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h i g h l i g h t s
� Nanosized MnFe2O4 effect on NaAlH4 desorption properties is studied for the first time.
� NaAlH4 þ 7 mol% MnFe2O4 desorption temperature onset is much lower than pristine NaAlH4.
� The apparent activation energy of the MnFe2O4 doped sample is dramatically decreased.
� Mn species and Fe0.9536O phases significantly improve NaAlH4 desorption properties.
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a b s t r a c t

The catalytic effects of MnFe2O4 nanoparticles on the dehydrogenation properties of NaAlH4, prepared
by ball milling, are investigated. The onset temperatures for NaAlH4 þ 7 mol% MnFe2O4 are 95 �C, 152 �C
and 327 �C for the three dehydrogenation steps, significantly lower compared with as-received NaAlH4.
The isothermal dehydriding kinetics shows that adding MnFe2O4 to NaAlH4 could significantly enhance
the desorption kinetics of NaAlH4, 7 mol% MnFe2O4-doped sample also displays the well-maintained
kinetics and only a slight capacity loss for the three cycles. From the differential scanning calorim-
etry and the Kissinger desorption kinetics analysis, the apparent activation energy of the 7 mol%
MnFe2O4-doped sample for the three steps is 57.74 kJ mol�1, 75.06 kJ mol�1 and 117.22 kJ mol�1,
resulting in 56.05 kJ mol�1, 67.53 kJ mol�1 and 59.12 kJ mol�1 reduction, respectively, compared with
the as-received NaAlH4. Based on the Fourier Transform Infrared Spectroscopy, X-ray diffraction and
X-ray photoelectron spectroscopy, Fe0.9536O and amorphous Mn or Mn-containing species together play
a synergistic role in remarkably improving NaAlH4 dehydriding properties.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Solid-state lightweight metal complex hydrides have received
increased attention due to their high volumetric and gravimetric
hydrogen storage density [1e6], which may meet the U.S. Depart-
ment of Energy 2015 targets [7]. A viable hydrogen storage system
requires hydrogen storage materials with more than 5.5 wt% ca-
pacity and fast desorption kinetics. Among various complex metal
hydrides [1,8e17], sodium alanates are considered to be a prom-
ising solid-state hydrogen storage media, since Bogdanovi�c and
Schwickardi [18] reported that NaAlH4 could reversibly desorb
All rights reserved.
hydrogen under moderate conditions after doping with Ti-
containing catalyst. The absorption capacity decreases with the
increasing of cycles, which declines from 4.2 wt% to 3.1 wt% at
170 �C under 15 MPa hydrogen pressure and from 2.7 wt% to 2.1 wt
% at 200 �C under 6 MPa hydrogen pressure over 35 cycles,
respectively. Upon heating, NaAlH4 would decompose to release
hydrogen in three steps according to the following reactions:

3NaAlH4/Na3AlH6 þ 2Alþ 3H2 ð3:7 wt%Þ (1)

Na3AlH6/3NaHþ Alþ 1:5H2 ð1:9 wt%Þ (2)

3NaH/3Naþ 1:5H2 ð1:8 wt%Þ (3)

Reaction (1) happens at the temperature range of 170e230 �C,
reactions (2) and (3) initiate above 250 �C and 400 �C, respectively.
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Fig. 1. Thermal desorption curves of the as-received NaAlH4, as-milled NaAlH4, and
ball-milled NaAlH4 doped with 3 mol%, 5 mol%, 7 mol% and 9 mol% nanosized
MnFe2O4.
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However, high desorption temperature, sluggish dehydrogenation
kinetics and poor reversibility limit NaAlH4 practical applications
[6,19e21]. During the past decade researchers have been trying to
overcome these drawbacks. The efforts included preparing nano-
crystalline NaAlH4 [6,22e24], and adding metal catalysts [25e29],
C species [20,30,31], metal halides [21,32e37], metal oxides
[2,5,19,38e40] and other compounds [3,41e43]. For improvement
of dehydriding properties of NaAlH4, generally, metal halides have
better catalytic effect than metal oxides, metal oxides have better
catalytic effect than metals, but some metal oxide has better cata-
lytic effect than metal halide, such as Nb2O5 > NbF5. Usually, the
dehydriding temperature and dehydriding kinetics can be strik-
ingly improved by adding catalyst, but the dehydriding capacity
decreases remarkably with the increase of cycles [2,27,47]. Naik
et al. demonstrated the superior effects of Mn2þ on improving the
dehydrogenation properties of NaAlH4 [35]. It was also reported
that Fe and Fe3þ could ameliorate NaAlH4 hydrogen storage per-
formance [29,44]. Moreover, Zhai et al. [45] reported that MnFe2O4
could remarkably improve LiAlH4 dehydrogenation. MnFe2O4 has
better catalytic effect than Fe or Mn oxides alone in improving the
dehydriding properties of LiAlH4, NaAlH4 has similar performances
with LiAlH4. Therefore, it is reasonable to assume that MnFe2O4
would show great potential as a catalyst to advance NaAlH4

hydrogen storage performance. Motivated by the above findings, in
the present work, MnFe2O4 nanoparticles were employed as cata-
lyst precursors to study their effect on the dehydrogenation prop-
erties of NaAlH4 prepared by ball milling.

2. Experimental

NaAlH4 (�93% purity) was purchased from Sigma Aldrich Co.,
andMnFe2O4 (�99.99% purity, 20 nm particle size) was prepared by
the nitrateecitrate auto-combustion methods. The details of the
preparation procedure are given in the previous report [46]. Both
materials were used directly, without any further purification. All
handling (including weighing and loading) was performed in a
high-purity argon-filled glove box in order to avoid oxidation and
moisture. About 3 g of NaAlH4 was mixed with different mole
fractions (3 mol%, 5 mol%, 7 mol%, and 9 mol%) of MnFe2O4 nano-
particles, and then ball milled for 30min in a high-energy SpexMill.
All the samples were loaded into the stainless steel vial in an argon-
filled glove box. ZrO2 balls were added with a ball-to-powder
weight ratio of 15:1. The samples were ball milled for 10 min and
then cooled down for 5 min after each cycle.

The dehydrogenation properties of as-received NaAlH4 and
doped samples were measured using a pressureecompositione
temperature (PCT) apparatus (Beijing Nonferrous Metal Research
Institute, China). For non-isothermal dehydrogenation, 0.5 g of the
sample was loaded into the vessel, and then heated up to 500 �C at
a 4 �C min�1 rate under 0.01 MPa atm pressure. The isothermal
dehydrogenation measurements for the undoped and doped
samples were performed at 120 �C and 150 �C under a hard vac-
uum atmosphere. Following the first complete dehydrogenation,
the samples were subjected to rehydrogenation studies at 150 �C
under 5 MPa hydrogen pressure for 180 min. Subsequently, the
rehydrogenated samples were dehydrogenated at similar
temperature.

In order to further analyze the dehydrogenation performance
and calculate the desorption activation energy of the doped NaAlH4
sample bymeans of the Kissinger method, the differential scanning
calorimetry (DSC) was performed using NETZSCH STA 449C in
high-purity argon (50 mL min�1

flow rate, 99.999% pure). About
5 mg of the sample was sealed into a 50 mL alumina crucible in the
glove box, and then heated at different rates (4 �Cmin�1, 7 �Cmin�1

and 10 �C min�1), from 50 �C to 500 �C.
Themorphology of the as-received and doped samples after ball
milling was examined by scanning electronmicroscopy (SEM, ZEISS
EVO18, Germany). The phase structure of the samples after ball
milling and after dehydrogenation was determined by using the
MXP21VAHF X-ray diffractometer (XRD with Cu Ka radiation,
40 kV, 200 mA) at room temperature. The 2q angle was varied from
25� to 90� in 0.02� increments, 1 s per step. The samples were
covered with the paraffin film to prevent oxidation during the XRD
test.

Fourier transformation infrared spectroscopy was performed by
using an infrared spectrophotometer (NEXUS670). The spectral
resolution was 4 cm�1. Scans were performed between 500 cm�1

and 2000 cm�1 in argon. X-ray photoelectron spectroscopy (XPS)
experiments were performed in an ultra high vacuum (UHV)
chamber with the base pressure of around 3 � 10�13 Pa, equipped
with a PerkineElmer PHI-5300 XPS spectrometer.
3. Results and discussion

3.1. Dehydrogenation temperature

Fig. 1 shows the non-isothermal desorption curves of as-
received NaAlH4, as-milled NaAlH4 and ball-milled NaAlH4 doped
with 3 mol%, 5 mol%, 7 mol% and 9 mol% MnFe2O4 nanopowders.
The desorption curves clearly reveal that adding MnFe2O4 nano-
particles dramatically improves NaAlH4 dehydriding properties,
resulting in a striking reduction of the onset desorption tempera-
ture, not only for the first and second steps, but also for the third
step. The onset desorption temperature for all doped samples is
below 130 �C, indicating a significant decrease compared with the
as-received NaAlH4. For the as-received NaAlH4, it starts to
decompose at 179 �C, and weight loss is about 5.18 wt% after
heating to 290 �C. The third step commences at 411 �C, and a
hydrogen release capacity of 6.4 wt% is obtained below 450 �C.
Compared with as-received NaAlH4, the onset desorption temper-
ature of as-milled NaAlH4 decreased slightly by 14 �C, 11 �C and
13 �C for the three steps, respectively, due to the NaAlH4 activation
introduced by the ball milling [2,36].

When doping MnFe2O4 nanoparticles to the NaAlH4 matrix, the
onset desorption temperature of NaAlH4 is further reduced. For the
3 mol% doped sample, the dehydrogenation process starts at 125 �C
for the first stage, and initiates at 180 �C and 367 �C for the second
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Fig. 2. DSC profiles of (a) as-received NaAlH4 and (b) ball-milled NaAlH4 doped with
7 mol% MnFe2O4 within the 50e500 �C temperature range (4 �C min�1 heating rate).
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Fig. 3. Isothermal desorption curves of (a) as-received NaAlH4 at 150 �C, (b) as-milled
NaAlH4 at 150 �C, and ball-milled NaAlH4 doped with 7 mol% MnFe2O4 at (c) 120 �C
and at (d) 150 �C.
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and the third steps, respectively. Further increase of the additives
amount to 5 mol% reduces the onset dehydrogenation temperature
to 115 �C for the first stage. Compared with as-received NaAlH4,
adding 3 mol% and 5 mol% of MnFe2O4 causes a reduction in the
onset desorption temperature of 54 �C and 64 �C for the first step,
60 �C and 75 �C for the second step, and 44 �C and 56 �C for the
third step, respectively. During the three dehydrogenation pro-
cesses, the sample with 3 mol% MnFe2O4 releases about 3.42 wt%
hydrogen for the first stage, 5.12 wt% hydrogen for the first two
stages, 6.79 wt% hydrogen for three stages, whereas 3.41 wt%,
5.10wt%, and 6.75wt% hydrogen is desorbed for these of the 5mol%
doped sample, respectively. 7 mol% MnFe2O4 has the onset tem-
peratures for the three steps of 95 �C, 152 �C and 327 �C, respec-
tively, resulting in further decrease, compared with the 3 mol% and
5 mol% doped samples, and a reduction of 84 �C, 88 �C and 84 �C,
respectively, compared with the as-received NaAlH4. Meanwhile,
the 7 mol% doped sample releases 3.40 wt%, 5.08 wt%, and 6.71 wt%
hydrogen in the first step, the first two steps, and three dehydro-
genation steps, respectively. With the MnFe2O4 amount increasing
to 9 mol%, the onset dehydrogenation temperature reduces to
90 �C, 140 �C and 319 �C, respectively, which demonstrates
MnFe2O4 superiority in improving the NaAlH4 desorption temper-
ature, compared with other various catalysts reported in the liter-
ature [2,5,31,33,35,36,40,47]. However, the desorption hydrogen
content for the 9 mol% doped sample is only 2.89 wt%, 4.59 wt%,
and 5.51 wt% for the first step, the first two steps, and the three
steps, respectively, signifying a drastic reduction in the released
hydrogen capacity due to an excess amount of MnFe2O4 nano-
particles. The decrease in hydrogen storage capacity may be asso-
ciatedwith the impurity in the original NaAlH4 powder, the amount
of catalyst, and some partial decomposition of NaAlH4 during high-
energy ball milling with MnFe2O4 nanoparticles, despite the air-
cooling of the vial employs during the milling process, the local-
ized impact associated with the ball milling induces the localized
temperature increase of the NaAlH4 powders being ball-milled and
heavily catalyzed with MnFe2O4 nanoparticles. We assume that the
simultaneous effect of both the temperature increase during mill-
ing and catalyst causes the partial decomposition of NaAlH4. For the
small additions, the loss in capacity is insignificant owing to the
moderate exposure of NaAlH4 to catalyst, as reported in the liter-
ature [36,45,48]. Therefore, the NaAlH4 þ 7 mol% MnFe2O4 sample
exhibits optimal dehydrogenation performance, including the
onset dehydrogenation temperature and the released hydrogen
capacity. Thus, using the optimal 7 mol% amount of MnFe2O4
nanoparticles, allows analyzing the MnFe2O4 mechanism and the
catalytic effect in the following tests.

To further compare the thermal decomposition behavior of
NaAlH4, with and without MnFe2O4 doping, Fig. 2 shows DSC
curves of the as-received NaAlH4 and NaAlH4 doped with 7 mol%
MnFe2O4 samples within the 50e500 �C temperature range
(4 �Cmin�1 heating rate). As presented in Fig. 2(a), the DSC curve of
the as-received NaAlH4 includes six distinct peaks, corresponding
to one exothermic process and five endothermic processes. The first
exothermic process appears at 173.1 �C, corresponding to the
interaction of NaAlH4 with surface hydroxyl impurities, as reported
in other papers [2,48,49]. The first endothermic peak at 182.5 �C
arises from NaAlH4 melting [36,43]. The second endothermic peak
occurs at 239.6 �C due to dehydrogenation of NaAlH4 to Na3AlH6.
The third endothermic peak at 252.6 �C can be attributed to a phase
transition of a-Na3AlH6 to b-Na3AlH6 [2,36]. The fourth and fifth
endothermic peaks at 270.4 �C and 433.5 �C are assigned to the
dehydrogenation of Na3AlH6 and NaH, respectively. In contrast, the
features of the MnFe2O4-doped sample composite are strikingly
different, displaying only three characteristic endothermic peaks in
the DSC plot seen in Fig. 2(b). These three endothermic peaks at
131.2 �C, 189.5 �C and 352.1 �C correspond to the dehydrogenation
of NaAlH4, Na3AlH6 and NaH, respectively, which is similar with the
DSC results of NaAlH4 doped with various catalysts reported in the
literature [3,35,36,47,50e55].
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The notable reduction of the peak temperature in the above DSC
results shows that the dehydrogenation properties of NaAlH4 are
significantly improved by adding nanosized MnFe2O4. Neverthe-
less, it is noteworthy that the desorption temperature onset
measured by DSC is quite higher than that measured by PCT. A
similar phenomenon is also reported in the literature [2,3,36]. This
is mainly due to the different dehydrogenation atmospheres for the
samples tested with DSC (0.1 MPa argon) and PCT (0.01 MPa atm),
resulting in different driving forces during the dehydriding process.

3.2. Dehydrogenation kinetics

The excellent effect of MnFe2O4 nanopowders on promoting the
dehydriding kinetics of NaAlH4, in comparisonwith the as-received
NaAlH4 and as-milled NaAlH4 samples, is further demonstrated by
examination of isothermal hydrogen desorption at different tem-
peratures (Fig. 3). Fig. 3 shows isothermal desorption kinetics
curves of as-received NaAlH4 and as-milled NaAlH4 at 150 �C and
NaAlH4 þ 7 mol% MnFe2O4 samples at 120 �C and 150 �C, respec-
tively. For the as-received NaAlH4 and as-milled NaAlH4, only
0.05 wt% hydrogen is released at 150 �C after 180 min for both
samples, indicating poor dehydriding kinetics of as-received
NaAlH4 and as-milled NaAlH4. However, NaAlH4 þ 7 mol%
MnFe2O4 releases 4.43 wt% hydrogen at 120 �C in 180 min. Further
temperature increase to 150 �C results in 4.67 wt% of released
hydrogen for the same time. Moreover, the doped sample desorbs
about 3.11 wt% hydrogen in 10 min at 150 �C, which demonstrates
MnFe2O4 superiority in improving NaAlH4 desorption kinetics,
compared with other catalysts reported in the literature
[2,3,5,26,36]. Therefore, dramatic improvement of NaAlH4 dehy-
drogenation kinetics can be achieved by adding MnFe2O4
nanopowders.

Further study indicates that the catalytic enhancement arising
upon adding MnFe2O4 persists well in dehydrogenation/rehy-
drogenation cycles. Fig. 4 brings out the results of the first three
rehydrogenations of 7 mol% MnFe2O4-doped sample at 150 �C
under 5 MPa hydrogen pressure for 180 min. 7 mol% MnFe2O4-
doped sample exhibits a slow decrease in hydrogen absorption
capacity, from about 3.90 wt% to about 3.81 wt% in the three cycles.
The dehydriding curves of ball-milled NaAlH4 doped with 7 mol%
MnFe2O4 at 150 �C after the rehydrogenation are shown in Fig. 5.
7 mol% MnFe2O4-doped sample also displays the well-maintained
kinetics and only a slight capacity loss for the three cycles, it de-
clines from 3.76 wt% to 3.64 wt% in 180 min. Thus, dramatic
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Fig. 4. Rehydrogenation curves of ball-milled NaAlH4 doped with 7 mol% MnFe2O4 at
150 �C under 5 MPa hydrogen pressure during the first three cycles, (a) the first
rehydrogenation, (b) the second rehydrogenation and (c) the third rehydrogenation.
improvement of NaAlH4 rehydrogenation/dehydrogenation prop-
erties can be achieved by adding MnFe2O4 nanopowders.

3.3. Dehydrogenation mechanism

SEM images of the as-received NaAlH4 and the ball-milled
NaAlH4 sample doped with 7 mol% MnFe2O4 nanopowders are
presented in Fig. 6. The particle size of the as-received NaAlH4 is
larger than 100 mm, however, the particle size of the MnFe2O4-
doped sample is between 3 mm and 8 mm. It must be mentioned
that the embedded MnFe2O4 particles cannot be seen on the
NaAlH4 surface by SEM because of their extremely small size. The
dehydriding properties of NaAlH4 doped with MnFe2O4 are signif-
icantly improved after ball milling due to the decreased particle
size, which results in high surface defect density and more grain
boundaries. Moreover, a high density of nanosized catalyst particles
forms a large number of nucleation sites at the surface of the
NaAlH4 matrix, leading to surface activation and larger surface area
of the NaAlH4 particles.

In order to further analyze NaAlH4 desorption mechanism after
doping with MnFe2O4, the apparent activation energies, Ea, corre-
sponding to NaAlH4, NaAlH6 and NaH decomposition, for both
undoped and doped NaAlH4 samples, are obtained from DSC data
by using the Kissinger method. Fig. 7 shows the Kissinger plots of
as-received NaAlH4 and 7 mol% MnFe2O4-doped sample. The Ea
values of as-received NaAlH4 for the three steps are 113.79 kJ mol�1,
142.59 kJ mol�1 and 176.34 kJ mol�1, respectively, while the Ea of
the MnFe2O4-doped sample for the three dehydrogenation steps
are calculated to be 57.74 kJ mol�1, 75.06 kJ mol�1 and
117.22 kJ mol�1, respectively. Therefore, there is a remarkable
reduction of 56.05 kJ mol�1, 67.53 kJ mol�1 and 59.12 kJ mol�1 in Ea
for the three dehydrogenation steps of NaAlH4, indicating that the
apparent activation energy is significantly improved by adding
MnFe2O4 nanoparticles. To demonstrate MnFe2O4 catalytic effect
on NaAlH4 dehydrogenation, comparison of Ea for NaAlH4 doped
with different catalysts is summarized in Table 1
[2,3,26,33,36,40,43]. MnFe2O4-doped samples have the lowest
apparent activation energy values for the three dehydriding pro-
cesses, which signifies MnFe2O4 superiority in improving the
desorption performance of NaAlH4, compared with other reported
catalysts.

The FTIR spectra of the as-milled NaAlH4, and 3 mol% and 7 mol
% MnFe2O4 doped NaAlH4 samples after ball milling are compared
in Fig. 8. It is clear that there is an IR absorption peak at 1440 cm�1
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Fig. 6. SEM images of (a) as-received NaAlH4 and (b) ball-milled NaAlH4 doped with 7 mol% MnFe2O4.
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for the doped samples. Moreover, the intensity of the IR absorption
peak at 1440 cm�1 gradually becomes stronger with the increase of
MnFe2O4 amount, which could be ascribed to the appearance of
AleH stretching mode of Na3AlH6 [2,41,56]. However, no IR ab-
sorption peak exists at the same position in the FTIR spectra of the
as-milled NaAlH4 in Fig. 8. For the as-milled NaAlH4, there are two
regions of active infrared vibrations of the AleH bonds: AleH
stretching mode between 1600 and 1700 cm�1 and HeAleH
bending modes between 600 and 900 cm�1 [26,35,36,41,57].
Table 1
Activation energy of NaAlH4 doped with different catalysts.

Catalyst First stage Ea (kJ mol�1) Second stage Ea (kJ m

Before doping After doping Before doping

TiO2 116 73 149
Nb2O5 116 65 149
TiB2 118.1 106.5 120.7
CeCl3 114.2 80.76 156.8
CeAl4 114.2 80.93 156.8
CoeB e 67.95 e

LaCl3 114.2 86.38 162.6
La3Al11 114.2 92.95 162.6
SmCl3 114.2 88.96 162.6
SmAl3 114.2 91.87 162.6
NbF5 118.2 88.2 120.9
Ti 119 77 e

TiO2 119 67 e

MnFe2O4 113.79 � 0.09 57.74 � 1.47 142.59 � 0.88
Na3AlH6 also exhibits two regions of active infrared vibrations: Ale
H stretching modes between 1200 and 1500 cm�1 and HeAleH
bending modes between 600 and 1000 cm�1 [2,41,56]. Therefore, it
is reasonable to conclude that the doped NaAlH4 sample incurs
partial decomposition and yields Na3AlH6 during the ball milling
process, and the decomposition reaction is processed more
severely with the increasing MnFe2O4 content.

To illustrate that NaAlH4 and MnFe2O4 react during ball milling,
Fig. 9 shows XRD patterns of the as-received NaAlH4 (Fig. 9(a)), as-
ol�1) Third stage Ea (kJ mol�1) Reference

After doping Before doping After doping

101 180 142 [2]
85 180 131 [2]
105.5 e e [3]
97.27 e e [33]
98.94 e e [33]
e e e [26]
96.11 e e [43]
99.27 e e [43]
96.77 e e [43]
98.94 e e [43]
102.9 e e [36]
e e e [40]
e e e [40]
75.06 � 0.87 176.34 � 0.08 117.22 � 0.68 This work



Fig. 9. XRD patterns of (a) as-received NaAlH4, (b) as-milled NaAlH4, and ball-milled NaAlH4 doped with (c) 3 mol% and (d) 7 mol% MnFe2O4.
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milled NaAlH4 (Fig. 9(b)) and NaAlH4 doped with 3 mol% (Fig. 9(c))
and 7 mol% (Fig. 9(d)) MnFe2O4 after ball milling. For the as-
received and as-milled NaAlH4, all diffraction peaks correspond to
NaAlH4, and no additional diffraction peaks are detected, indicating
that NaAlH4 remains stable during the ball milling process. The
stability of NaAlH4 could also be confirmed by the FTIR spectra of
as-milled NaAlH4 (Fig. 8). Compared with as-received NaAlH4,
diffraction peaks of as-milled NaAlH4 and the doped samples are
considerably broadened as a consequence of particle size reduction
(also confirmed by SEM), more defects and mechanical strain
created within the lattice by ball milling. For the doped samples
after ball milling, new phases of Al and Na3AlH6 start to appear after
adding 3 mol% MnFe2O4. At the same time, the diffraction peaks of
NaFeO2 and Fe0.9536O are observed, for the doped samples in Fig. 9,
which indicates that the reaction between NaAlH4 and MnFe2O4
takes place during ball milling. A similar decomposition reaction
occurs between NaAlH4 and Nb2O5 [2]. With further increase of the
MnFe2O4 amount, peak intensities of the decomposition products,
including Al, Na3AlH6, NaFeO2 and Fe0.9536O gradually increase, but
NaAlH4 peak intensities decline, suggesting that NaAlH4 reacts with
MnFe2O4 and experiences partial decomposition during ball mill-
ing, which becomes more severe with increasing MnFe2O4 amount.
The diffraction peaks of MnFe2O4 are not detected for all doped
samples. It is difficult for the MnFe2O4 nanoparticles to be distin-
guished from the noisy background signal, mainly because of their
extremely small particle sizes, high dispersion and relatively lower
content, resulting in their intrinsically weak X-ray signal, compared
with NaAlH4 powders. This phenomenon is in accordance with the
reported literature results that TiO2- [2,39,40] and NbF5-doped [36]
NaAlH4, as also no additives can be detected for those samples after
ball milling. It is noteworthy that, although NaAlH4 reacts with
MnFe2O4 and forms NaFeO2 and Fe0.9536O as the decomposition
products, there are no diffraction peaks of Mn or Mn-containing
species in Fig. 9. It is believed to be mainly due to Mn or Mn-
containing phases being in an amorphous state [20,36,49]. It can
be concluded that the reaction between NaAlH4 and MnFe2O4
during ball milling may be as follows:

NaAlH4 þMnFe2O/Na3AlH6 þ NaFeO2 þ Alþ Fe0:9536OþH2

þMnOx=Mn

(4)

In order to determine the phase structures of the doped NaAlH4
samples in the dehydrogenation process, XRD scans are performed
on the as-milled NaAlH4 (Fig. 10(a)) as well as 3 mol% (Fig. 10(b))
and 7 mol% (Fig. 10(c)) MnFe2O4-doped samples after complete
desorption, as shown in Fig. 10. For the as-milled NaAlH4, the XRD
pattern shows that the sample only has Na and Al phases after
desorption. For the doped samples, the XRD patterns imply that
there are not only Na and Al phases, but also NaFeO2 and Fe0.9536O
phases. The Fe0.9536O reflections intensity gradually increases with
the amount of MnFe2O4. Considering the extreme improvement of
NaAlH4 desorption properties by doping MnFe2O4 nanoparticles,
in-situ formed Fe0.9536O acts as a catalyst for NaAlH4 desorption.
Meanwhile, although no diffraction peaks of Mn or Mn-containing
species could be detected for the doped samples in Fig. 10, it is
reasonable to conclude that the Mn or Mn-containing species may
also play an important catalytic role for NaAlH4 during the dehy-
drogenation process.

XPS spectroscopy of MnFe2O4-doped NaAlH4 is carried out to
investigate the nature of the Mn and Fe species after milling. Fig. 11
shows the XPS narrow scan spectra of the ball-milled NaAlH4 doped
with 7 mol% MnFe2O4. Fig. 11(a) shows the photoemission spec-
trum of Fe 2p at 707.0 eV and 711.8 eV, corresponding to FexOy and
NaFeO2, respectively. Fig. 11(b) shows the photoemission spectrum
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of Mn 2p, which is composed of Mn 2p3/2 and Mn 2p1/2 with the
binding energy of 640 eV and 652.9 eV, respectively, corresponding
to MnOx/Mn. XPS results further confirm that NaAlH4 and MnFe2O4
react during ball milling.

Based on the analysis above, it can be concluded that MnFe2O4 is
not the real catalyst, intermediate phases NaFeO2, Fe0.9536O and
amorphous MnOx/Mn formed during ball milling together play a
Fig. 10. XRD patterns of (a) as-milled NaAlH4, ball-milled NaAlH4 doped with (b) 3 mol
% and (c) 7 mol% MnFe2O4 after desorption.

Fig. 11. Narrow scan XPS spectra of NaAlH4 doped with 7 mol% MnFe2O4 after ball
milling (a) Fe 2p and (b) Mn 2p.
synergistic role in remarkably improving dehydrogenation prop-
erties of NaAlH4.

4. Conclusions

In conclusion, the dehydrogenation properties of NaAlH4 are
remarkably improved by adding MnFe2O4 nanoparticles. The onset
desorption temperature of the ball-milled NaAlH4 doped with
7 mol% MnFe2O4 is 95 �C, 152 �C and 327 �C for the three steps,
releasing 6.71 wt% hydrogen, resulting in 84 �C, 88 �C and 84 �C
decrease, respectively, compared with the as-received NaAlH4. The
isothermal dehydriding kinetics shows that 7 mol% MnFe2O4-
doped sample can release 4.43 wt% at 120 �C in 180 min. When
temperature is increased up to 150 �C, 4.67 wt% is released in
180 min, whereas as-received NaAlH4 only releases 0.05 wt%
hydrogen for the same conditions (time and temperature). 7 mol%
MnFe2O4-doped sample also displays the well-maintained kinetics
and only a slight capacity loss for the three cycles. This demon-
strates that adding MnFe2O4 to NaAlH4 significantly reduces the
decomposition temperature and enhances the desorption kinetics
of NaAlH4. From the differential scanning calorimetry and the
Kissinger desorption kinetics analysis, the apparent activation en-
ergy values of the 7 mol% MnFe2O4-doped sample for the three
steps are 57.74 kJ mol�1, 75.06 kJ mol�1 and 117.22 kJ mol�1,
resulting in 56.05 kJ mol�1, 67.53 kJ mol�1 and 59.12 kJ mol�1

reduction, respectively, compared with the as-received NaAlH4
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sample. Based on Fourier Transform Infrared Spectroscopy, X-ray
diffraction and X-ray photoelectron spectroscopy, NaFeO2, Fe0.9536O
and amorphous Mn or Mn-containing species together play a
synergistic role in remarkably improving dehydrogenation prop-
erties of NaAlH4.
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