with and without catalyst are
calculated by using the Kissinger method*”

dln(ﬁz)
TP

%
where f, T, and R expresses the heating rate, the peak
temperature, and the gas constant, respectively. It is noteworthy
that DSC measurements are required to be conducted at three
different heating rates when utilizing the Kissinger method to

calculate E,. E, of as-received LiAlH, for the first two
decomposition reactions are 94.8 and 172.3 kJ/mol, respectively,

)

(b)

Figure S. SEM image of (a) LiAIH, + S mol % Fe,O; after ball-milling and elemental maps of (b) aluminum, (c) oxygen, and (d) ferrum.

18347

dx.doi.org/10.1021/jp405844z | J. Phys. Chem. C 2013, 117, 18343—18352



The Journal of Physical Chemistry C

(b)

Figure 6. SEM image of (a) LiAlH, + S mol % Co,0j after ball-milling and elemental maps of (b) aluminum, (c) oxygen, and (d) cobalt.

Table 1. Activation Energy of LiAlH, Doped with Different Catalysts, Calculated by the Kissinger Method

step 1 step 2
E, (kJ/mol) E, (kJ/mol)

nano catalysts before doping after doping decline rate (%) before doping after doping decline rate (%) references
TiO, 114 49 57 13
Nb,O4 86 64.5 25 101 79 21.8 3
Fe 60 76.6 48
MnFe,0, 111.6 66.7 40.2 180.7 75.8 58.1 37
Fe,04 94.8 54.2 42.8 172.3 86.4 S0 this work
Co,0; 94.8 56 40.9 172.3 92.8 46.1 this work

calculated using eq 2. However, by adding oxide catalysts after
ball-milling, E, of Co,0;-doped sample for the first two
dehydrogenation steps drastically decreases to 56.0 and 92.8
kJ/mol. Especially for the Fe,Oj;-doped sample, E, further
declines to 54.2 and 86.4 kJ/mol, which is 40.6 and 85.9 kJ/mol
lower than that of pristine LiAlH,, respectively. Table 1 shows
the comparison of the apparent activation energy (E,) for various
catalysts. The activation energies of the first two dehydrogen-
ation steps for the Co,0; doped sample are 40.9 and 46.1% lower
that of pristine LiAlH,. Moreover, E, decline rate of the Fe,O;-
doped sample for the first two dehydrogenation steps obtained
the maximum of 42.8 and 50.0%, respectively, indicating that the
dehydrogenation kinetics of LiAlH, is evidently improved by the
addition of Fe,O; and Co,0; nanopowders. Therefore, the
remarkable decrease in E, for the two decomposition steps
further testifies that the dehydrogenation kinetics of LiAlH, is
significantly improved by doping oxide catalysts, while Fe,O; has
better catalytic effect.

Figure 7 shows the FTIR spectra of (a) as-received LiAlH,, (b)
as-milled LiAlH,, (c) S mol % Fe,0;, and (d) 5 mol % Co,0,
doped LiAlH, after ball-milling in the 750—2000 cm™'

18348
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Figure 7. FTIR spectra of (a) as-milled LiAlH, and (b) 5 mol % Co,0;-
doped LiAIH,, (c) S mol % Fe,O;-doped LiAlH, after ball-milling.

wavenumber range. For the as-received LiAlH, and as-milled
LiAlH,, there are two active infrared vibrations of the Al—H bond
of LiAlH, in two regions, (1) Al-H stretching mode 15 at 1641

dx.doi.org/10.1021/jp405844z | J. Phys. Chem. C 2013, 117, 18343—18352
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cm™' and (2) Li—Al—H bending mode v, at 885 cm™". However,
an IR absorption peak appears at 1425 cm™" for both doped
samples, and it is more notable in the FTIR spectra of the Fe,O5-
doped sample. On the contrary, no IR absorption peak is visible
at the same position in the FTIR spectra of the as-received
LiAIH, and as-milled LiAIH,, as shown in Figure 7. For LiAlH,,
there are two regions of active infrared vibrations of the AlI-H
bonds, (1) Al—H stretching modes between 1600 and 1800 cm™*
and (2) Li—Al-H bending modes between 800 and 900
cm™'.?** Meanwhile, for Li;AlH; its active infrared vibration
exhibits the Al-H stretching modes between 1500 and 1400
em™'*** Through the above analysis, it is reasonable to
conclude that the decomposition reaction occurs during the ball-
milling process for the oxide-doped LiAlH, samples, and the
decomposition happens more severely by adding Fe,O;, which
can be validated by the TG and PCT curves.

To identify which reaction happened between LiAlH,, Fe,0s,
and Co,0; nanoparticles during the ball-milling, the XRD
patterns of as-received LiAlH, and 5 mol % oxides doped
composites after ball-milling are shown in Figure 8. For the
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Figure 8. X-ray diffraction spectra of (a) pure LiAlH,, (b) LiAlH, + S
mol % Fe,0;, and (c) LiAlH, + S mol % Co,0j after ball-milling.

pattern of as-milled LiAlH,, as shown in Figure 8, except for the
diffraction peaks, corresponding to parafilm at 21.4° and 23.8°,
no additional peaks can be observed, indicating that the lithium
aluminum hydride remains rather highly stabile during high-
energy ball-milling treatment.'* The weak additional peaks of
microcrystalline aluminum and Li;AlH start to appear after ball-
milling with Co,0; and Fe,O; nanopowders. Meanwhile, the
diffraction peaks of Co;0, are observed at 36.9 and 65.2° for the
Co0,0;-doped sample, suggesting that the temperature in
stainless steel milling vial should be higher than 125 °C and
deoxidation occurred during the ball-milling process.******* For
the Fe,O;-doped sample, the diffraction peaks of Li,Fe, ,O, ¢ are
observed at 182.0 and 43.2°, demonstrating that the reaction
between LiAlH, and Fe,O; take place during ball-milling by
forming a ternary Li—Fe oxide without valence state alteration.
At the same time, there is Fe oxide species with a reduced valence
state emerging simultaneously. A similar decomposmon reaction
occurs between LiAIH, and MnFe,0,,” in which the reaction
can take place by forming a ternary Li—Fe oxide and Fe oxide
species with a reduced valence state during the ball-milling
process.

To investigate the change of phase structures of the doped
samples during desorption process, XRD scans has been

performed on the (a) as-milled LiAlH,, (b) LiAlH, + S mol %
Fe,0;, (c) LiAlH, + S mol % Co,0; after dehydrogenation at
250 °C, as shown in Figure 9. XRD spectra of the as-milled
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Figure 9. X-ray diffraction spectra of (a) as-milled LiAlH,, (b) LiAlH, +
S mol % Fe,05, (c) LiAlH, + S mol % Co,0; after dehydrogenation at
250 °C.

LiAlH, after dehydrogenation only consists of Al and LiH as the
dehydrogenation products, demonstrating that LiAlH, and
Li;AlHg have completely decomposed after the first two
dehydrogenation steps. However, CoO phase is included in the
XRD spectra of the Co,0;-doped sample when heated up to 250
°C, except for parafilm, Al and LiH phases, suggesting that Co;0,,
can be further reduced to CoO phase during dehydrogenation
process. Further investigation is needed to clarify the role of Co-
oxides. By contrast, for the XRD patterns of Fe,O;- doped
sample there are not only Al and LiH but also Li,Fe, ;0,4 and
Fegos;O as the dehydrogenation products, which may create
surface activation and form a large amount of nucleation sites on
the surface of LiAlH, matrix for dehydrogenation products.
Consequently, these dehydrogenated products would possibly
contribute to kinetic desorption improvement and provide a
synergetic catalytic effect by serving as the active sites for
nucleation and growth of the dehydrogenated products, resulting
in the shortening of the diffusion distance of the reaction ions.
To further analyze the phase composition of dehydrogenated
products before and after dehydrogenation, XPS analysis on the
Fe,0;- and Co,0;-doped samples have been performed before
and after dehydrogenation, as shown in Figure 10. Figure 10a
shows the photoemission spectrum of Fe 2p at 707.0 and 712.0
eV, corresponding to FexO},50 and LiFe,,O,¢ respectively.
However, for the dehydrogenated Fe,O;-doped sample, there
exists one Fe 2p peak at 709.6 eV, which corresponds to FeO.
Figure 10b shows the Co 2p XPS spectra of LiAlH,/Co,0;
sample after ball-milling and dehydrogenation. After ball-milling,
only one Co 2p peak is located at 780.0 eV, corresponding to
Co;0,. Furthermore, for the dehydrogenated sample there are
two Co 2p peaks located at 780.0 and 796.5 eV, corresponding to
Co30, and CoO, respectively. However, it should be noted that
FeO and Co;0, in the dehydrogenated samples can not be
detected in the XRD profiles. These results supplement the XRD
results, indicating that Fe and Co species are reduced or
transformed during the milling or heating processes. This
observation is rather coincidental, since Fe and Co oxides share
the same valence of the O anion. Moreover, transition metals
always possess good capacity of valence alternation, and they can
be reduced to their lower oxidation state by high temperatures in
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Figure 10. Narrow scan XPS spectra of (a) the Fe,0;-doped sample

before and after desorption and (b) the Co,05-doped sample before and
after desorption.

hydrogen atmosphere. The valence changes of transition metal
oxide catalysts during dehydrogenation process are listed in
Table 2. By comparing various transition metal oxides, it can be
concluded that these multivalence transition metal species may
contribute to the improved desorption kinetics.

From the above analyses, the predominant dehydrogenation
kinetics, acquired in this work for the doped samples, may be
ascribed to the following reasons. First, the significantly reduced
particle size and the creation of a large number of defects can
introduce a large amount of reaction nucleation sites and
hydrogen diffusion channels for the dehydrogenation process.
Second, Fe,0j; reacts with LiAlH, during mechanical milling by
forming a ternary Li—Fe oxide (Li,Fe,;,O,¢) and Fe oxide
(Fepos,0) species, suggesting that trivalent iron oxide can
transform into new Fe-containing phases by increasing the high

local temperatures during the ball-milling process. After
dehydrogenation, the reactions between LiAlH, and Fe,O;
have thoroughly completed, and the Fe species are reduced to
their lower oxidation state. Meanwhile, for the Co,0;-doped
sample the catalysts have been reduced during ball-milling by
forming Co oxide species with a reduced valence state, and then
further transformed into its lower oxidation state (CoO) when
heated to 250 °C after dehydrogenation with a small amount of
Co;0,, which is hardly detected by XRD. It is believed that these
finely dispersed oxygen-deficient Fe and Co oxide nanoparticles
could act as catalysts to facilitate the dehydrogenation steps of
LiAIH, by serving as the active sites for nucleation and growth of
the dehydrogenated product associated with the shortening of
the diffusion paths among the reaction ions. Third, the reduction
of Fe,O3 and Co,0; during heating can alter the thermody-
namics of the reactions by lowering the enthalpy of the
dehydrogenation reaction,” thus it can also contribute to kinetic
desorption improvement, which would be a very attractive topic
for further investigation.

4. CONCLUSIONS

In summary, the dehydrogenation properties of LiAlH, doped
with Fe,O; and Co,0; nanoparticles exhibit a dramatic
improvement compared with that of as-received LiAlH,. The
nonisothermal hydrogen desorption analysis reveals that the
addition of increasing amounts of Fe,O; and Co,0; nano-
particles to LiAlH, results in a progressive reduction of the onset
temperature of LiAlH,. The onset temperature of LiAIH, doped
with 7 mol % Fe,O; and Co,0; have reduced by as much as 97
and 93 °C, respectively, compared with the pristine LiAlH,.
Between various Fe,O;- and Co,0;-doped samples, the S mol %
oxide-doped samples are found to be the optimal materials with
the highest released hydrogen capacity and substantially reduced
activation energy for the LiAlH, dehydrogenation. Isothermal
volumetric measurements reveal that LiAIH, + 5 mol % Fe,0,
and LiAlH, + § mol % Co,0; samples can release about 7.1 and
6.9 wt % hydrogen in 70 min at 120 °C, whereas the as-received
LiAlH, only releases about 0.3 wt % hydrogen for the same
temperature and time. The DSC and Kissinger desorption
kinetics analyses reveal that the apparent activation energies of
as-received LiAIH, are 94.8 and 172.3 kJ/mol, while the E, of the
5 mol % Fe,0;-doped sample declines to 54.2 and 86.4 kJ/mol,
resulting in declined rates of 42.8 and 50.0%, respectively, for the
first two decomposition reactions. Furthermore, FTIR, XRD,
and XPS demonstrate that LiAlH, reacts with Fe,O; during ball-
milling by local forming of Fe oxide species with a lower
oxidation state and a mixed Li—Fe oxide. These finely dispersed
dehydrogenated products would contribute to the dehydrogen-
ation kinetics improvement and provide a synergetic catalytic
effect for the remarkably improved dehydrogenation kinetics of

Table 2. The Valence State of Various Transition Metal Oxide Catalysts during the Dehydrogenation Process

average valence

transition oxide transition metal species initial after ball-milling
MnFe,0, Mn 2
Fe 3 4.1

Nb,O; Nb S S
Cr,04 Cr 3 3

TiO, Ti 4 4
Fe,03 Fe 3 +3, +2.09
Co,0, Co 3 +8/3

after dehydrogenation valence change catalytic performance reference
superior 37
+2.1, 42 Y
+S, +4, +1 Y superior 3
3 N weak 3
4 N superior 13
+2.09, +2.1, +2 Y superior this work
+8/3, +2 Y superior this work
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LiAlH,. On the contrary, nanosized Co,0; particles act as a
surface catalyst and are reduced to Co;0, during the ball-milling
process, and then translate to CoO when heated to 250 °C.
Therefore, it is reasonable to conclude that the finely dispersed
Fe oxide, Li—Fe oxide, and Co oxide may contribute to
dehydrogenation kinetics improvement and provide a synergetic
catalytic effect by serving as active sites for nucleation and growth
of the dehydrogenated products, resulting in the shortening of
the diffusion distance of the reaction ions. Meanwhile, the
reduction of high valence transition metals during heating may
play an important role in improving the kinetic desorption of the
doped samples. In summary, it is reasonable to conclude that
Fe,0; and Co,0; nanoparticles are promising additives for
remarkably improving the dehydrogenation performance of
LiAlH,, and the Fe,O; nanoadditive is more efficient than the
Co0,0; nanoadditive.

B ASSOCIATED CONTENT
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Figure of DSC curves of as-received LiAlH,, LiAlH, + 5 mol %
Fe,03, and LiAlH, + 5 mol % Co,0; at the heating rates of 6, 9,
and 12 °C/min, and figure of the Kissinger plots of as-received
LiAlH,, LiAlH, + S mol % Fe,0,, and LiAlH, + S mol % Co,0;
for the first and second dehydrogenation steps. This material is
available free of charge via the Internet at http://pubs.acs.org.
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