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Abstract

In the present work, we explored the catalytic effect of graphitic nanofibres (GNF) particularly
of two different morphology, namely planar graphitic nanofibre (PGNF) and helical graphitic
nanofibre (HGNF) for enhancement of hydrogen desorption from complex aluminium
hydrides such as LiAlH, and LiMg(AlH4);. We found that the catalytic activity of fibres
depends mainly on its morphology. Hence helical morphology fibres possess superior
catalytic activity than planar graphitic nanofibres. The desorption temperature for 8 mol%
HGNF admixed LiAlH, gets lowered from 159°C to 128°C with significantly faster kinetics. In
8 mol% HGNF admixed LiMg(AlH,); sample, the desorption temperature gets lowered from
105°C to ~70°C. The activation energy calculated for the first step decomposition of LiAlH,
admixed with 8 mol% HGNF is ~68 kJmol™', whereas that for pristine LiAIH, itis 107 kJ/mol.
The activation energy calculated for as synthesized LiMg(AIH,); is ~66 kJ/mol. Since the first
step decomposition of LiMg(AIH,); occurs during GNF admixing, the activation energy for
initial step decomposition of GNF admixed LiMg(AlH,); could not be estimated.

1 Introduction

The growing interest on finding effective catalyst for improving the dehydrogenation/re-
hydrogenation behavior of complex metal hydrides after the pioneering work of Bogdanovic
et al [1] on the reversibility of NaAlH, triggers research on various catalysts including
transition and rare earth metal based catalysts. Aluminium hydrides, LiAIH, and LiMg(AlH,)s
possess quite high gravimetric hydrogen capacity of 10.6 and 9.7 wt.%H,, respectively. The
fast desorption of hydrogen from these compounds becomes feasible with the use of a
suitable catalysts. There is an ongoing search for finding an effective catalyst for improving
the dehydrogenation/re-hydrogenation behavior of complex hydrides [2]. Recent studies by
Berseth et al [3] reveal that carbon nano-variants are found to possess catalytic effect on
complex hydrides. Among the carbon nanovariants, graphitic nanofibres are very promising
due to their large number of localized ¢ bond electrons around the edges of parallel graphitic
sheets, which provides more catalytically active sites [4, 5]. Advantageous features of carbon
nanofibre are that it is light weight, not prone to oxidation nor gets substituted in the alanate
lattice. In the light of above, we explored the use of graphitic nanofibres of two different
morphology namely planar graphitic nanofibre (PGNF) and helical graphitic nanofibre
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(HGNF) for possible improvement in dehydrogenation characteristics of LiMg(AlH,); and
LiAlH4. The catalytic activity of GNFs has been proven for binary hydride, MgH, [6]. The
optimum concentration of GNFs on LiAIH,/LiMg(AIH,); for the present study has been found
to be 8 mol%. Our present investigation reveals that HGNFs possess superior catalytic
activity than PGNFs.

The motivation behind our present investigation is to show the catalytic activity of HGNF on
LiMg(AIH,); and LiAlIH, for reducing the decomposition temperature and increasing the
dehydrogenation kinetics, and hence we deduce the activation energy for initial
decomposition reaction, which is comparable to that obtained by using known transition
metal based catalysts (e.g. TiCl; VCI; etc.). We found that admixing HGNF greatly improves
the desorption kinetics and decreases the decomposition temperature of both LiMg(AlH,)3
and LiAlH,.

2 Experimental Method

As received LiAIH, (Aldrich, 95%) and MgCl, (Alfa Aesar, 99%) have been used without
further purification. LiAIH, and MgCl, in the molar ratio 3:1 was ball-milled together with two
steel balls of 12.5 mm each and one ball with 4 mm in a chrome-nickel stainless steel milling
vial under argon atmosphere in a locally fabricated attritor ball-miller with ball-to-powder
mass ratio 10:1. The expected reaction 3LiAIH, + MgCl, — LiMg(AlH,4); + 2LiCl has been
found to get completed in one hour of ball-milling. All operations on the samples were done
under dry argon atmosphere in a glove box to prevent reaction with moisture and oxygen in
the air. The graphitic nanofibres are being synthesized in our laboratory through dissociation
of hydrocarbon (acetylene/ethylene) over Ni/Fe nanoparticles catalyst in an open furnace at
650°C under flowing He and H, gas both with an optimized flow rate of 1500 sccm. In
keeping with the known results [7, 8], we have found that morphology of GNF is dependent
on the shape of the Ni/Fe nanoparticles. Whereas for faceted Ni/Fe nanoparticles helical
GNF get formed and for non-faceted Ni/Fe nanoparticles, planar GNF are found to grow.
Thermal decompositions of GNF admixed LiAlH, and LiMg(AlH,); samples were monitored
using computerized pressure composition isotherm (P-C-I) measurement system supplied by
Advanced Materials Corporation.

Structural characterization of the samples was carried out through XRD, Philips PW-1710
and X'Pert PRO (PANalytical) X-ray diffractometer equipped with graphite monochromator
employing CuK, radiation (A= 1.5402A). Exposure of the sample to atmosphere has been
avoided by covering the XRD holder by fine layer of Parafilm (Pechiney plastic packing). The
microstructural characterization has been done through Transmission electron Microscope
(Technai, 200 kV).

3 Results and Discussions

3.1 Lithium-magnesium alanate
LiMg(AlH,); has been synthesized mechano-chemically through the following reaction

3Li(AlH4)s + MgCl, — LiMg(AlHa); + 2LiCl (1)
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by using a locally fabricated attritor ball-miller. The above reaction gets completed in ~1 hour
of ball-milling, which gets confirmed from the X-ray diffractogram, a representative XRD
profile is shown in Figure 1(a). Since peaks corresponding only to the reaction product were
present in the XRD profile, it becomes evident that complete conversion of the above said
chemical reaction (eq. (1)) has taken place. Figure 1(b) shows the XRD of purified (through
acid treatment) helical GNF used as catalyst for our present study.

Following the known results [9], the thermal decomposition behavior of LiMg(AlH4); can be
described as follows,

LiMg(AIH4)3— LiIMgAIHg +2Al + 3H, (~100°C) 2)
LiMgAIHs— LiH + MgH, +Al + 3/2H, (~150°C) (3)
2MgH, +3Al — AlsMg, +2H, (~340°C) 4)

The temperature programmed desorption (TPD) curve was monitored from room
temperature to 240°C at the heating rate of 1°C/min. It has been observed from the TPD
profile that the peak decomposition temperature of Eq. (2) is 105.5°C and that of Eq. (3) is
149.6°C. For 8 mol% HGNF admixed LiMg(AlH,)s, Eq. (2) occurs at the time of catalyst
admixing. However, for the heating rate of 1°C/min, the peak desorption temperature for 8
mol% HGNF admixed LiMg(AlH,); corresponds to Eq. (3) has been lowered from 149.6°C to
127.9°C. A representative TPD curve is shown in Figures 2(a) and 2(b).
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Figure 1:  X-ray diffractorgram of a) as synthesized LiMg(AlH,); + 2LiCl mixture and b)
purified GNFs used as catalyst.

The LiCl in the reaction product acts as a dead weight and it does not take part in the above
mentioned reactions. Purification of LiCl from LiMg(AlH,); + 2LiCl mixture is a tedious and
time consuming process which may also leads to the decomposition of LiMg(AlH,)s.
Therefore purification may not be of help for practical applications [10]. In order to calculate
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the rate constant of reaction and hence to calculate the activation energy, a comparative
study without considering the dead weight of LiCl has been made. A representative TPD
curve of LiMg(AlH4); without considering the weight of LiCl is shown in Figure 2 (a), curve
(B). We have found that the TPD curve corresponding to 8 mol% HGNF admixed LiMg(AlH,);
sample (Figure 2(a), curve (D)) shows an enhanced desorption kinetics than that of PGNF
admixed LiMg(AlH,); (Figure 2(a), curve (C)) but with a loss in hydrogen capacity of ~4 wt.%.
This suggests that the LiMg(AlH,); phase decomposes and liberates hydrogen during HGNF
admixing through ball-milling.
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Figure 2:  Temperature Programmed Desorption (TPD) a) with respect to hydrogen desorbed
(doted curve represents the temperature ramp profile) and b) with respect to peak
desorption temperature.

Table 1: Difference between HGNF and PGNF used as catalyst.

Types of GNFs Catalyst used for synthesis Surface area Average diameter
(m?/g) (nm)
Helical GNF (HGNF) Faceted Ni nanoparticle 125 150
Planar GNF (PGNF) Spherical Ni nanoparticle 109 200

Representative TEM micrographs of HGNF and PGNF are shown in Figures 3(a) and 3(b).

In order to find the catalytic effect of HGNF in decreasing the activation energy of
LiMg(AlH,);, we proceed to evaluate this energy from the Arrhenius plot, as described by
Janot et al. [11].

The activation energy of desorption process is estimated by plotting the maximum reaction
rate (k) as a function of the temperature (T). The reaction rates are obtained from the slopes
of the tangents at the inflection points of desorption kinetic curves.

The maximum reaction rates (k) of Eq. (2) at different temperature were calculated from
desorption kinetic curves as shown in Figure 4(a). Since the inclusion of LiCl mass in the
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kinetic measurement of LiMg(AlH,); affects the rate constant value, we have not considered
the weight of LiCl for desorption kinetic measurements.

Figure 3: TEM microgram of GNF a) helical morphology GNF (HGNF) and b) planar

morphology GNF (PGNF) (difference between HGNFs and PGNFs are given in table
1).

Quantitative estimation of kinetic barrier was then carried out by the determination of the
activation energy (Ea) from the well known Arrhenius equation of the form

In (k)= -Ea/RT + In (A) (5)

By plotting In k versus 1/T, Ea can be extracted from the linear slope. Figure 4(b) shows the
Arrhenius plot for the first-step dehydrogenation of LiMg(AlH,)s. A good linearity between In k

and 1/T is obtained with R? = 0.99. The activation energy (Ea) as calculated corresponds to
~66 kJ/mol.
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Figure 4. a). desorption kinetic curve of LiMg(AlH,); at different temperatures b) plot of In k
vs 1/T for LiMg(AIH,)s.
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3.2 Lithium alanate
In general, LiAIH4 has three-stage decomposition, as represented by the following equations:

3LiAIH, — LisAlHg + 2Al + 3H, (~150°C) (6)
LisAlHs —3LiH + Al + 3/2H, (~180°C) (7)
3LiH + 3Al —3LiAl + 3/2H, (>400°C) (8)

Eq. (6) approximately releases 5.3 wt.% hydrogen and eq. (7) and eq. (8) both release
approximately 2.6 wt.% H, each. However, eq. (8) is generally not considered usable
because it involves very high temperature for decomposition [12].

The catalyst admixing was carried out through ball-milling for 15 min, using the same
ballmiller as mentioned above. The optimum molar concentration of GNFs for LiAIH, has
been found to be 8 mol%. Lower concentration of GNF does not produce enhancement in
kinetics similar to that from 8 mol% and increasing the molar concentration of GNFs further
leads to the decrease in hydrogen storage capacity. For comparison, the dehydrogenation
behavior of one hour ball-milled LiAlH, is also compared with 8 mol% HGNF admixed LiAlH,
sample. Figures 5(a) and 5(b) show representative TPD profile of LiAlH, sample. There is a
loss of ~2 wt.% H, in the 8 mol% GNFs admixed LiAlH,; sample, this was estimated by
comparing the TPD profile of the ball-milled and pristine LiAIH,.
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Figure5: Temperature programmed desorption (TPD) of LiAlIH4 a) with respect to hydrogen
desorbed (doted curve represents the temperature ramp profile) and b) with
respect to peak desorption temperature.

A noticeable feature shown in Figure 5(b) is that for the heating rate of 1°C/min, the peak
desorption temperature for 8 mol% HGNF admixed LiAlH, sample corresponds to Eq. (6) has
been lowered from 158.8°C to 128.5°C and as that for reaction corresponding to Eq. (7) has
been lowered from 206.1°C to 165.5°C. It may be mentioned that the effect of increase in
the interface area which will result due to ball-milling, will not be able to explain the significant
decrease in desorption temperature. Apparently it is the catalytic effect of GNF which leads
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to decrease of desorption temperature. The exact role of GNF in improving the
dehydrogenation behavior of complex hydride is exactly not known. Based on the known
results on the catalytic effect of carbon nanostructures in complex hydrides, it is believed that
higher the curvature of catalyst, higher is the catalytic activity. The carbon nanostructures as
for example fullerenes have higher curvature than CNTs or graphenes. Hence fullerene has
higher catalytic activity [3]. In contrast to PGNF, HGNF has curved surface. Therefore it will
have higher catalytic activity than PGNF.

When admixing 8 mol% HGNF with LiAlH,, desorption kinetics of LiAlH, gets significantly
improved. The effect of HGNFs on LiAlH, is estimated from the activation energy value (Ea)
calculated for pristine LiAlH; and 8 mol% HGNF admixed with LiAlH4 In order to find the
activation energy of pristine LiAlH, using Arrhenius relation, the desorption kinetics of pristine
LiAIH, at different temperatures was evaluated. A representative desorption kinetics plot of
pristine LiAIH, at different temperatures and its In k vs 1/T plot is shown in Figures 6(a) and
6(b), respectively. A good linearity between In k and 1/T is obtained with R?> = 0.99. The
activation energy calculated for pristine LiAlH, is 107 kJ/mol. This value is comparable to the
recently reported value of 102 kJ/mol by Blanchard et al.[13].
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Figure 6: a) dehydrogenation kinetics of pristine LiAlH, at different temperatures b) plot of In
k vs 1/T for calculation of activation energy for reaction correspond to Eq. (5).

The activation energy (Ea) calculated for 8 mol% HGNF admixed LiAlH,4 is ~68 kJ/mol. This
is slightly higher (~16 kJ/mol) than the reported activation energy value (42.6 kJ/mol) of
LiAIH, with transition metal based catalysts (Chen et al, ref [14]). However, there exist some
controversial results regarding the activation energy for LiAlHs. For 2 mol% TiCs;.1/3(AICl3)
catalyzed LiAlH,4, the activation energy calculated by Blanchard et al. [13] is 90 kJ/mol, which
is much higher than the estimate value of 42.6 kJ/mol, reported by Chen et al [14]. The
dehydrogenation kinetics of 8 mol% HGNF admixed LiAlH, at different temperatures and its
In k vs 1/T plot is shown in Figures 7(a) and 7(b), respectively.
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Figure 7:  a) dehydrogenation kinetics of 8 mol% HGNF admixed LiAlH, at various
temperatures b) plot of In k vs 1/T for 8 mol% HGNF admixed LiAlH,.

Thus the admixing of 8 mol% HGNF helps to decrease the activation energy for the
decomposition of LiAlH, by 36% (for pristine LiAlH, calculated Ea is 107 kJ/mol, and for 8
mol% HGNF admixed LiAlH,, it is ~68 kJ/mol.

4  Conclusions

The catalytic effect of graphitic nanofibres on LiMg(AlH,); and LiAlH4 has been studied. The
dehydrogenation behavior of the samples was studied through TPD and desorption kinetic
measurements. We have found that helical morphology of GNF improves the
dehydrogenation behavior of both LiMg(AlH;); and LiAlH,. The lowering of desorption
temperature for HGNF admixed LiMg(AlIH,4); as compared to its pristine phase is from 105°C
to ~70°C. Whereas the lowering of desorption temperature of HGNF admixed LiAIH, as
compared to pristine LiAlH, phase is from 159°C to 128°C. However, the decomposition rate
of LiMg(AlH,)s in the presence of HGNF is higher than that for LiAlH,. The activation energy
calculated for the first step decomposition of HGNF admixed LiAlH, is ~68 kJmol™”, whereas
that for pristine LiAlH,, it is ~107 kJ/mol. The activation energy calculated for as synthesized
LiMg(AIH,); is ~66 kJ/mol. Since the first step decomposition of LiMg(AIH4); occurs during
GNF admixing, the activation energy for initial decomposition of GNF admixed LiMg(AlH,);
could not be estimated.
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