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The introduction of a secondary compound, known as destabilization, is an effective way to improve the

desorption performance of LiBH4. In this paper the effects of nano-sized nickel ferrite (NiFe2O4) on the

hydrogen storage properties of LiBH4, processed by high energy ball milling, are studied. Non-isothermal

desorption results show that the onset and predominant dehydrogenation temperature of LiBH4 + 9

mol% NiFe2O4 is 89 �C and 190 �C, respectively. This is 226 �C and 260 �C lower than the fusion and

decomposition temperature of LiBH4, respectively. Moreover, over 10 wt% hydrogen can be obtained by

500 �C heating, compared with 2.4 wt% for the as-received LiBH4. Additionally, over 5 wt% hydrogen

can be released at 300 �C within 20 minutes of isothermal desorption. From the X-ray diffraction results

and the small area electron diffraction analysis, Fe3O4, NiB and Fe3B, in situ formed between the reaction

of LiBH4 and NiFe2O4, and act to give actual destabilization effects.

1. Introduction

Hydrogen, as an eco-friendly and renewable energy carrier, is

considered to be an alternative fuel for powering future vehi-

cles.1–3 Since vehicles need compact, affordable and safe H2

containment to satisfy commercial needs, conventional

hydrogen storage methods, including high-pressure tanks or

condensation into liquid,4 need to be modied to meet the

increasingly demanding requirements. Therefore, this motiva-

tion has inspired scientists to research innovative hydrogen

storage systems. Solid hydrogen storage materials have

recently emerged as a new solution.3 Some complex hydrides,

like alanates, amides and borohydrides, have recently attrac-

ted considerable attention for potential hydrogen storage due to

high hydrogen reserve mass and light weight.5 In particular,

lithium borohydrides (LiBH4), possessing a high volumetric and

gravimetric hydrogen density of 121 kg H2 m
 3 and 18.5 wt%,2,6

is highly desirable for on-board H2 storage in fuel cell vehicles.

However, unacceptable hydrogen desorption temperature6

(starts at around 400 �C and releases only half the hydrogen

below 600 �C) and hash re-hydrogenation conditions7 (at 600 �C

under 350 bar H2) inhibit its practical applications. Over the

past decades, researchers around the world have attempted

numerous methods, including reacting with metal hydrides,8–11

restricting its particle size12–14 and doping with metals15–18 etc.,

to improve the hydrogen storage properties of LiBH4. Even

though tremendous advances have been achieved, none of

these approaches can simultaneously fulll all of the revised US

DOE's 2010 criteria19 to date.

Oxides have been commonly reported to be an effective

method to enhance the hydrogen storage behaviors of LiBH4.

The early application of oxides can be dated back to 2003, when

Züttel et al. rstly mixed LiBH4 with SiO2 to lower the onset

desorption temperature to 200 �C, nearly a reduction of 200 �C

compared with the pure LiBH4, accompanied with 2.3 wt% H2.
6

Then in 2008, Yu et al. found that TiO2 can signicantly

enhance the hydrogen properties of LiBH4 (the initial dehy-

drogenation temperature at 150 �C and the majority liberation

of H2 below 220 �C), with the charge transfer between Ti and B.

They also suggested that other metal oxides with variable

oxidation states should also play a similar role.20 Aer that in

2009, Yu et al. systematically investigated a series of oxides to

nd out that the order of destabilization effect for LiBH4 was

Fe2O3 > V2O5 > Nb2O5 > TiO2. Though the improvements talked

are encouraging, the primary desorption temperature is still too

high. The reports discussed above, however, have given us a

hint to search for some novel oxides, especially some metal

oxides with both variable valent as well as larger Pauling's

electronegativity.21

To the best knowledge of us, no studies have been reported

on LiBH4 doped with Ni ferrite oxide (NiFe2O4). Meanwhile,

from Li's report,22 NiFe2O4 shows a remarkable improvements

on LiAlH4 with the in situ formed LiFeO2 and Al–Ni compounds.

Likewise, the destabilization effects of NiFe2O4 may also be
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applicable to LiBH4 when considering that LiBH4 has a similar

performance with LiAlH4. Also, Zhai et al. points out that

MnFe2O4 has better effect than Fe or Mn oxides alone in

improving the dehydrogenation properties of LiAlH4.
23 Due to

the fact that Ni has a larger Pauling's electronegativity than Mn,

we ultimately added NiFe2O4 nanoparticles to investigate their

effects on the dehydrogenation performance of LiBH4 prepared

by high energy ball milling in this work.

2. Experimental details

LiBH4 ($95% pure), purchased from Acros Organics, and

NiFe2O4 ($99.99% pure, 20 nm), synthesized by the auto-

combustion process (details of the synthesis process were

given in the previous report24), were utilized directly without any

further purication. LiBH4 doped with different mole ratios (3

mol%, 5 mol%, 7 mol%, 9 mol% and 11 mol%) of NiFe2O4 was

ball-milled under argon atmosphere by using a QM-3B high

energy mill (Nanjing NanDa Instrument Plant) at a rotating

speed of 1200 rpm for 30 min. Two kinds of stainless steel balls

with 4 mm and 8 mm diameters were added with a ball-to-

powder weight ratio of 30 : 1. Typically, 2 g mixture was sealed

in the stainless steel vessel within a high purity argon atmo-

sphere during milling. To avoid excess heating of the stainless

steel vessel, there were 10 min intervals between each 5 min

milling process.

The non-isothermal and isothermal desorption were

measured by using the Sieverts-type pressure-composition-

temperature (P-C-T) apparatus (General Research Institute for

Nonferrous Metals, China). Typically, 0.5 g sample was loaded

into a stainless steel vessel and then heated from room

temperature (RT) to 500 �C at a heating rate of 5 �Cmin 1 under

0.001 MPa hydrogen pressure. It should be noted that the

additional content was not taken into consideration when

calculating the released hydrogen in order to make a compar-

ison with the as-received LiBH4. The phase structure of the

samples aer milling and dehydrogenation was examined by an

MXP21VAHF X-ray Diffractometer (XRD with Cu Ka radiation,

40 kV, 300 mA), with the 2q angle ranged from 10� to 90� with a

scanning rate of 10� min 1. The morphology and phase

constitution of all samples aer ball milling and desorption

were observed by eld-emission scanning electron microscopy

(FESEM, ZEISS ULTRA55, Germany) and transmission electron

microscopy (Tecnai G2 F30 S-TWIN, FEI, USA). Simultaneous

differential scanning calorimetry and mass spectrometry (DSC-

MS) experiments were conducted under 50 mL min 1 argon

ow in a NETZSCH STA 449F3 Jupiter instrument connected to

a mass spectrometer (MS, Hiden Analytical HPR-20 QMS

sampling system) between 50 �C and 500 �C with a heating rate

of 5 �C min 1. The samples were transferred to Al2O3 crucibles

under argon atmosphere for the DSC-MS measurements.

Fourier transform infrared spectroscopy (FT-IR) analysis of the

samples were carried out by using Nexus 670 FT-IR spectrom-

eter. The FT-IR spectra were recorded from 32 scans between

500 cm 1 and 3000 cm 1 with a spectral resolution of 4 cm 1.

All samples handling were performed under strictly inert

conditions ($99.99% Ar atmosphere) in the glove box

(Mikrouna, Super-750) equipped with oxygen/humidity sensors

and recirculation system to avoid oxidation and moisture.

Oxygen and H2O levels were kept below 0.1 ppm.

3. Results and discussion

Fig. 1 shows the destabilizing effects of NiFe2O4 on LiBH4

during non-isothermal desorption. Overall, a decrease in the

onset dehydrogenation temperature and signicant advance in

desorption kinetics occur with the NiFe2O4 doping compared

with the as-received LiBH4. Especially, the LiBH4 + 9 mol%

NiFe2O4 sample has an outstanding reduction in the onset

desorption temperature, approximately at 89 �C, which is 226 �C

lower than the as-received LiBH4. This shows an advance

compared with previous literature reports.13,25 Moreover, it

eventually liberates 10.75 wt% hydrogen, compared with merely

2.4 wt% for the as-received LiBH4. Notably, 6.6 wt% hydrogen

can be obtained below 250 �C, whereas there is no apparent

Fig. 1 Non-isothermal desorption curves of: (a) as-received LiBH4, (b)

as-milled LiBH4 and as-milled LiBH4 + (c) 3 mol%, (d) 5 mol%, (e) 7

mol%, (f) 9 mol%, and (g) 11 mol% NiFe2O4 nanoparticles.

Fig. 2 Thermal desorption curves of as-received LiBH4 and as-milled

LiBH4 + 9 mol% NiFe2O4 at 300 �C and 200 �C.
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hydrogen release until 300 �C in the pristine LiBH4. It seems

that the ball milling has less effect on improving the dehydro-

genation performance of LiBH4, as only 1.2 wt%more hydrogen

liberated than the as-received LiBH4 and the initial release

temperature is nearly unchanged. It can be seen from the other

curves in Fig. 1 that the initial temperature falls to 136 �C,

116 �C and 88 �C for the LiBH4 + 3, 5, 7 mol% NiFe2O4 samples,

respectively. Similarly, the actual hydrogen storage capacity

continues to grow, reaching 4.09, 8.52, and 10.84 wt%. On the

other hand, there is one exception when the addition amounts

up to 11 mol%, the destabilizing effect discussed above is less

pronounced, with the onset temperature of 130 �C and 7.11 wt%

of hydrogen. The rise of the initial dehydrogenation tempera-

ture and the loss of capacity may be because of excessive

NiFe2O4 addition leading to the rst dehydrogenation stage

occurring during the ball milling process.

Considering kinetic properties and hydrogen capacity, the 9

mol% NiFe2O4 addition sample is used to analyze the destabi-

lization effect of NiFe2O4 in the following tests.

Parallel to the non-isothermal analysis, the desorption

kinetics at constant temperature and dynamic vacuum are also

explored. The desorption characterization of the as-milled

LiBH4 is performed under the same conditions for compar-

ison. As indicated in Fig. 2, owing to the sluggish kinetics of

LiBH4, the as-received LiBH4 can only release 1.46 wt%

hydrogen in the rst 60 seconds at 300 �C and aer 12 minutes

the nal desorbed hydrogen is merely 1.69 wt%. It is notable

that aer doping with 9 mol% NiFe2O4, the content of desorbed

hydrogen can increase to 2.74 wt% and the ultimate hydrogen

obtained is 5.49 wt% within 20 minutes. To further review this

prominent effect, the temperature is lowered to 200 �C. Within

12 minutes, dehydrogenation capacity of 2.48 wt% is achieved

for the LiBH4 + 9 mol% NiFe2O4 sample. These results

Fig. 3 DSC-MS profiles of (a) as-received LiBH4, (b) as-milled LiBH4,

(c) as-milled LiBH4 + 9 mol% NiFe2O4 at a heating rate of 5 �C min 1.

DSC profiles and MS spectra (m/z ¼ 2) are shown as black and blue

curves, respectively.

Fig. 4 Mass spectroscopy of (a): as-received LiBH4 (b): as-milled

LiBH4 (c) as-milled LiBH4 + 9 mol% NiFe2O4, inset figures are magni-

fied images of m/z ¼ 13 and m/z ¼ 26. m/z ¼ 2, 13, 26 stands for H2,

BH3, B2H6.
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demonstrate the NiFe2O4 superiority in enhancing the LiBH4

dehydrogenation kinetics compared with previous literature

reports.26,27.

The difference of the hydrogen capacity at the same

temperature in the isothermal and non-isothermal hydrogen

dehydrogenation should be ascribed to the hydrogen pressure

during desorption process, as the isothermal desorption is

conducted in the dynamic vacuum and the non-isothermal at

hydrogen pressure of 0.001 MPa. In other words, the external

hydrogen pressure may inuence hydrogen liberation.28 Both

the non-isothermal and isothermal desorption results suggest

that NiFe2O4 can signicantly improve the dehydrogenation

performance of LiBH4.

To reveal the reaction mechanism in the desorption process,

simultaneous differential scanning calorimetry and mass

spectrometry (DSC-MS) measurements are carried out (Fig. 3).

In the case of pristine LiBH4, there are three distinct endo-

thermic signals at 114 �C, 285 �C and 428 �C, corresponding to

orthorhombic to hexagonal structure transformation, fusion

and decomposition of LiBH4, respectively. MS results show that

a small amount of hydrogen is released at 285 �C and a rapid

dehydrogenation is observed at 428 �C, which is in agreement

with the literature data.26,29,30 Although there was report31

showing that downsizing may have dramatic effects on ther-

modynamic and kinetic properties of metal hydrides, the DSC-

MS prole of as-milled LiBH4 in this study is nearly the same as

the pristine LiBH4. It is speculated that this is because of the

LiBH4 size, which could not be decreased to the nano scale by

ball milling. The slight inuence of ball milling on accelerating

the dehydrogenation properties of metal borohydride has also

been reported in Li's study.32

It is notable that all three endothermic events in the case of

LiBH4 + 9mol%NiFe2O4 have been shied to lower temperature

compared with commercial and milled LiBH4. The rst endo-

thermic peak at 102 �C is related to the orthorhombic to

hexagonal structure transformation. The second one, accom-

panied by the major liberation of hydrogen in the MS prole, is

associated with the interaction between LiBH4 and NiFe2O4.

The stronger and narrower hydrogen peak in the synchronous

mass spectroscopy (MS) prole points to a rapid reaction.

Considering the inferior amount of hydrogen and the melting

temperature of commercial and as-milled LiBH4, the bump

aer the second peak at 253 �C is assigned to the residual LiBH4

fusion. The DSC-MS results are in good agreement with the non-

isothermal measurements. Other gases emitted besides

hydrogen are depicted in Fig. 4. Inset gures are magnied data

for BH3 and B2H6. Comparing emitted hydrogen, neither

appreciable amounts of BH3 or B2H6 are detected by MS during

the heating process. This is encouraging, since it usually

poisons the fuel cells33,34 and is one of the reasons for the LiBH4

cycling capacity loss.35,36

From the results discussed above, it can be seen that the

decomposition behavior of LiBH4 + 9 mol% NiFe2O4 is different

from commercial LiBH4. Herein, it is imperative to ascertain the

reaction mechanism. The XRD analysis is used to analyze the

phase transition aer ball milling and dehydrogenation. XRD

patterns of the samples aer ball milling are shown in Fig. 5,

along with commercial LiBH4 for comparison. For commercial

LiBH4, there are no other peaks found, except those belonging

to LiBH4. As for the as-milled LiBH4, the peaks of LiBH4 are

relatively broadened due to the reduction in particle size. There

are no visible diffraction peaks of LiBH4 in the pattern of as-

Fig. 5 XRD patterns after high energy ball milling: (a) as-received LiBH4, (b) as-milled LiBH4, (c) as-milled LiBH4 + 9 mol% NiFe2O4 (d) as-milled

LiBH4 + 3 mol% NiFe2O4.
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milled LiBH4 + 9 mol% NiFe2O4. To identify whether this is

ascribed to the NiFe2O4 addition, XRD study of LiBH4 + 3 mol%

NiFe2O4 is conducted, as shown in Fig. 5(d). Although the

diffraction peaks of LiBH4 are visible in LiBH4 + 3 mol%

NiFe2O4, their intensity is weaker than the as-milled LiBH4. This

means that the incremental content of NiFe2O4 causes gradual

decrease in the intensity of LiBH4 diffraction peaks and

increases the degree of LiBH4 amorphization.21 It seems that

there is no detectable reaction between LiBH4 and NiFe2O4

during the milling process, since no other phases are identied

except for LiBH4 and NiFe2O4.

Fig. 6 shows the XRD patterns of the samples aer dehy-

drogenation. Interestingly, for the pure LiBH4 aer dehydro-

genation, the LiBH4 peaks are still observed. However, this is

reasonable if sluggish LiBH4 kinetics is considered, since only

2.4 wt% hydrogen is released when heated to 500 �C. In addition

to LiBH4, LiH and LiBO2 are also detected, where LiH phases are

produced from the decomposition of LiBH4, while LiBO2 phases

come from the air contamination during measurements. In the

case of LiBH4 + 9 mol% NiFe2O4 sample, there are new

diffraction peaks of LiBO3, NiB, Fe3O4, and Fe3B phases, caused

by the interaction between LiBH4 and NiFe2O4 during the

dehydrogenation process. As Shan et al.37 mentioned, most

transitionmetal catalysts needs electrons to occupy the 3d orbit,

and B has only one electron in the 2p orbit, while Fe and Ni have

6 and 8 electrons in the 3d orbit. Therefore, it is more feasible

for B to provide an electron to Fe and Ni, achieving a more

stable state. Herein, it is speculated that the destabilization

effect of NiFe2O4 comes from the synergetic effects of NiB, Fe3O4

and Fe3B.

Because of the limitations of XRD technique to detect

amorphous or low content phases, Fourier transform infrared

spectroscopy (FT-IR) is adopted to further reveal the reaction

mechanism during the milling and de/re-hydrogenation

process, as depicted in Fig. 7(a) and (b). Meanwhile, some

dashed lines are added in Fig. 7 in order to better compare the

peaks.

As seen in Fig. 7(a), as-received LiBH4 exhibits the charac-

teristic peaks of B–H stretching at 2387 cm 1, 2295 cm 1 and

Fig. 6 XRD patterns of the samples after dehydrogenation: (a) as-

received LiBH4 and (b) as-milled LiBH4 + 9 mol% NiFe2O4.

Fig. 7 FT-IR spectra of (a): after milling (i) as-received LiBH4, (ii) as-

milled LiBH4, (iii) as-milled LiBH4 + 9 mol% NiFe2O4 and (b) after

dehydrogenation (i) as-milled LiBH4 (ii) as-milled LiBH4 + 9 mol%

NiFe2O4.
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2225 cm 1, and B–H bending at 1126 cm 1.21,26,30,38,39 The peak

at 1633 cm 1 corresponds to O–H stretches, which may be

related to the moisture contamination during examinations13,14

and the hygroscopicity of KBr (even when dehydrated).25,27,40 The

shape of the as-milled LiBH4 spectrum is the same as the

pristine one, indicating that LiBH4 phases remain stable during

the ball milling process.

As for the LiBH4 sample milled with 9 mol% NiFe2O4, the

characteristic B–H peaks remain, but with some new subtle

peaks at 985 cm 1, 1173 cm 1, 1281 cm 1 and 1325 cm 1. The

peak at 1281 cm 1 is B–H,30 which cannot be observed in the

commercial LiBH4, suggesting some other LiBH4 phases. The

peak at 1325 cm 1 is assigned to the vibration modes of the B–O

bonds,41 pointing to partial interaction between NiFe2O4 and

LiBH4 during the milling process.

With respect to the samples aer dehydrogenation in

Fig. 7(b), one can also nd the same B–Hpeaks remaining in the

case of as-received LiBH4, compared to that before dehydroge-

nation, which further validates the XRD results. When it comes

to the LiBH4 + 9mol%NiFe2O4 sample aer dehydrogenation, it

is found that all characteristic peaks of B–H stretching at 2387

cm 1, 2295 cm 1 and 2225 cm 1 and B–H bending at 1126 cm 1

disappear, suggesting that LiBH4 is completely decomposed.

The fresh peaks at 745 cm 1 and 2455 cm 1 are attributed to

[B12H12]
 1, indicating LiBH4 decomposition into Li2B12H12.

28

The FT-IR results conrm that NiFe2O4 can facilitate the

decomposition of LiBH4. Additionally, there is a partial reaction

between LiBH4 and NiFe2O4 during the ball milling process and

LiBH4 is partially reversed aer the addition of NiFe2O4.

For better understanding of the potential destabilization

mechanism, eld scanning electron microscopy (FESEM)

observations are conducted. Fig. 8 depicts FESEM images of the

as-received, as-milled LiBH4 and as-milled LiBH4 + 9 mol%

NiFe2O4. Prior to ball milling, the particle size of LiBH4 ranges

from 1 mm to 5 mm irregularly, posing a disadvantage to the

dehydrogenation kinetics. For the commercial LiBH4 aer ball

milling, the particles become much smaller, forming clusters,

which also block rapid dehydrogenation. However, aer ball

milling with NiFe2O4, as shown in Fig. 8(c), the particle size

declines to 300 nm and 800 nm, and the distribution of these

particles become more uniform. This may be one of reasons for

the enhancement of dehydrogenation kinetics, as these nano-

sized particles may serve as the nucleation sites. One thing

should be noted that the embedded NiFe2O4 cannot be seen in

the LiBH4 matrix owing to its nano particle size.

From the above analysis, the superior destabilizing effects

may result from the ball milling with NiFe2O4, leading to the

signicant LiBH4 particle size decline.

Since the NiFe2O4 nanoparticles could not be observed by

FESEM, it is imperative to observe the nanostructure of un-doped

and doped sample to further demonstrate the superior effects of

nano-sized NiFe2O4. Fig. 9 shows dark eld images, HRTEM and

EDX analyses in the as-milled LiBH4 + 9 mol% NiFe2O4 sample.

In Fig. 9(a) some black particles are homogenously distributed

among the grey matrix. To gure out what these particles are,

corresponding EDX measurements of the black area A and the

grey area B are conducted, as shown in Fig. 9(c) and (d), respec-

tively. For the black area, O, Fe, Ni and Cu elements are identied

(Cu comes from the sample holder). Although Fe andNi elements

are detected in the grey area, their intensity is much weaker than

in the black area. It must be pointed out that EDX cannot reliably

detect LiBH4 due to the weak scattering of electrons by the light

Li, B and H elements. Thus, it could be said that the black

nanoparticles correspond to NiFe2O4, while the grey correspond

Fig. 8 FESEM images of (a) as-received LiBH4 (b) as-milled LiBH4 (c) as-milled LiBH4 + 9 mol% NiFe2O4 and (d) is magnified image of (c).

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 81212–81219 | 81217
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to LiBH4. It can be concluded that the NiFe2O4 nanoparticles are

homogenously embedded in the LiBH4 matrix aer ball milling,

improving rapid dehydrogenation kinetics.

LiBH4 is detected by the FT-IR measurements, but not XRD,

which was previously attributed to the amorphous state of

LiBH4 aer ball milling with NiFe2O4. To demonstrate this,

HRTEM images were obtained. As expected, there is some

amorphization in the oval area, which is consistent with the FT-

IR results and XRD analysis. The electron micrograph of dehy-

drogenated LiBH4 + 9 mol% NiFe2O4 is shown in Fig. 10(a),

which looks similar to the as-milled sample with some nano-

particles spread evenly among the grey areas. To further inves-

tigate the microstructure of LiBH4 + 9 mol% NiFe2O4, selected

area electronic diffraction (SAED) results are shown in

Fig. 10(b). The dim lattice diffraction pattern indicates that

there is a high degree of amorphization, which can also be

demonstrated by the broader XRD reections. Additionally, the

existence of Fe3B and Fe3O4 phases are proven by the SAED

measurements.

4. Conclusions

In this paper, it is found the nano-sized nickel ferrite (NiFe2O4)

can effectively destabilize LiBH4. According to the non-

isothermal and isothermal desorption results, it liberates

hydrogen at 89 �C and the hydrogen capacity is 10.75 wt% and

Fig. 9 (a) TEM images and (b) HRTEM images of boundaries micrographs of black and grey regions. EDX: (c) black region and (d) grey region are

results of as-milled LiBH4 + 9 mol% NiFe2O4.

Fig. 10 (a) TEM micrograph and (b) corresponding SAED pattern of as-milled LiBH4 + 9 mol% NiFe2O4 after dehydrogenation.
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one could get 5.49 wt% in just 20 minutes. In comparison with

the raw LiBH4, this is a huge advance. The mass spectroscopy

detect neither BH3 nor B2H6, which poison the fuel cells and can

oen lead to H2 capacity loss, other than pure hydrogen. The

XRD patterns combined with the SAED measurements uncover

the existence of the Fe3B, NiB and Fe3O4, which show a syner-

getic effect on accelerating the dehydrogenation properties of

LiBH4. The FT-IR results reveal that the addition of NiFe2O4

leads to the complete decomposition of LiBH4 when heated to

500 �C, while there is still a big surplus of LiBH4 for the un-

doped one. The FESEM gures indicate that the particle size

of LiBH4 declines signicantly aer ball milling with NiFe2O4.
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