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ABSTRACT: The effects of NiFe2O4 nanoparticles addition
on the dehydrogenation behavior of LiAlH4 were investigated.
The onset dehydrogenation temperature for LiAlH4+3 mol %
NiFe2O4 sample is 61 °C, which decreased by 94 °C compared
with the as-received LiAlH4 and released ∼7.2 wt % hydrogen
when heated to 180 °C. Isothermal desorption measurements
show that the 3 mol % NiFe2O4-doped sample releases ∼7.0
wt % of hydrogen in 91 min at 120 °C, which is 6.3 wt %
higher than the as-received LiAlH4 under the same conditions.
Through calculating the apparent activation energy of the
LiAlH4 samples with and without NiFe2O4 for the first two
dehydrogenation stages, the Ea of the LiAlH4+3 mol %
NiFe2O4 sample is 54.3 and 70.8 kJ/mol, resulting in 52.5 and 59% decrease, respectively, compared with the as-received LiAlH4.
Analyzing the X-ray diffraction and Fourier transform infrared spectroscopy results, it is reasonable to believe that the remarkable
improvement of dehydrogenation properties of NiFe2O4-doped LiAlH4 results from the in situ formed LiFeO2 and Al−Ni
compounds, providing the active sites for nucleation and growth of the dehydrogenation products.

1. INTRODUCTION

Currently, there are multiple efforts focusing on researching
complex hydrides as a promising environmentally friendly
energy carrier candidate due to their high volumetric and
gravimetric hydrogen-storage capacity. However, their relatively
high desorption temperature and poor desorption kinetics have
become the major obstacles for practical applications.1,2 Since
the de/rehydrogenation performance of NaAlH4 ameliorated
by TiCl3 doping was reported,3 there is a great deal of work
enhancing the de/rehydrogenation properties of Alanate-based
complex metal hydrides by doping them with various catalysts.
Because of the relatively low dehydrogenation temperature and
larger theoretical hydrogen desorption content, close to 10.6 wt
%, LiAlH4 has become the leader among the large variety of
alanates, not only for the fundamental research of absorption
and desorption mechanisms but also for technological
applications.4,5 The dehydrogenation of LiAlH4 occurs upon
heating according to the following three reactions R1−R3,6
respectively:

→ + + − °3LiAlH Li AlH 2Al 3H (150 175 C,

desorbing 5.3 wt % H )
4 3 6 2

2 (R1)

→ + + − °Li AlH 3LiH Al 3/2H (180 220 C,

desorbing 2.6 wt % H )
3 6 2

2 (R2)

+ → + − °3LiH 3Al 3LiAl 3/2H (400 420 C,

desorbing 2.6 wt % H )
2

2 (R3)

It is common that only the first two dehydrogenation
processes of LiAlH4 are considered due to the fact that the
reaction R3 cannot meet the practical application requirements
based on not only the onset decomposition temperature above
400 °C but also releasing merely 2.6 wt % of H2. Hence, in this
work it is reasonable to consider only the first two
dehydrogenation steps of LiAlH4.
Lithium alanate hydride (LiAlH4) indeed has superior

intrinsic hydrogen storage capacity. Nevertheless, many efforts
have been devoted to solve the crucial LiAlH4 drawbacks for
practical applications, corresponding to high thermodynamic
stability and slow desorption kinetics by doping various
catalysts. To date, the documented catalysts for LiAlH4 fall
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into six categories: (1) elemental metal, such as Ni,7,8 Fe,7,9,10

V,7,14 Sc,14 and Ti;7,10−14 (2) alloy, such as Al3Ti, Ti3Al, Al3Fe
and Al22Fe3Ti8;

10 (3) carbon material, such as CNFs,15 TiC,16

and carbon black;7 (4) halide, such as AlCl3,
7 FeCl3,

7 TiCl3·1/
3AlCl3,

11,17 VBr3,
18 VCl3,

18 HfCl4,
19 ZrCl4,

19 LaCl3,
20 TiCl3,

21

ZnCl2,
21 NiCl2,

22 TiF3,
23 NbF5,

24 MnCl2,
25 K2TiF6,

26 TiCl4,
27

and NH4Cl;
28 (5) metallic oxides, such as TiO2,

29 Nb2O5,
30

Cr2O3,
30 MnFe2O4,

31 Fe2O3,
32 and Co2O3;

32 (6) and others,
such as nanosized TiH2,

33 Ce(SO4)2,
34 VCl3 and CNFs,15

SWCNT-metallic,35 and TiN.4 Most of these catalysts do not
work with LiAlH4 as a suitable hydrogen-storage medium.
Therefore, persistent efforts are needed to find new efficient
catalysts for improving LiAlH4 hydrogen storage.
Transition metals have multivalent states, forming various

metal oxides, which have been proven to possess superior
catalytic efficiency. Sun et al.22 reported that the dehydrogen-
ation performance of LiAlH4 was dramatically improved by
doping NiCl2, resulting from NiCl2 forming the in situ active Ni
species. Recently, Fe species with varying valence have been
demonstrated to provide favorable effects on improving LiAlH4
dehydrogenation properties.31,32 Therefore, combining the
above two positive considerations, it is reasonable to illustrate
that Ni ferrite (NiFe2O4) as the catalyst for LiAlH4 shows a
great potential to significantly enhance the de/rehydrogenation
performance of LiAlH4.
In the present work, the catalytic effects of adding NiFe2O4

nanopowder as a catalyst precursor on the de/rehydrogenation
behavior were investigated. To further understand the catalytic
mechanism on LiAlH4, the powder morphology variation and
the phase transition was observed and tested by scanning
electronic microscopy (SEM), transform infrared spectroscopy
(FTIR), and X-ray diffraction (XRD), respectively.

2. EXPERIMENTAL SECTION
2.1. Preparation. The ball-milling process of LiAlH4

(≥95% pure, Sigma Aldrich) and NiFe2O4 nanoparticles
(≥99.99% pure, 20 nm) was conducted in a high-energy
Spex mill (QM-3B) for 30 min with a 1200 rpm rotation rate.
After every 10 min of milling, a 5 min delay was introduced for
cooling the samples. Samples handling was conducted in a
glovebox with a high-purity argon atmosphere. About 2 g of
LiAlH4 mixed with 1, 3, 5, and 7 mol % NiFe2O4 nanoparticles
was loaded in a sealed stainless-steel vial with a ZrO2 milling
ball-to-powder weight ratio of 20:1.
2.2. Characterization. The de/rehydrogenation behavior

of the LiAlH4 samples with and without NiFe2O4 catalyst was
examined by using a Sieverts-type pressure−composition−
temperature (PCT) equipment. The measurement is con-
ducted in a reactor, which consists of two parts, heater and
sample vessel, and the limiting conditions of the PCT apparatus
reach 10 MPa and 600 °C. The heater of the PCT apparatus is
used to connect the pressure transducer and the thermocouple.
It has a 2.2 cm outside diameter, 0.5 cm wall, and 20 cm
internal length. The heater is loaded with the sample vessel
with the 1 cm outside diameter, 0.1 cm wall, and 5 cm internal
length.20 During the measurement, the sample vessel was
loaded with ∼0.4 g of LiAlH4 doped with 1, 3, 5, and 7 mol %
NiFe2O4 nanopowder upon heating to 250 °C at a heating rate
of 4 °C/min under 0.1 atm H2 pressure. During heating, the
reactor loaded with the sample vessel is heated in the air
furnace, and hydrogen released from the sample vessel first
flows into the heater and then flows into the transit pressure
transducer, which can record the level of hydrogen pressure.

The dehydrogenation amounts, calculated for all samples, were
converted to pure LiAlH4 with the elimination of various
impurities.
The thermal decomposition behavior of LiAlH4 with and

without NiFe2O4 catalyst was measured by using a Netzsch
model 449C differential scanning calorimeter (DSC) at heating
rates of 6, 9, and 12 °C/min between 35 and 300 °C under a
flow of 50 mL/min high-purity argon atmosphere, respectively.
FTIR analyses of all samples at room temperature were

carried out by using a Bruker Vector 22 FTIR spectrometer.
Scans were performed between 750 and 2000 cm−1 with a
spectral resolution of 4 cm−1.
The morphology of the samples has been analyzed by

scanning electron microscopy (SEM, ZEISS EVO 18,
Germany). During the sample preparation for the SEM
measurements, the handling was conducted inside the glove-
box. The prepared sample was moved to the SEM chamber to
decrease the effect of moisture and oxidation on the testing
results.
The XRD spectra of the sample before and after de/

rehydrogenation were recorded by using an XRD
(MXP21VAHF) with Cu Kα radiation between 10 and 90°,
0.02° per step.

3. RESULTS AND DISCUSSION
3.1. Dehydrogenation Properties Analysis. 3.1.1. Non-

isothermal Dehydrogenation Properties. The thermal de-
sorption performance of the as-received LiAlH4, as-milled
LiAlH4, and LiAlH4 samples with 1, 3, 5, and 7 mol % NiFe2O4
nanoparticles is shown in Figure 1. As seen in Figure 1, without

adding NiFe2O4 nanopowder, the desorption curves of pure
LiAlH4 samples before and after ball milling exhibit the typical
two-stage dehydrogenation reactions R1 and R2. It is clear that
the decomposition of the as-received LiAlH4 occurs at around
155 and 200 °C for the first two dehydrogenation processes,
followed by 5.0 and 2.5 wt % released hydrogen, respectively.
Thus, the sum amount of hydrogen released for the as-received
LiAlH4 reaches up to 7.5 wt % below 250 °C. While compared
with the as-received LiAlH4, the onset desorption temperatures
for the as-milled LiAlH4 both decrease by 21 °C at the first two

Figure 1. Thermal desorption profiles of the as-received LiAlH4, as-
milled LiAlH4, and LiAlH4 doped with 1, 3, 5, and 7 mol % NiFe2O4
nanopowder. The samples were heated to 250 °C at 4 °C/min heating
rate.
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dehydrogenation steps, attributed to the decrease in LiAlH4
grain size by mechanical milling.8,23,26,29,31 After doping the
NiFe2O4 nanoparticles into the LiAlH4 matrix, the dehydrogen-
ation process for the LiAlH4+1 mol % NiFe2O4 sample starts at
68 °C. With increasing the NiFe2O4 proportion to 3 mol %, the
onset decomposition temperature further decreases to 61 °C,
which shows a 94 °C decrease, compared with that of the as-
received LiAlH4. Meanwhile, during the first two dehydrogen-
ation processes, the total amount of H2 released from 1 and 3
mol % NiFe2O4-doped LiAlH4 is 7.4 and 7.2 wt %, respectively,
close to the amount of hydrogen released from pristine LiAlH4.
By increasing the additive amount to 5 mol %, the
dehydrogenation process further diminishes to 58 °C, showing
a significant decline between the as-received LiAlH4 and the 5
mol % doped sample in the onset dehydrogenation temper-
ature. Meanwhile, hydrogen released for the LiAlH4+5 mol %
NiFe2O4 sample drops to 5.9 wt % at the first two
dehydrogenation stages, which reveals that doping NiFe2O4
nanopowders into LiAlH4 can significantly decline the onset
desorption temperature of LiAlH4. It is worthwhile to note that
with further addition of 7 mol % NiFe2O4 the dehydrogenation
process initiates at 100 °C, which is much higher than that for
the LiAlH4 sample containing fewer NiFe2O4 nanopowders.
This abnormal phenomenon could be explained by merely 3.2
wt % hydrogen released for the LiAlH4+7 mol % NiFe2O4
sample, which only accounts for 42.7% of pure LiAlH4 and
demonstrates the completion of the first dehydrogenation step
(reaction R1) for the LiAlH4+7 mol % NiFe2O4 sample during
the milling process. Thus, the significant reduction in hydrogen
capacity could result from the low onset dehydrogenation
temperature of LiAlH4+7 mol % NiFe2O4 sample compared
with the samples doped with less NiFe2O4 content, resulting in
hydrogen released during the ball-milling process. On the basis
of the above nonisothermal hydrogen desorption analysis, it can
be concluded that an excess amount of NiFe2O4 addition could
significantly reduce the onset desorption temperature but leads
to a remarkable loss of hydrogen release at the same time.
Moreover, the initial desorption temperature of LiAlH4
remarkably decreased to 58 °C by doping 5 mol % NiFe2O4
nanopowders, which is quite lower than that of LiAlH4 with the
addition of other various previously reported cata-
lysts.4,5,17−20,24,26,30,31 Meanwhile, combining these two con-
siderations from the initial dehydrogenation temperature and
hydrogen release capability, the optimal content of NiFe2O4
additive of the doped sample with the best dehydrogenation
performance is 3 mol %, and the LiAlH4+3 mol % NiFe2O4
sample will be utilized for analyzing the catalytic effect and
mechanism of NiFe2O4 in the following tests. Although
NiFe2O4 nanopowder has exhibited superior catalytic perform-
ance by declining the onset dehydrogenation temperature of
LiAlH4, the reversibility of the completely dehydrogenated 3
mol % doped sample cannot be tested at 140 °C under 6.5 MPa
hydrogen pressure, as shown in Figure S1 (Supporting
Information), resulting from the thermodynamic properties of
LiAlH4.

24

3.1.2. Isothermal Dehydrogenation Properties. To further
exhibit the remarkable catalytic effect of the NiFe2O4
nanopowder on the dehydrogenation properties of LiAlH4,
we employed the isothermal measurement to test the
dehydriding kinetics of LiAlH4. The isothermal dehydrogen-
ation curves of the LiAlH4+3 mol % NiFe2O4 sample heated at
90, 120, and 150 °C are shown in Figure 2. Moreover, Figure
2a,b also exhibits the dehydriding kinetics of the as-received

and the as-milled LiAlH4 heated at 120 °C to compare the
dehydriding kinetics of undoped and doped samples. As seen in
Figure 2, the desorption rates of pure LiAlH4 before and after
ball milling are dreadfully sluggish at 120 °C, and only 0.7 and
0.8 wt % of hydrogen were detected within 180 min,
respectively, demonstrating the perishing desorption kinetics
of pristine LiAlH4. However, compared with the pure LiAlH4,
the desorption kinetics of LiAlH4 is greatly enhanced after
doping Ni ferrite nanopowders. For the LiAlH4+3 mol %
NiFe2O4 sample, ∼4.9 wt % hydrogen was released at 90 °C in
160 min, which suggests the completion of the first
dehydrogenation step (reaction R1). When the 3 mol %
doped sample was heated to 120 °C, 7.0 wt % of hydrogen was
released within 91 min, 6.3 wt % larger than that of pristine Li
alanate for the same conditions. Furthermore, the first two
dehydrogenation stages require only 30 min to finish with
further increasing the heating temperature to 150 °C.
Therefore, the NiFe2O4-doped sample exhibits superiority in
improving LiAlH4 desorption kinetics compared with LiAlH4
sample doped with numerous previously documented cata-
lysts.4,21−27,29,30 Meanwhile, the ascendant desorption kinetics
coupled to such a large quantity of hydrogen released at a
moderate operating temperature makes practical sense for the
proton exchange membrane (PEM) fuel cell applications.

3.2. Thermal Analysis. DSC analysis was utilized to further
specify the remarkable catalytic effect of Ni ferrite nanopowder
on the dehydrogenation behavior of LiAlH4. Figure 3 presents
the DSC plot of the as-received LiAlH4 and the LiAlH4+3 mol
% NiFe2O4 sample at various heating rates of 6, 9, and 12 °C/
min between 35 and 300 °C, respectively. For the DSC curve of
the as-received LiAlH4, there are two endothermic peaks and
two exothermic peaks, as seen in Figure 3a. The first and the
second exothermic peaks correspond to the interaction
between LiAlH4 and surface hydroxyl impurities36 and the
decomposition of liquid LiAlH4, respectively. Meanwhile, the
two endothermic peaks reflect LiAlH4 melting36 and Li3AlH6
decomposition,17 respectively. As for the NiFe2O4-doped
LiAlH4 sample, the exo/endothermic reactions can be seen in
Figure 3b. All exothermic peaks of the 3 mol % NiFe2O4-doped

Figure 2. Isothermal desorption kinetics of (a) as-received, (b) as-
milled LiAlH4 at 120 °C, and LiAlH4+3 mol % NiFe2O4 sample at (c)
90, (d) 120, and (e) 150 °C. (I) represents the first dehydrogenation
stage; (II) represents the second dehydrogenation stage.
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sample appear below 125 °C, implying that the decomposition
of LiAlH4 occurs prior to its melting, so the two peaks
correspond to the decomposition process of solid-state LiAlH4
and Li3AlH6, respectively. The resulting peak temperatures in
Figure 3b are lower than those of LiAlH4 doped with various
catalysts documented in recent reports.16,24,26,29−31 In addition,
the onset desorption temperatures have a discrepancy between
PTC and DSC measurements for the same tested sample. This
phenomenon could be explained by the different heating rate
coupled to the different decomposition atmospheres during
DSC measurement under 1 atm Ar and PCT measurement
under 0.1 atm H2, resulting in the different driving force for the

desorption process of LiAlH4 doped with NiFe2O4 nano-
powder.24

The apparent activation energy (Ea) of the undoped and
doped samples for the first two decomposition stages was
calculated using the Kissinger method:37

= −

β⎜ ⎟

⎜ ⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

E
R

d ln

d

T

T
1

ap
2

p (1)

where β is the heating rate, Tp expresses the peak temperature,
and R is the gas constant. According to the slope of these lines
in the inset graphs of Figure 3, the values of Ea of the as-
received LiAlH4 for the first two decomposition reactions are
114.3 and 172.6 kJ/mol. Nevertheless, the values of Ea for the
LiAlH4+3 mol % NiFe2O4 sample are calculated to be 54.3 and
70.8 kJ/mol, which are 73.6 and 101.8 kJ/mol lower than those
of the as-received LiAlH4 for the first two dehydrogenation
reactions, respectively, suggesting that the dehydrogenation
kinetics of LiAlH4 obtained a significant improvement by
doping NiFe2O4 nanoparticles. Table 1 shows the comparison
of Ea for LiAlH4 before and after doping to further emphasize
the catalytic effect of NiFe2O4 nanopowder on dehydrogen-
ation of LiAlH4. By comparing the decline rate of Ea of the
NiFe2O4-doped sample with other catalysts-doped samples, the
decline rate of Ea of LiAlH4 doped with NiFe2O4 is 52.5% for
the first dehydrogenation stage. The second dehydrogenation
stage has reached 59%, which indicates that the dehydrogen-
ation properties of LiAlH4 are evidently improved by the
addition of NiFe2O4 nanoparticles compared with other
reported catalysts. As a result, the activation energy barrier
for the dehydrogenation of LiAlH4 was effectively decreased by
doping NiFe2O4 nanoparticles, resulting in the remarkable
enhancement on the dehydrogenation performance of LiAlH4.

3.3. Dehydrogenation Mechanism. Figure 4 shows the
variation in particle size and powder morphology observed by
SEM. As presented in Figure 4a, the as-received LiAlH4 consists
of large irregular polyhedron particles with an average size
larger than 40 μm. However, the particles of NiFe2O4-doped
sample present two features: first, the shape of the particles
changes from irregular polyhedron to regular globular particles;
second, the size of particles reduces to 2−10 μm, as seen in
Figure 4b. Meanwhile, SEM images show that the embedded
NiFe2O4 can be hardly observed in the LiAlH4 matrix, resulting
from their tiny original crystallite size (20 nm) and the
interference of the NiFe2O4 particles magnetic properties with
the SEM equipment.31 Figure 4c−f provides the elemental
maps, including aluminum, oxygen, iron, and nickel,

Figure 3. DSC profiles of (a) as-received LiAlH4 and (b) LiAlH4+3
mol % NiFe2O4 and the corresponding heating rates are (I) 6 °C/min,
(II) 9 °C/min, and (III) 12 °C/min, respectively. The inset graphs
show the Kissinger plots for the first two decomposition steps of (a)
as-received LiAlH4 and (b) LiAlH4+3 mol % NiFe2O4.

Table 1. Activation Energy (Ea) of LiAlH4 Doped with Various Catalysts

step 1 step 2

Ea (kJ/mol) Ea (kJ/mol)

nano catalysts before doping after doping decline rate (%) before doping after doping decline rate (%) reference

TiO2 114 49 57 29
Nb2O5 86 64.5 25 101 79 21.8 30
K2TiF6 116.2 78.2 32.7 133 90.8 31.7 26
MnFe2O4 111.6 66.7 40.2 180.7 75.8 58.1 31
TiC 86 59 31.4 101 70 30.7 16
n-Ni ∼70 ∼100 8
NiFe2O4 114.3 54.3 52.5 172.6 70.8 59 this work
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respectively, to better illustrate the elemental distribution of the
NiFe2O4 catalyst around the LiAlH4 particles. It can be
concluded that all constituent elements of NiFe2O4 in the
mixture are uniformly distributed around the surface of LiAlH4
particles, which means that the Ni ferrite would be well mixed
with LiAlH4 after high-energy ball milling, and there exists a
good contact between the catalyst and the LiAlH4 particles.
However, the elemental map of oxygen is more pronounced
than that of iron and nickel, as seen in these two elemental
maps, attributed to oxidation during the specimen preparation
process. More crystal boundaries and high surface defects are
introduced into the LiAlH4 matrix due to the change in
particles shape and the decrease in the particles size.

Furthermore, the highly dispersed NiFe2O4 nanoparticles
uniformly distributed around the surface of the LiAlH4 matrix
could serve as nucleation sites, contributing to lower the
activation energy, and facilitate the dehydrogenation stages of
pristine LiAlH4. Therefore, the significant reduction in the
crystallite size of the doped LiAlH4 sample can introduce more
grain boundaries and the high density of surface defects around
the surface of LiAlH4 matrix made by the dispersive catalyst
properties, resulting in improved desorption properties.
In general, the mechanism for solid-state reactions can be

determined by the kinetics rate equation, which classifies the
reaction mechanisms into different models, listed in Table
S1(Supporting Information), including diffusion, chemical

Figure 4. SEM images of (a) as-received LiAlH4 and (b) LiAlH4+3 mol % NiFe2O4 after ball milling with the corresponding element maps of the
doped sample.
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reaction, nuclei, nucleation, and so on.5,16,30 To exactly specify
the dehydrogenation reaction mechanism of LiAlH4 doped with
the NiFe2O4 nanoparticles, the rate equation of dehydrogen-
ation kinetics was deduced, according to the experimental data
of the isothermal dehydrogenation for the LiAlH4+3 mol %
doped sample heated at 90, 120, and 150 °C, as shown in
Figure 5. Among these different dehydrogenation mechanism
models, the most appropriate model will be chosen, giving
larger linearity coefficient value and smaller residual sum of
squares (RSS) among all models. Analyzing Figure 5a, the best
linearity coefficient can be fitted by the F1 mechanism model
formulated through the random nucleation approach, suggest-
ing that nucleation process dominates the dehydrogenation of

the LiAlH4 doped with NiFe2O4 heated at 90 °C, and each
active site has an equal probability to form nucleations.38 It
clearly illustrates that the desorption rates at different
temperatures are controlled by different mechanisms, as
shown in Figure 5b,c. Compared with the dehydrogenation
process at 90 °C, the rate-limiting steps for diffusion are
controlled by random nucleation mechanism at higher
decomposition temperature. For the NiFe2O4-doped sample
at 120 °C, the dehydrogenation process is found to comply
with the reaction mechanism corresponding to the A2 model,
as shown in Figure 5b, indicating that the random nucleation
process appears in the mixture, and the nucleation growth is
dominated by the 2-D growth deduced from the Avrami−
Erofeev equation. As a result, the dehydrogenation reaction
follows an interface reaction with constant interface veloc-
ity.30,38 It is evident that there exists minor difference in the
correlation coefficient value among the F1, R2, and R3 models
in Figure 5c upon desorption at 150 °C, but the RSS of R2
shows more superiority than the other two models. Thus, it is
noticeable that R2 (R2 > 0.99, RSS < 0.05) gives a better fit
than R3 and F1 kinetics models upon desorption at 150 °C.
Analyzing the mechanism of R2 model, it can be concluded that
the dispersed NiFe2O4 nanoparticles could form a thin layer
transformed phase in the LiAlH4 matrix surface, resulting in
introducing large amounts of nucleation sites on the surface of
LiAlH4 particles to facilitate the dehydrogenation products
generation. Furthermore, the dehydrogenation kinetics is
mainly dominated by the interface movement of the
dehydrided phases along the 2-D network from the particle
surface into the bulk.30 In summary, at higher isothermal
dehydrogenation temperature, the diffusion limitations would
dominate over random nucleation for the 3 mol % NiFe2O4-
doped sample.
To investigate the effect of addition of nanosized nickel

ferrite on the LiAlH4 vibrational spectrum, we provide the
FTIR spectra of the as-milled LiAlH4 and 1, 3, and 7 mol %
NiFe2O4−LiAlH4 composites after ball milling with scanning
range from 750 to 2000 cm−1 in Figure 6. LiAlH4 contains two
kinds of Al−H bonds in the active infrared vibration,
corresponding to Al−H stretching modes (1600−1800 cm−1)
and Li−Al−H bending modes (800−900 cm−1).16,26,31,35 With
regard to the Li3AlH6, there is only one kind of the Al−H
stretching modes (1500−1400 cm−1) in the active infrared
vibration.39 As seen in Figure 6, for the 1 and 3 mol %

Figure 5. Curves of different kinetic models applied to the isothermal
dehydrogenation of LiAlH4+3 mol % NiFe2O4 at (a) 90, (b) 120, and
(c) 150 °C.

Figure 6. FTIR spectra of (a) as-milled LiAlH4, (b) 1 mol %, (c) 3 mol
%, and (d) 7 mol % NiFe2O4-doped LiAlH4 after ball milling.
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NiFe2O4-doped samples, all IR absorption peaks corresponding
to LiAlH4 still exist, while the IR absorption peak of Li3AlH6
appears at 1471 cm−1 compared with the IR absorption spectra
of the as-milled LiAlH4. Furthermore, the intensity of the IR
absorption peak of Li3AlH6 at 1471 cm−1 continuously fortifies
with enhancing the NiFe2O4 proportion from 1 to 3 mol %,
suggesting that the doped LiAlH4 decomposes to a larger extent
and hydrogen is released during mechanical ball milling. On the
contrary, there is no IR absorption peak of Li3AlH6 appearing
in the IR absorption spectra of the as-milled LiAlH4 in Figure 6
(curve a). Also, for the 7 mol % NiFe2O4−LiAlH4 composite,
the IR absorption peak of LiAlH4 cannot be observed. As a
result, the 7 mol % doped sample completely decomposed and
generated the dehydrogenation product of Li3AlH6 during the
mechanical ball milling, which has been proven by the
dehydriding capacity of the 7 mol % doped LiAlH4 (Figure
1). From the detailed FTIR analysis, the 7 mol % NiFe2O4−
LiAlH4 sample fully decomposed during the ball milling and
formed Li3AlH6, which could be further validated by the
following XRD measurements.
Figure 7 shows the XRD spectra of the as-milled LiAlH4 and

the 1, 3, and 7 mol % NiFe2O4-doped LiAlH4 samples after ball

milling. With regard to the diffraction data of the as-milled
LiAlH4 sample, there are only LiAlH4 diffraction peaks without
any diffraction peaks corresponding to the decomposition
products, except for the small amount of an unknown impurity,
indicating that pure LiAlH4 did not decompose during ball
milling.9,24,26,29 However, for the NiFe2O4-doped samples, the
detection results demonstrate that these samples are not
physical mixtures of LiAlH4 and nickel ferrite, and there is an
existing amount of the decomposition products. For the 1 mol
% doped sample after mechanical ball milling, these weak
diffraction peaks, corresponding to Li3AlH6 and microcrystal-
line Al, were detected. Meanwhile, the diffraction peaks of
LiFeO2 were observed at 34.8, 41.3, and 44.7°; the diffraction
peaks of Al4Ni3 were found at 29.3, 44.9, and 65.4°, signifying
the reaction between LiAlH4 and NiFe2O4, which occurred
during ball milling. Consequently, the dopant phase cannot be
detected in the XRD pattern for those samples after ball
milling. As for the LiAlH4+3 mol % NiFe2O4 sample, the
diffraction peaks exhibit the decomposition products, including

LiFeO2, Al4Ni3, Al, and Li3AlH6, and the diffraction intensity of
these dehydrogenation products was enhanced compared with
the 1 mol % doped sample. However, the LiAlH4 peak intensity
declined, signifying that LiAlH4 reacted with NiFe2O4 and more
LiAlH4 decomposed during ball milling. Surprisingly, with
regard to the LiAlH4+7 mol % NiFe2O4 sample, LiAlH4 peaks
cannot be observed, and all of the diffraction peaks correspond
to the following decomposition products: LiFeO2, Al4Ni3, Al,
and Li3AlH6. A similar phenomenon is also found in the
reported literature results for TiF3-

23 and MnFe2O4-
31 doped

LiAlH4 samples. It is assumed that the LiAlH4 peak
disappearance in the 7 mol % sample is due to the reaction
occurring between LiAlH4 and NiFe2O4, and the sample
complete decomposition during the ball milling. Meanwhile,
the NiFe2O4 nanophases cannot be detected in the XRD
patterns of all doped samples, mainly because the complete
reaction occurred between LiAlH4 and NiFe2O4, forming
LiFeO2, Al4Ni3, Al, and Li3AlH6 phases. In the previous
literature reports, similar phenomenon was observed for
NiCl2-,

22 TiF3-,
23 NbF5-,

24 TiO2-,
29 and MnFe2O4

31-doped
LiAlH4 as additives, which also could not be detected after ball
milling. Attracted by the low onset desorption temperature,
some ball-milling methods will be utilized for the purpose of
preventing LiAlH4 decomposition during the mechanical ball
milling.
For elucidating the phase transitions of these samples during

the dehydrogenation process, XRD measurements on the as-
milled LiAlH4 and LiAlH4+1, 3, and 7 mol % NiFe2O4 samples
after desorption at 250 °C are present in Figure 8. Diffraction

patterns of the as-milled LiAlH4 after dehydrogenation show
that there are LiH and Al phases existing as the dehydrogen-
ation products. The XRD patterns of the NiFe2O4-doped
samples show that there are not only LiH and Al phases but
also LiFeO2, LiAlO2, and Al1.1Ni0.9 phases as the dehydrogen-
ation products, which is quite different from the as-milled
samples. With the increasing NiFe2O4 amount, the LiFeO2 and
Al1.1Ni0.9 peaks gradually strengthen. These in situ formed
reaction products may act as catalysts during the dehydrogen-
ation process of LiAlH4. Meanwhile, the reactions occurred
during the dehydrogenation process could enhance the
dehydrogenation dynamics of LiAlH4. These favorable factors
contributed to the significantly improved dehydrogenation
properties of LiAlH4.

Figure 7. XRD patterns of as-milled LiAlH4 and 1, 3, and 7 mol %
NiFe2O4-doped LiAlH4 samples after ball milling.

Figure 8. XRD patterns of as-milled LiAlH4 and 1, 3, and 7 mol %
NiFe2O4-doped LiAlH4 samples after the first two dehydrogenation
stages.
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From the above analyses, the significantly improved
dehydrogenation properties of LiAlH4 by doping NiFe2O4

nanopowder could be explained by the following reasons.
First, a great number of reaction nucleation sites and hydrogen
diffusion channels were introduced, resulting from reducing the
particle size and creating numerous defects in the LiAlH4 matrix
during the dehydrogenation process. Second, NiFe2O4 reacted
with LiAlH4, leading to form Li−Fe oxide (LiFeO2) and Al−Ni
compound (Al4Ni3) during mechanical ball milling. Then, the
LiFeO2, LiAlO2, and Al1.1Ni0.9 phases appeared as the
dehydrogenation products in the XRD patterns, and the
diffraction peaks of these products gradually strengthen with
further increasing the additive amount. It is believed that these
finely dispersed reaction products generated during the high-
energy ball-milling process act as real catalysts to promote the
decomposition of LiAlH4 by serving as the active sites for
nucleation and growth of the dehydrogenation products. Third,
a series of reactions between LiAlH4 and NiFe2O4 occurred
during heating. It is expected that these reactions can alter the
thermodynamics by decreasing the decomposition enthalpy. As
a result, it is believed that refinement of the LiAlH4 powder
combined with the reactions between LiAlH4 and NiFe2O4

together contribute to the significantly enhanced dehydrogen-
ation performance of LiAlH4.

4. CONCLUSIONS

In summary, the dehydrogenation performance of nanosized
NiFe2O4-doped LiAlH4 samples has been significantly
improved compared with the neat Li Alanate powder.
Compared with the as-received LiAlH4, the onset desorption
temperature of the LiAlH4+3 mol % NiFe2O4 sample decreased
to 94 and 72 °C for the first two decomposition steps,
respectively, followed with ∼7.2 wt % hydrogen released. On
the basis of the isothermal dehydriding kinetics analysis, the 3
mol % doped sample can desorb about 7.0 wt % of hydrogen
within 91 min under 0.1 MPa pressure at 120 °C, which is 6.3
wt % higher than that of the pristine LiAlH4 under the same
experimental conditions. From the DSC and Kissinger analyses,
a 52.5 and 59% decline in Ea for the first two dehydrogenation
stages of LiAlH4 can be obtained, showing the maximum for
LiAlH4 doped with other various previously documented
catalysts. On the basis of the FTIR and XRD analyses of the
undoped and doped samples, a series of reactions occurred
between LiAlH4 and NiFe2O4 during ball milling and formed
LiFeO2 and Al4Ni3 as the decomposition products. Moreover,
reactions proceed during the heating process and LiFeO2,
LiAlO2, and Al4Ni3 were produced. These in situ-formed
decomposition products, coupled to the reactions produce a
synergistic influence on remarkably enhancing the dehydrogen-
ation properties of LiAlH4. Hence, NiFe2O4 is an effective
catalyst for significantly improving the dehydrogenation
performance of LiAlH4.
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