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Abstract: LiBH, was confined into activated charcoal (AC) by melt infiltration method (MI), and its effects on the hydrogen
sorption properties were investigated. The N, adsorption results reveal that melt infiltration method can effectively incorporated
LiBH, into AC. It can maintain the structural integrity of the scaffold and ensure the confinement effect. The nano-confined
LiBH4/AC starts to release hydrogen at around 190 °C, which is 160 °C lower than that of pure LiBH,, and reaches a hydrogen
desorption capacity of 13.6% at 400 °C. When rehydrogenated under the condition of 6 MPa H, and 350 °C, it has a reversible
hydrogen storage capacity of 6%, while pure LiBH, shows almost no reversible hydrogen storage capacity under the same condition.
Mass spectrometry analysis (MS) results suggest that no diborane or other impurity gases are released in the decomposition process.
The apparent activation energy of dehydrogenation of LiBH, after confinement into AC decreases from 156.0 to 121.1 kJ/mol, which
leads to the eminent enhancement of dehydrogenation kinetics of LiBH,.
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1 Introduction

As the world is facing an increasing energy demand
and is in an urgent need of a cleaner and more
environmentally friendly energy storage technology,
hydrogen energy comes into people’s sight [1,2].
Hydrogen is considered to be an important potential
energy carrier system, which can facilitate efficient
utilization  of unevenly  distributed renewable
energy [3—5]. Right now, safe and efficient hydrogen
storage has been generally recognized as the key
technical challenge in the utilization of hydrogen energy.
A new class of lightweight materials for hydrogen
storage are complex hydride and they have attracted
much attention since the first publication on the
reversible Ti catalyzed NaAlH, and Na,LiAlHgs by
BOGDANOVIC and SCHWICKARDI [6]. Currently,
LiBH,; is one of the most attractive candidates for
on-board hydrogen storage because of its high

gravimetric hydrogen density (18.5%) and volumetric
density (121 kg/m®) [7,8]. However, release and uptake
of hydrogen only take place under very extreme
conditions (400 °C for release, and more than 400 °C and
more than 10 MPa H, for uptake) due to its high
thermodynamic stability (AH=75 kJ/mol) and kinetic
restrictions [9,10].

Several strategies have been developed to tackle the
thermodynamic and/or kinetic problems imposed by the
strong and directional B—H bonds in LiBH,4 [9,11]. The
strategies include reactant destabilization [12—16],
nano-confinement [17—-20], catalyst doping [21-24], and
cation/anion substitution [25—27]. These strategies have
all been proved to be feasible to improve the
dehydrogenation of LiBHy. Among them,
confinement can be very effective in improving the
kinetic and thermodynamic properties of LiBH, [28].
The practical application of mesoporous carbon and
silica has been proved functionally by
reports [17,29]. The confinement of metal hydrides in a

nano-
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mesoporous scaffold creates nanoparticles, which limits
the particle size of the hydride to the pore size of the
scaffold material [30]. The particle size of the sample
prepared by this way is considerably smaller than the one
obtained by other methods like the mechanically milling.

Nanoconfinement efforts were initially put forward
by GUTOWSKA and co-workers [31] for the study of
hydrogen release from ammonia borane (NH;BHj;)
incorporated into mesoporous silica (SBA-15). They
reported that the hydrogen release property is greatly
improved compared with bulk samples. In addition, they
suggested that the mechanism of the reaction is also
modified. VAJO and co-workers [32] extended this
nanoengineering method to the preparation of nanosized
LiBH, samples. They succeeded in incorporating the
hydride into mesoporous carbon aerogels, which
demonstrated  great H-exchange
properties of LiBH,, by using a melt infiltration method.
Some researchers have focused on combining two
different strategies to improve the properties. NIELSEN
and co-workers [33,34] prepared a nanoconfined
2LiBH,~MgH, by melt infiltration method using carbon
acrogel scaffold materials. The nano-confined
2LiBH,~MgH, samples show property advantages over
their bulk counterpart, but the obtained kinetics
improvement is much less distinguished. These studies
have illustrated that create nanosized hydride is a
promising route to improve hydrogen storage properties
of LiBH, or any other complex hydride.

In this work, the recent efforts to improve the
dehydrogenation and rehydrogenation properties of the
nanoconfined LiBH, in porous activated charcoal (AC)
prepared by melt infiltration (MI) were reported.
Activated charcoal was used as a scaffold because it is
relatively easy to acquire. Nanoconfined samples with a
loading of around 35% LiBH, (which is calculated
according to the pore volume of the scaffold) was
prepared using MI method. The results show that
confined LiBH; has improved dehydrogenation and
rehydrogenation properties.

improvement in

2 Experimental

LiBH,s (95% purity) was purchased from Acros
Organics and used without further purification. Activated
charcoal (AC, 99% purity) was also purchased from
Acros Organics and was purified under 500 °C and
vacuum in a reactor for 5 h to remove moisture and other
possible impurities. The LiBH4#AC nanocomposite by
MI (hereafter denoted as LiBH,/AC-MI) was prepared
following a two-step procedure. First, the LiBH4 and AC
scaffold were mixed using planetary mill at 100 r/min for
5 min. The mixture was then delivered into a reactor and
calcined at 290 °C under 5 MPa H, pressure for 1 h. We

also prepared a sample using hand milling for
comparison (hereafter denoted as LiBHy/AC-HM). This
sample has the same LiBH4/AC ratio, but was milled by
hand in a mortar for 10 min in order to mix the sample
homogeneously. All sample operations were performed
in Ar atmosphere.

Dehydriding/rehydriding
carried out on a homemade Sieverts-type apparatus.
About 200 mg of sample was loaded into a stainless steel
reactor, which was connected to a thermocouple and a
pressure sensor to monitor the temperature and pressure
inside the reactor. For the non-isothermal desorption
measurements, i.e., the temperature programmed
desorption (TPD) measurements, the samples were
heated gradually from room temperature to 500 °C at a
heating rate of 2 °C/min. For the isothermal desorption
measurements, the samples were heated quickly to
350 °C under a back pressure of 5 MPa H, to prevent the
decomposition of the samples. First, the tank connected
to the reactor was evacuated. Then, the valve between
the tank and the vacuum was turned off to maintain
vacuum status in the tank. After that the valve between
the tank and the reactor was opened to achieve a near
vacuum state in the whole system to start the isothermal
measurements. Hydrogen capacity was estimated by the
ideal gas equation using the temperature and pressure
previously obtained. The rehydriding process was carried
out under the conditions of 350 °C and 6 MPa H,. The
reactor was filled with H, and then heated to 350 °C
rapidly and kept at that temperature for 5 h.

The AC scaffold was characterized by gas
absorption and desorption using an Autosorb-1-C surface
area and pore size analyzer from Quantachrome.
Differential  scanning  calorimetry (DSC) and
thermogravimetric analysis (TG) were conducted using a
differential scanning calorimeter (Netzsch STA449F3)
equipped with a mass spectrometer (MS, Netzsch
QMS—403C) to detect the hydrogen desorption
synchronously. X-ray diffraction (XRD) analysis was
performed on a PANalytical X-ray diffractometer (X’Pert
Pro, Cu K,, 40 kV, 40 mA), where the samples were
sealed into a specially designed sample holder to avoid
oxidation.  Field emission scanning electronic
microscopes (SEM, Hitachi S—4800) were applied to
analyzing the morphology of the samples, while the
energy dispersive spectroscopy (EDS) detector was used
to study the elemental distributions.

measurements were

3 Results and discussion

3.1 BET characterization and micropore analysis

The results of N, adsorption measurements of AC,
LiBH4/AC-MI and LiBH,/AC-HM are shown in Fig. 1.
The results of the BET and micropore analysis are
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Fig. 1 BET measurements of AC scaffolds, LiBH,/AC-MI and

LiBH/AC-HM: (a) N, adsorption curves; (b) Pore size
distribution

Table 1 Pore volume and specific surface area of AC scaffolds,
LiBH,/AC-MI and LiBH,/AC-HM

Pore volume/

Specific surface
Sample

(em®g ™) area/(m*-g ")
AC 0.5836 2.921x107
LiBH/AC-MI 0.0886 6.54x10"
LiBH,/AC-HM 0.4595 2.212x107

summarized in Table 1, from which it can be seen that
the specific surface area (SSA) of LiBH,/AC-MI
remarkably decreases after LiBH4 was incorporated into
the carbon scaffold, while it doesn’t change much for
LiBH,/AC-HM. These results suggest that after the melt
infiltration process, most of the porous structures are
filled (or at least blocked) by LiBH,. We also heated the
AC scaffold with the same procedure as the MI process,
which shows that the scaffold doesn’t go through any
structural transformation during the heating procedure.
The decrease in the scaffold could only be the result
caused by the incorporation of LiBH4 According to
Table 1, the pore volume difference between pure AC
scaffold and LiBH,/AC-MI sample is calculated to be

0.4950 cm’/g. Combining this result with the density of
LiBH,, about 95% of the LiBH, sample is confined into
the structure of carbon scaffold. The remaining 5% exists
between the particles or on the surface of carbon
scaffold. On the other hand, LiBH/AC-HM doesn’t
show much decrease in the surface area and the pore
volume, which means that the hand mill sample remains
the same porous structure as the original scaffold. The
hand mill procedure only results in a physical mixture of
LiBH, and the AC scaffold.

3.2 Dehydrogenation process

Figure 2 shows the TPD analysis profiles of
LiBH4/AC-MI. The results of LiBHs/AC-HM and LiBH,4
are also shown for comparison. The samples are heated
to 500 °C from room temperature at a heating rate of
2 °C/min. The dehydrogenation capacity is calculated
based on the mass of LiBH,, which means that the mass
of the scaffolds is not taken into account when
calculating the mass loss.
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Fig. 2 TPD analysis profiles of LiBH,/AC-MI, LiBH,/AC-HM
and LiBH,

It can be clearly seen that the LiBH4/AC-MI
experiences a different dehydrogenation process. It starts
to decompose at around 190 °C and finishes the
decomposition process at around 400°C. The
dehydrogenation capacity reaches 13.6%. The bulk
LiBH, starts to decompose at around 350 °C, and its
decomposition is still not finished upon heating to
500 °C. LiBHy/AC-HM sample also shows a decrease in
the decomposition temperature. It starts to decompose at
around 300 °C. After heating to 500 °C, it almost finishes
the decomposition with a hydrogen capacity of 10.8%.
We believe that AC scaffold may also have a catalytic
effect on the dehydrogenation of LiBH4, as the
dehydrogenation temperature of the hand-milled sample
is much lower than that of the pristine LiBH,. So, it can
be concluded that the melt infiltration process is
successful, it provides a great enhancement on the
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dehydrogenation of LiBH,, leading to a 160 °C decrease
in the onset dehydrogenation temperature. The
enhancement might be a combined effect of nano-
confinement and the catalytic effect of AC scaffold.
Figure 3 shows the synchronous DSC-TG—MS
analysis results of LiBH4/AC-MI. The heating rate is
8 °C/min. It is clear that the sample undergoes a phase
transformation from orthorhombic to hexagonal structure
at 116.0 °C and a melting process at 278.5 °C. The peak
for the melting is much weaker than that of the pure
LiBH,, which indicates that LiBH, is in a polymorphic
status and needs less energy to melt. After the melting,
there is a tiny peak at 308 °C and a major hydrogen
release step at 355.7 °C. Then, the final small peak at
461 °C might be caused by the decomposition of LiH.
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Fig. 3 Synchronous DSC—TG—MS analysis of LiBH,/AC-MI

From the TG analysis, we can see that the sample starts
to lose mass at around 185 °C, and finally reaches a mass
loss of 13.6%. This is in accordance with the TPD results.
According to the MS results, a hydrogen signal could be
detected at around 185 °C, and the peak temperature for
the hydrogen release is 350.2 °C. We could also see that
the melting process is accompanied by a slight release of
hydrogen.

To further understand the dehydrogenation
mechanism of LiBH4/AC-MI, we conducted XRD
analysis on several stages during the dehydrogenation,
and the results are shown in Fig. 4. According to the BET
analysis results in Fig. 1, about 5% of the LiBH, is not
confined into the AC scaffold. As nano-sized LiBH, does
not show any diffraction peaks in XRD analysis, the
peaks in Fig. 4 are probably induced by the remaining
5% of LiBH,. It can be seen that no new crystalline
phases are detected, the diffraction peaks of LiBH, are
relatively weak, which indicates that LiBH, has lost part
of its crystallinity. After heating the sample to 200 °C,
the diffraction peaks of lithium hydride appear, this
means that part of the sample starts to decompose. This
confirms the onset dehydrogenation temperature
obtained from previous analysis. After the sample is
heated to 330 °C, the diffraction peak of lithium hydride
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Fig. 4 XRD (a) and FTIR (b) patterns of LiBH,/AC-MI heated
to different temperatures
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becomes more obvious in the sample. But the
diffractions of carbon scaffolds and LiBH, are still
visible. This indicates that the sample continues to
decompose at this temperature, which is also the result
we get from TPD and DSC analyses. After heating the
sample to 450 °C, the diffraction peaks of carbon
scaffolds are still visible, but those of LiBH, disappear
completely, and the peaks of lithium hydride become
more obvious. We can also find a diffraction peak
located at 23°. This peak is probably caused by some
kind of boron related phase, which is formed after LiBH,
sample completely dehydrides. In this stage, LiBH, has
completely decomposed into lithium hydride and
hydrogen gas.

In order to further understand the decomposition
mechanism of LiBH,/AC-MI sample, FTIR is applied to
analyzing the decomposition reaction. The FTIR results
of the LiBH4/AC-MI sample before and after
dehydrogenation are shown in Fig. 4. It can be seen that
the vibrational peaks of B—H stretching (2395, 2298 and
2234 cm™") and the bending (1125 cm™") are all shown in
the as-prepared sample. This indicates that LiBHy
presents in the as-prepared sample. When the sample is
heated to 450 °C, the stretching and bending vibrational
peaks all disappear, indicating the decomposition of
LiBH, at this point. This confirms that the main
hydrogen emission reaction occurs at ~300 °C.

3.3 Dehydriding kinetics

The dehydriding kinetics of LiBH4/AC-MI is
further studied by estimation of the kinetic barrier using
the Kissinger method. The apparent activation energy
(E,) for the dehydriding reaction is determined by the
following equation:

In F = —RE—; +4 (D)
p P

where c is the heating rate in thermal analysis, 7}, is the
absolute temperature for the maximum reaction rate, R is
the universal gas constant and 4 is also constant. In our
study, the 7, data are extracted from the DSC
measurements at various heating rates (c=5, 8, 12 and
16 °C/min), as demonstrated in Fig. 5(a). The apparent
activation energy of the sample is estimated to be
121.1 kJ/mol (Fig. 5(b)), which is considerably lower
than that of pure LiBH, (156 kJ/mol). The reduction in
the apparent activation energy causes the improvement
of dehydriding kinetic.

To further study the dehydrogenation kinetics of
LiBH4/AC-MI, we conducted isothermal dehydriding
measurements. The results are shown in Fig. 6, from
which it can be seen that melt infiltration process greatly
improves the dehydrogenation kinetic of LiBH4. For

example, it only took 33 min to release about 9% of
hydrogen. During the same period of time, LiBH,/
AC-HM only releases about 1% hydrogen, while pure
LiBH,4 had barely started to decompose. LiBH/AC-MI
can fully decompose within 1h, and release
approximately 10% hydrogen. This hydrogen capacity is
lower than its theoretical one, which is 13.8%. We think
that part of hydrogen was lost during the evacuating step.
This step lasted around 20 s, during which the hydrogen
loss could not be measured. Another reason is that the
sample was mnot fully decomposed under this
circumstance, resulting in the hydrogen capacity lost.
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Fig. 5 DSC curves of LiBH,/AC-MI under various heating
rates (a) and apparent activation energy results determined by
Kissinger method (b)

3.4 Rehydrogenation properties

In order to study the cyclic property, the samples are
rehydrided for a second dehydrogenation cycles. First,
the dehydrided samples are heated to 350 °C in vacuum.
After a constant temperature of 350 °C is attained,
6 MPa hydrogen gas is pumped into the reaction
chamber which starts the rehydriding process. The
sample is held under the same environment for 5 h until
the end of the dehydriding process. The first few cycles
of the dehydrogenation curves are shown in Fig. 7. It can
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Fig. 6 Isothermal dehydriding curves of LiBH4/AC-MI,
LiBH4/AC-HM and pristine LiBH, at 350 °C

be seen that LiBH/AC-HM shows a very bad cycling
property. Only about 10% of the hydrogen capacity could
be achieved during the second cycle. However,
LiBH4/AC-MI has a better cyclic property. During the
first three dehydrogenation recycles, 65% of the
hydrogen capacity is retained. The rehydrogenation
property of LiBH4/AC-MI is much better than that of
LiBH/AC-HM and pure LiBH,;. We believe that the
reason for the fine cycling property is the nano-
confinement effects. As LiBH, enters into the pore of AC
scaffolds, the particle size of LiBH,; becomes much
smaller. Thus, LiH and B formed after dehydrogenation
also have a much smaller particle size. The carbon
scaffolds also serve as a barrier to prevent the formed
LiH and B particles from agglomeration. In this case the
LiH and small B particles could react with each other
easily during the rehydrogenation, which leads to a better
rehydrogenate property. Figure 8 shows the XRD
patterns of dehydrogenated and rehydrogenated
LiBH4/AC-MI. It is clear that LiBH, is restored after
rehydrogenation; however, some diffraction peaks for
lithium borohydride still remain, which is caused by the
incomplete rehydrogenation.
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Fig. 7 Cyclic dehydrogenation curves of LiBH,/AC-HM (a)
and LiBH,/AC-MI (b)
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Fig. 8 XRD patterns of as-prepared, dehydrogenated and
rehydrogenated LiBH4/AC-MI samples

4 Conclusions

1) Melt infiltration method is an effective way to
confine LiBH,; into activated charcoal. The confined
LiBH,; can reduce the dehydrogenation temperature.
LiBH,/AC-MI starts to decompose at around 190 °C and
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finishes the decomposition process at around 400 °C
with dehydrogenation capacity of 13.6%.

2) Apparent activation energy of LiBH/AC-MI is

estimated to be 121.1 kJ/mol, which is considerably
lower than that of pure LiBH, (156 kJ/mol). The
reduction in the apparent activation energy causes the
improvement of dehydrogenation kinetic. LIBH/AC-MI
can release about 9% of hydrogen within 33 min.

3) LiBH4/AC-MI shows good cycling properties, it

exhibits a reversibility of up to 65% of its theoretical
hydrogen capacity under rehydrogenation condition of
350 °C and 6 MPa H,.
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B el x)iE4A 2, FZeA!, Tl

1. WHL K2 MER2ES TRESB EEAR E R E SR =, Hill 310027;
2. [EZ WA BREEIR BRI 7B Seidt s iR B R E S s2ie =, dba 102209

# OE: EIERRE R LiBH, BRI T 2 FLEtmd, HT FRB IRIERT LiBH, g & M RE IS m . BB 45
RRW, IBERNRIEITEREE A MU LiBH, FRELTIEMR . 1207 VA BEREDS CRIFFVS T ok B 2R 45 M SE 28, SLRERA TR IR
B . AL R, R LiBH, £ 190 °C JFFUAE, %A SR gl LiBH, {K 160 °C, JfH
1E 400 °C B AR EIX T 13.6%. EJGFEEMTE 6 MPa EJEA 350 °C FHRE, WA A EIET 6%, MiEH
24T, 4 LiBH, LA fEE A E. TUEomdgREN, BEIRETRA SR HAR A TSRO .
T T 2R PR LiBH, ISR E L AE B 156.0 kJ/mol F&MEE] 121.1 kI/mol, 18 LiBH, &) 15 R4S B B E 0
<1
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