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Lithium Borohydride (LiBH,4), from the family of complex hydrides has received much attention as
a potential hydrogen storage material due to its high hydrogen energy densities in terms of weight
(18.5 wt%) and volume (121 kg H, per mol). However, utilization of LiBH,4 as a hydrogen carrier in off- or
on-board applications is hindered by its unfavorable thermodynamics and low stability in air. In this
study, we have synthesized an air stable SWCNT@LiBH4 composite using a facile ultrasonication assisted
impregnation method followed by oxidation at 300 °C under ambient conditions (SWLiB-A). Further, part
of the oxidized sample is treated at 500 °C under nitrogen atmosphere (SWLiB-N). Upon oxidation in air,
the in situ formation of lithium borate hydroxide (LiB(OH)4) and lithium carbonate (Li,COs) on the
surface of the composite (SWLiB@LiBH,) is observed. But in the case of SWLIB-N, the surface hydroxyl
groups [OH4l™ completely vanished leaving porous LiBH, with SWCNT, LiBO, and Li,COs phases.
Hydrogen adsorption/desorption experiments carried out at 100 °C under 5 bar H, pressure showed the
highest hydrogen adsorption capacity of 4.0 wt% for SWLiB-A and 4.3 wt% for SWLIB-N composites in
the desorption temperature range of 153-368 °C and 108-433 °C respectively. The observed storage
capacity of SWLIB-A is due to the H* and H™ coupling between in situ formed Li*[B(OH)4]~, Li*[COs]~
and Li*[BH4]~. Whereas in SWLIB-N, the presence of positively charged Li and B atoms and LiBO, acts as
a catalyst which resulted in reduced de-hydrogenation temperature (108 °C) as compared to bulk LiBH4.
Moreover, it is inferred that the formation of intermediate phases such as Li*[B(OH)4l~, Li?*[COs]~
(SWLiB-A) and Li*[BO,]~ (SWLiB-N) on the surface of the composites not only stabilizes the composite
under ambient conditions but also resulted in enhanced de- and re-hydrogenation kinetics through

catalytic effects. Further, these intermediates also act as a barrier for the loss of boron and lithium
Received 31st August 2019

Accepted 27th September 2019 through diborane release from the composites upon dehydrogenation. Furthermore, the role of in situ

‘ formed intermediates such as LiB(OH),4, Li>COs and LiBO, on the stability of the composite under
DOI: 10.1039/c9ra06916] ambient conditions and the hydrogen storage properties of the SWCNT@LiBH, composite are reported
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environmental pollution caused by the conventional fuels,
greener methods which could harness energy from sustainable

1. Introduction

In the current scenario, increasing population growth and rapid
industrialization result in high energy demand.*® Also, the
depletion of fossil fuels and other non-renewable energy
resources necessitates the development of energy systems that
will satisfy our current and future energy needs.® Owing to the
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energy sources are needed."® In this context, hydrogen, being
a versatile energy carrier with high energy density has potential
as an alternative energy source. Moreover, the abundance of
hydrogen along with its attribute of zero emission during power
generation makes it an attractive alternate for conventional
fuel.>>® Despite being a better alternative source of energy, the
commercialization of a hydrogen economy for on-board appli-
cations depends on finding solutions to problems such as lack
of efficient production, distribution and effective storage of
hydrogen as well as safety and financial constraints during the
deployment of hydrogen-powered vehicles.” Conventional
methods available nowadays to store hydrogen are
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characterized by compressing the hydrogen gas under high
pressures, or using as a cryogenic liquid, or a combination of
both (cryo-compressed). Though these technologies are
currently in use, they possess severe disadvantages such as low
volumetric capacity, safety concerns and tank conformability.”*

For practical mobile applications, a compact, lightweight
and inexpensive hydrogen storage medium possessing fast
adsorption and desorption kinetics near the ambient condi-
tions are necessary.® Furthermore, the materials are expected to
exhibit high gravimetric and volumetric capacity with better
thermodynamics to satisfy the hydrogen storage targets set by
Department of Energy (DOE) for 2020.° Among the solid
hydrogen storage materials, lightweight complex hydrides such
as complex aluminum hydrides or alanates (MAIH,), alkali
borohydrides (MBH,, where M = Li, K, Na) and amides (NH,)
plays an important role as a safe hydrogen storage medium due
to their high gravimetric and volumetric hydrogen storage
capacities.’™ The lithium borohydride (LiBH,), another light-
weight complex borohydride, with high hydrogen energy
densities by weight (18.5 wt%) as well as volume (121 kg m ™)
makes it a potential candidate for hydrogen storage. However,
its high sensitivity towards air, unfavorable thermodynamic and
kinetic properties of LiBH, as a result of strong B-H bonds,
higher activation energy (180-200 k] mol™' of H,), high
enthalpy of decomposition (—67 k] mol '), high decomposition
temperature and release of volatile toxic diborane (B,Hs) limit
its practical application as hydrogen storage medium.'®"
Hence, to make LiBH, as a viable storage medium, the
researchers worldwide focus on improving its kinetics, ther-
modynamic properties and decomposition conditions by
reacting with other metal or complex hydrides, doping with
catalysts, cationic substitution or through confining nano-
porous scaffolds such as metal organic frameworks (MOFs),
metal oxides and carbon materials."**

P. A. Ward et al., studied the hydrogen storage properties of
LiBH,-C nanocomposite and observed that the formation of
C-H bond and nanoconfinement of LiBH, in the carbon matrix
significantly lowers the dehydrogenation temperature with
reversible hydrogen adsorption under mild conditions.*
Moreover, the formation of substitution bond between B and C
atoms facilitates the charge transfer reaction which results in
high hydrogen release of 13.0 wt% with good reversibility.'* The
addition of pre-milled MWCNTSs improved the dehydrogenation
kinetics of LiBH,-MgH, system with good reversibility and
lower decomposition enthalpy through catalytic effect.’® J.
Kostka et al., studied the effect of adding mesoporous silica gel
with different additives such as PdCl,, NiCl,, LaCl; and TiCl; on
LiBH, which significantly reduces the hydrogen release
temperature that is close to the melting point of LiBH, (280 °C)
with suppressed B,Hg release.** The nanotube length, structural
defects and local disorders created during high energy milling
on CNTs and nanoconfinement of LiBH, showed a better
desorption kinetics.'” The carbon vacancies and dangling bonds
lowers the onset decomposition temperature and main dehy-
drogenation temperature with a maximum hydrogen release of
13 wt% at 400 °C.* H. Zhou et al., showed that LiBH, ball milled
(BM) with activated charcoal (AC) has improved hydrogen
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storage properties because of catalytic and nanoconfinement
effect.” In addition, they found that LiBH,/AC (BM) sample
showed a hydrogen release of 13.6 wt% at 400 °C with onset
decomposition temperature of 160 °C which is lower than that
of pure LiBH,."* J. Xu et al, reported that graphene catalyzed
LiBH, started releasing hydrogen at an onset decomposition
temperature of (230 °C) with 11.4 wt% hydrogen release
observed below 700 °C with lower decomposition enthalpy.”
Carbon supported Pt nanoparticles catalyzed LiBH, shows the
high hydrogen release of 16.3 wt% under 560 °C as a result of
catalytic dehydrogenation with reversibility.'®* Moreover, it is
reported that increasing the catalyst loading significantly
reduces the dehydrogenation temperatures with increased
hydrogen release from LiBH,."””* They added that the contact
between graphene catalyst and LiBH, enhances reversibility and
dehydrogenation kinetics."”** Other researchers have reported
that confining LiBH, in mesoporous carbon,**** MWCNT,>>*¢
SWCNT,” nanoporous carbon,*® carbon nanofiber,* reduces
the onset decomposition and main hydrogen release tempera-
ture significantly than that of pristine LiBH,. This significant
improvement in the dehydrogenation properties was observed
due to catalytic effect and confinement of LiBH, in porous
scaffolds.?**° In addition to the nanoconfinement effect, cata-
Iytic effect also plays an important role in the hydrogen
desorption properties of LiBH,4.>**¢ Shao et al.,*"** reported an
improved dehydrogenation kinetics at 194 °C and good revers-
ibility of LiBH, when it was confined in a zeolite template
carbon network. The hydrogen storage capacity of hexagonal
boron nitride (h-BN) decorated LiBH, was studied by Naresh
Muthu et al.** They observed remarkable cyclic stability at low
desorption temperature of 110 °C. The functionalization of
nanostructured h-BN onto the LiBH, significantly reduced the
dehydrogenation temperature due to the polar mechanism and
catalytic effect of h-BN.>»* Puszkiel et al.,* reported that the
nanosized lithiated titanium oxide (Li,TiO,) significantly
reduced the dehydrogenation kinetics of LiBH, by suppressing
the formation of Li,B;,Hj,.

Although, the dehydrogenation kinetics are improved
significantly with good reversibility in some cases, all the
experiments are carried out in an inert atmosphere due to the
air sensitive nature of LiBH, which requires sophisticated
experimental set up. Very few studies focus on stabilizing the air
sensitivity of LiBH, which hinders its practical usage in
onboard applications. The air sensitivity of LiBH, was signifi-
cantly reduced by functionalizing it with air sensitive polymer,
polymethyl methacrylate (PMMA), which results in an improved
kinetics of LiBH,.*”*® Kato et al.,* reported that the hydrogen
desorption rate of LiBH, can be significantly enhanced by
surface oxidation through the reduction of diborane desorp-
tion. From literature, it is reviewed that surface oxidation not
only stabilizes the compound but also decreases diborane
desorption with increased hydrogen desorption rate.

Hence, in this work, we report on the study of hydrogen
storage properties of surface oxidized single-walled carbon
nanotubes (SWCNT)-lithium borohydride (LiBH,) composites
(SWLiB-A) prepared by ultrasonication assisted wet impregna-
tion method and heat treated under air at 300 °C for 1 h.

This journal is © The Royal Society of Chemistry 2019
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Further, a part of the oxidized sample was annealed under
nitrogen atmosphere at 500 °C for 1 h to study the micro-
structural changes and the role of in situ formed hydroxyl
phases on the hydrogen storage capacity of the composites. The
physical, chemical and hydrogen adsorption/desorption prop-
erties of the composites annealed under air (SWLiB-A) and
nitrogen (SWLiB-N) are analyzed. The prime advantages of this
study is that, (i) hydrogen storage properties of the surface
oxidized SWCNT@LiBH, in air atmosphere is studied for the
first time; (ii) effect of different adsorption temperatures and
hydrogen pressure on the hydrogen adsorption properties of the
composites are studied; (iii) formation of mixed phases such as
LiB(OH),, Li,CO; and LiBO, during oxidation and their role on
the hydrogen uptake of the composites is investigated; (iv) effect
of nitrogen annealing after surface oxidation was studied to
understand the microstructural changes.

2. Experimental section

2.1. Materials

Single-walled carbon nanotubes (Type-I) of assay >90% having
outer diameter of 1-2 nm with length ranges from 5-30 um,
lithium borohydride with purity =95.0% and diethyl ether
(99.7%) were purchased from Sigma Aldrich. Isopropanol (extra
pure AR, 99.5%) employed for SWCNT dispersion was procured
from Siscon Research Laboratory (SRL), India. The chemicals
obtained were used as received without further purification.

2.2. Synthesis of SWCNT-LiBH,, SWLiB-A and SWLiB-N
composites

A simple ultrasonic assisted wet impregnation method was
employed to synthesize SWCNT-LiBH, composites. In a typical
process, SWCNT (5 mg mL ') was dispersed well in isopropyl
alcohol using bath sonication for one hour. The resultant,
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SWCNT suspension was placed on a hot plate to remove the
solvent and then it was treated at 300 °C in air for 1 h to remove
the impurities. Subsequently, LiBH, (25 mg mL ") was mixed in
diethyl ether and sonicated for about half an hour. Then the
SWCNT was added to it. After complete dispersion, the
suspension was placed on a hot plate maintained at 60 °C to
evaporate diethyl ether. The sample then was collected and
placed in a furnace at 300 °C for 1 h in air for surface oxidation
and the sample was named as SWLiB-A. After surface oxidation
in air at 300 °C, a part of the sample was heat treated at 500 °C
under nitrogen atmosphere for 1 h and it was named as SWLiB-
N (Scheme 1).

2.3. Characterization techniques

The structural properties of the composites were analyzed using
PANanalytical X-Pert Pro X-ray diffractometer in the scanning
range of 260 = 10-90° with a constant step size of 0.017°. The
functional groups present in the composites were examined
using Agilent Carry 660 FTIR spectrometer employing KBr pellet
technique in the range of 400-4000 cm™'. Raman spectra were
recorded using RAMAN spectrometer (Horiba, LabRAM HR)
with a laser beam wavelength of 532 nm. Moreover, X-ray
photoelectron spectroscopy (XPS) was performed to find the
oxidation states of the elements present on the surface, the
corresponding binding energies and chemical composition of
the composites using Thermo Scientific MULTILAB 2000 with
monochromatic Al Ka as the X-ray source. The morphology and
elemental composition of the composites were analyzed by
employing FEI Quanta FEG 200-Field Emission Scanning Elec-
tron Microscope (FESEM) in combination with Energy Disper-
sive X-ray analysis (EDAX). The high-resolution transmission
electron micrograph and corresponding selected area diffrac-
tion pattern (JEOL, 200 kV) studies were carried out to analyze
the composites. Thermal stability of the composites was studied

LiBH, in
diethyl ether

y

Ultrasonicator

SWCNT@ LiBH, suspension

Scheme 1 Schematic illustration of synthesis of SWLiB-A (air oxidized at 300 °C) and SWLiB-N (SWLiB-A treated in nitrogen at 500 °C).
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with the help of thermogravimetric analysis (TG-STA-7200,
Hitachi, JAPAN) in the range of 30-1000 °C in nitrogen envi-
ronment. Hydrogen adsorption and desorption studies were
carried out with the help of custom-built hydrogen storage
setup and thermal analyzer respectively.

2.4. Hydrogen adsorption experiments

Hydrogen adsorption studies of the synthesized samples were
carried out using custom built hydrogenation setup. In a typical
process, the sample was placed in the hydrogenation chamber.
The chamber was evacuated and then the samples were
hydrogenated at three different temperatures as room temper-
ature (RT), 100 °C and 150 °C at a constant hydrogen pressures
of 5 and 10 bar in separate experiments. After 15 min of
hydrogen adsorption, the hydrogen gas flow to the chamber was
stopped to attain room temperature. The sample from the
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chamber was shifted to thermal analyzer for carrying out the
hydrogen desorption studies employing sealed quartz bottle to
prevent the adsorption of oxygen or moisture from the atmo-
sphere. Then the hydrogen desorption studies were carried out
in thermal analyzer under nitrogen environment with

a nitrogen flow rate of 100 mL min ™.

3. Results and discussion

3.1. X-ray diffraction analysis

The X-ray diffraction (XRD) pattern of pristine single-walled
carbon nanotubes (SWCNT) and SWCNT-LiBH, composites
heat treated under air at 300 °C (SWLiB-A) for 1 h and heat
treated at 500 °C under nitrogen environment for 1 h (SWLiB-N)
are depicted in Fig. 1(a)—-(d) respectively. Fig. 1(a) and (b) shows
the XRD pattern of SWLiB-A composite treated at 300 °C in air
for 1 h which evidently shows the formation of mixed phases of
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Fig.1 XRD pattern of (a) SWCNT-LiBH, composites treated at 300 °C under air (SWLiB-A), (b) enlarged XRD pattern of SWLiB-A in the range of
260 = 15-52°, (c) SWCNT-LiBH4 treated at 500 °C under nitrogen environment (SWLiB-N) and (d) pristine SWCNT.
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Fig. 2 FTIR spectra of (a) pristine SWCNT, (b) SWCNT-LiBH,4
composite (before heat treatment) and (c) SWCNT-LiBH, composite
heat treated at 300 °C in air (SWLiB-A).

lithium borohydride (LiBH,), lithium borate hydroxide
(LiB(OH),), borane (B;oHi¢), SWCNT and lithium carbonate
(Li,CO;) due to the surface oxidation of SWCNT-LiBH,
composites.* The X-ray diffractogram of SWLiB-N composite is
presented in Fig. 1(c) which shows the appearance of the
lithium borate (LiBO,) phase and the absence of (LiB(OH),)
phase. The XRD peaks of lithium borohydride [Crystal Infor-
mation File no. 2200380], lithium borate hydroxide [JCPDS Card
no. 044-0419], SWCNT, borane [JCPDS card no. 086-1655],
lithium carbonate [JCPDS card no. 022-1141] and lithium borate
[JCPDS card no. 051-0517] are indexed respectively by filled
diamond (), filled circle (o), filled inverted triangle (¥ ) and
asterisk (*) symbols in Fig. 1(a)-(c). No trace of LiH or any other
intermediates are found in these samples. The presence of
broad peaks centered at 26 = 26.5° and 44.5° are due to the (002)
and (100) plane reflections respectively. The appearance of
additional peak at 26 = 35.5° in the XRD pattern of SWCNT is
due to the presence of catalytical impurities in the procured
SWCNT (Fig. 1(d)).*

3.2. Fourier transform infra-red (FTIR) and Raman
spectroscopic analyses

The functional groups present in pristine SWCNT, SWCNT-
LiBH, (before heat treatment) and SWCNT-LiBH, after heat
treatment at 300 °C for 1 h under air atmosphere (SWLiB-A)
were analyzed using FTIR spectroscopy and the spectra are
presented in Fig. 2(a)-(c). The O-H stretching vibrations
observed in the region 3505-3261 cm™ " and the frequency at
1634 cm ' in all the spectra is due to the backbone C=C
stretching vibration of SWCNT (Fig. 2(a)-(c)). The three bands
centered at 2383, 2292 cm ™' and 2228 cm ™' in SWCNT-LiBH,
and SWLiB-A composites are due to asymmetric and symmetric
stretching vibrations of B-H group (Fig. 2(b) and (c)).**** After
heat treatment at 300 °C under air for 1 h (SWLiB-A) (Fig. 2(c)),

This journal is © The Royal Society of Chemistry 2019
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the intensity of the B-H stretching vibrations in the region
2200-2400 is reduced significantly which confirms that the
surface of SWCNT-LiBH, gets oxidized. The bands observed at
1337 and 1447 cm™ " are (Fig. 2(c)) due to the stretching vibra-
tion of B-OH deformation mode and C-O bond because of
oxidation of SWCNT-LiBH, composites in air**** thus con-
firming the formation of mixed phase composites. The peaks
observed in the region of 1290-1000 cm ™', 990-880 cm ' and
850-600 cm ™" are due to B-H bending and B-OH stretching
vibrations as well as the B-H rocking modes of LiBH,.*>"**

To investigate the structural changes in detail Raman spec-
troscopic analysis was carried out for LiBH,, pristine SWCNT
and SWLiB-A (composite heat treated at 300 °C in air for 1 h)
and SWLiB-N (composite treated at 500 °C in nitrogen envi-
ronment for 1 h) respectively. The corresponding spectra are
shown in Fig. 3(a)-(d). The vibrational frequencies observed in
the region 300-488 cm ™" and 1090-1290 cm " correspond to
B,, and A, vibrational modes of LiBH, as well as the B;; B-H
deformation modes of LiBH, (B-H bending).*** The B-H
stretching modes observed at 2100 and 2213 ecm ™" are due to
vibration of symmetric and asymmetric modes of LiBH,
(Fig. 3(a)).**™** The sharp vibrational bands in the region of 100-
300 cm ™! correspond to the radial breathing modes (RBM) of
SWCNT (Fig. 3(b)). The predominant bands at 1341 (D-band),
1588 (G-band) are due to the A;; symmetry related to the
structural defects present in the SWCNT, translational vibra-
tions of E,; phonon modes corresponds to in-plane vibrations
of graphite like sp® carbons in SWCNT. The peak located at
2675 cm™ ' (2D-band) is aroused due to the second scattering
process of SWCNT respectively (Fig. 3(b)). The Raman spectrum
of SWLiB-A shows, the presence of RBM mode, A, and By,
modes of LiBH,, D, G, and G bands of SWCNT and B-H
bending and stretching vibrations which confirm the formation
of the composites. Moreover, as compared to pristine SWCNT,
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Fig. 3 Raman spectra of (a) LiBHg4, (b) pristine SWCNT, (c) SWCNT-
LiBH; composite treated at 300 °C under air (SWLiB-A) and (d)
SWCNT-LiBH4 composite treated at 500 °C under nitrogen (SWLiB-
N).
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Table 1 Frequency assignments of FTIR and Raman bands (cm™)

SWCNT SWCNT-LIBH, composite SWLiB-A
Raman Infra-red Raman Infra-red Raman
Frequency assignments  frequencies frequencies frequencies  frequencies frequencies Infra-red frequencies Ref
OH stretching — 3443 — 3261, 3312, 3422, — 3268, 3319, 3434, Present work
3505,1639 3502, 1630 (PW)
3000-3600 35,37,and 38
C=C stretching (G band) 1588 1634 1583 1634 1590 1621 PW
C-O stretching — — 1950 1447 1447, 1920 1449 PW
1360-1480 37
RBM mode 150, 198, 282 — 161, 277 — 161, 267 — PW
D band 1346 — 1344 — 1343 — PW
2D band 2679 — 2668 — 2668 — PW
B-H stretching vibrations — — 2118,2221, 2292, 2214,2383  2134,2224, 2292, 2357, 2486 PW
2338 2330
2000-2500 35-39
B-H bending/deformation — — 1198 1214,1259, 956, 885 1203 1208, 1247, 937, 898 PW
vibration 1000-1290 35, 37-39
B-H rocking vibration — — — 602 — 698 PW
600-700 37-39
B-O-H stretching — — — 704, 763, 1337 1458 756, 1337 PW
735, 740-763 35-39

the position of D and G’ bands are shifted towards lower frequency assignment of Raman and FTIR bands are compared

wavenumber which is due to the confinement of SWCNT in the and presented in Table 1.

LiBH,. The peak observed at 2437 cm™ " is due to the surface

oxidation in the SWCNT-LiBH, composites. Raman spectrum

of SWLiB-N composites reveals that the stretching vibration 3.3. X-ray photoelectron spectroscopic analysis

observed at 2437 cm ™" in SWLiB-A sample is vanished due to  X-ray photoelectron spectroscopy (XPS) analysis was carried out

the removal of surface hydroxyl groups. The new band observed  to investigate the surface chemical composition and the

at 1937 em ' corresponds to B-O bond. Further, the detailed  changes occurred due to surface oxidation in the air annealed
sample (SWLiB-A) and in the nitrogen annealed sample (SWLiB-
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Fig. 4 XPS spectra of (a—d) SWLiB-A (composite treated at 300 °C under air) and (e—h) SWLiB-N (composite treated at 500 °C under nitrogen).
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N). The core level Lils, Bls, C1ls and O1s peaks in the XPS
spectra of SWLiB-A and SWLiB-N are presented in Fig. 4(a)-(d)
and Fig. 4(e)-(h) respectively. The corresponding binding
energy states of the constituent elements were analyzed by
deconvoluting the high-resolution core level XPS spectra of the
Lils, Bls, C1s and O1s peaks. The peak centered at around
55.6 eV and 57.2 eV (Fig. 4(a) and (e)) in the deconvoluted Li 1s
spectra of SWLiB-A and SWLiB-N composites, correspond to Li
1s state of oxidized lithium and pure LiBH, respectively.***’ But,
in the case of SWLiB-N composites, the binding energy of Li 1s
state is shifted towards higher binding energy side with
a chemical shift of 1.6 eV as compared to SWLiB-A composite
(Fig. 4(e)). The deconvoluted Bls spectrum of SWLiB-A
comprises, two component peaks centered at 188.1 eV and
192.5 eV correspond to the substitutional boron (B1s of LiBH,)
and borate hydroxide (B-(OH),) group respectively (Fig. 4(b)),
thus confirming the formation of mixed phases of lithium
borate hydroxide and lithium carbonate as a result of surface
oxidation. Moreover, in the case of SWLiB-N composites, the B
1s spectra corresponds to pure LiBH, is only observed at
a binding energy of 188.2 eV whereas the peak located at
192.5 eV corresponds to borate hydroxide (B-(OH),) group
completely vanishes (Fig. 4(f)).**** This confirms that the
hydroxyl groups from the surface of the composites were
removed due to annealing under nitrogen. The binding ener-
gies of Lils (57.2 eV) and Bils (188.2 eV) in the SWLiB-N
composite corresponds to LiBH, which confirms that surface
hydroxyl groups are removed and only LiBH, and LiBO, are
present in the composites.*****°

The C1s peak, on the other hand exhibits five component
peaks at 284.8, 283.8, 283.2, 285.6 and 289.9 eV (Fig. 4(c)). The
peak centered at 284.4 eV in SWLiB-A and SWLiB-N composites
corresponds to the graphitic C-C/C=C bonds which indicates
that most of the carbon atoms are in sp” hybridized domains
(Fig. 4(c) and (g)).*® The lower binding energy peaks located at
283.2 and 283.8 eV are assigned to the confinement of SWCNT
in LiBH, matrix. Moreover, the peaks at 285.6 eV and 289.9 eV
are attributed to oxygenated carbon atoms (C-O/C=0) at the
defect sites of SWCNTs and CO,>~ of lithium carbonate
(Fig. 4(c) and (g)).*>***° Furthermore, the oxygen O1s spectra of
SWLIB-A is deconvoluted into three peaks (Fig. 4(d)) and which
are assigned to O=C (531.1 eV) of oxygenated carbons, B-OH
bonds attributed to borate hydroxide (532.18 eV) and O-C=0
from lithium carbonate (533.0 eV). But in the O1s spectrum of
SWLiB-N composite, the B-OH bonds completely disappeared
and the peak corresponds to B-O bonds becomes predominant.
These results confirms that LiB(OH), phase was completely
removed after nitrogen annealing leaving LiBH, phase with
traces of Li,CO3 and LiBO, in SWLiB-N composites.

3.4. Field emission scanning electron and transmission
electron microscope analysis

The morphology of the pristine SWCNT, SWCNT-LiBH, composite
before heat treatment, SWLiB-A (heat treated under air at 300 °C)
and SWLiB-N (heat treated under nitrogen atmosphere at 500 °C)
composites, analyzed using FESEM and TEM with the

This journal is © The Royal Society of Chemistry 2019
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corresponding SAED patterns, are shown in Fig. 5(a)-(k). FESEM
image of pristine SWCNT shows randomly aligned bundles of
SWCNT (Fig. 5(a)). The morphological analysis of the SWCNT-
LiBH, before heat treatment reveals that the SWCNTs are fully
confined into the sheet like LiBH, matrix (Fig. 5(b)). SEM micro-
graphs of SWLiB-A presented in Fig. 5(c) and (d) reveal that the tube
surface of the SWCNT is fully covered by a sheet like structures and

Fig. 5 FESEM image of (a) pristine SWCNT, (b) SWCNT-LiBH,4
composite before heat treatment, (c and d) SWLiB-A (composite
treated at 300 °C under air), (e and f) SWLiB-N (composite treated at
500 °C under nitrogen environment), (g—i) TEM image of SWLiB-A at
different magnifications and SAED pattern of (j) SWLiB-A and (k)
SWLiB-N.

RSC Adv., 2019, 9, 31483-31496 | 31489
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further confirm the confinement of SWCNT in oxidized LiBH,. To
analyze, the confinement of SWCNT and the effect of surface
oxidation in detail, HRTEM images and SAED pattern obtained for
SWLIB-A composite (Fig. 5(g)-(j)) show that layer like islands are
formed on the surface of SWCNT. The ring formation in the SAED
pattern confirms the polycrystalline nature of the composites
(Fig. 5(j)). The d-spacing calculated from SAED pattern of SWLiB-A
composites compare well with the d-spacing calculated from XRD
pattern. The results confirm that the surface of SWCNT-LiBH,
composites is oxidized. FESEM images of SWLiB-N composite,
presented in Fig. 5(e) and (f), show that SWCNTs are confined in
a porous LiBH, matrix. This may be due to the removal of surface
hydroxyl from the SWLiB-A composite during annealing under
nitrogen atmosphere. SAED pattern of SWLiB-N shows the forma-
tion of ring pattern and confirms the polycrystalline nature of the
composites. Further, the d-spacing calculated from the ring pattern
matches well with the XRD pattern of SWLiB-N composites corre-
spond to lithium borohydride and lithium borate. Presence of six
bright spots in a SAED pattern belongs to the hexagonal structure of
SWCNT (Fig. 5(k)).

3.5. Thermogravimetric analysis

Thermogravimetric analysis was carried out to investigate the
thermal stability of the pristine SWCNT and synthesized
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composites from room temperature to 1000 °C at the heating
rate of 10 °C min under nitrogen environment with a constant
nitrogen flow rate of 100 mL min~'. Fig. 6(a)-(c) show the
thermogram of pristine SWCNT, SWLiB-A and SWLiB-N.

The thermogram of SWCNT (Fig. 6(a)) shows a plateau in the
range of RT to 560 °C without any weight loss thus confirming
the high thermal stability of SWCNT. After 560 °C, the ther-
mogram of SWCNT shows sudden weight loss of 96.9 wt% due
to the oxidation of SWCNT. The thermogram of SWLiB-A
composites given in Fig. 6(b) shows three stages of weight
loss. The first and second stage of weight loss observed below
300 °C could be due to the evaporation of solvent or due to the
evaporation of adsorbed moisture. The third stage of weight
loss in the region 400-550 °C is due to the dehydrogenation of
LiBH, and weight loss after 560 °C is due to the oxidation of
SWCNT. The thermogram of SWLiB-N composite (Fig. 6(c))
shows weight loss of about 0.4 wt% below 300 °C. There is no
weight loss after 300 °C was observed in the SWLiB-N composite
which confirms the highly stable nature of the composite.

3.6. Hydrogen desorption studies

The hydrogen desorption thermograms of pristine SWCNT and
SWLiB-A composites hydrogenated at RT, 100 °C and 150 °C
under hydrogen gas pressure of 5 and 10 bar for a time span of
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Fig. 6 Thermogram of (a) pristine SWCNT, (b) SWLiB-A and (c) SWLiB-N.
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(c) 100 °C/5 bar, (d) 150 °C/5 bar, (e) RT/10 bar, (f) 100 °C/10 bar, (g) 150 °C/10 bar and (h) hydrogen desorption thermogram of SWLiB-N
hydrogenated at 100 °C and at constant hydrogen pressure of 5 bar.

15 min are presented in Fig. 7(a)-(g). Fig. 7(h) depicts the
hydrogen desorption curve of SWLiB-N composite hydroge-
nated at 100 °C under a constant hydrogen pressure of 5 bar for

This journal is © The Royal Society of Chemistry 2019

15 min. Hydrogen desorption studies of the hydrogenated

SWLiB-A and SWLIB-N composites were carried out using
simultaneous thermal analyzer under nitrogen environment
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Fig. 8 Histogram showing the hydrogen storage capacity of SWLiB-A
composites hydrogenated at RT, 100 °C and 150 °C under 5 and 10 bar
hydrogen pressure.

with a constant N, flow rate of 100 mL min " at a heating rate of
10 °C min~'. Thermogravimetric spectra of the samples
(SWLiB-A and SWLiB-N composites) before hydrogenation and
after hydrogenation were also recorded under the same condi-
tion for comparison.

Fig. 7(a) represents the thermogram of pristine SWCNT and
SWLIiB-A (composite heat treated at 300 °C in air). From the
thermogram of pristine SWCNT, no significant weight loss is
observed from RT to 560 °C which confirms the highly stable
nature of SWCNT. The significant weight loss of 97% observed
in the range of 590-800 °C is due to the decomposition of
SWCNT (Fig. 7(a)).

The SWLiB-A composite shows weight loss in three steps.
The weight loss observed from RT-110 °C is due to the decom-
position of the solvent or due to the phase transformation of
LiBH, (~1.5 wt%) whereas the decomposition of LiBH, and
removal of adsorbed water molecules from the ambient
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Fig. 10 X-ray diffraction pattern of (a) SWLiB-N composite; (b) SWLiB-
N after hydrogenation at 100 °C under 5 bar H, pressure and (c) after
dehydrogenation (2 cycles).

atmosphere (~0.7 wt%) in the range of 120-356 °C respectively.
The weight loss in the temperature range of 356 °C to 550 °C is
due to the dehydrogenation of LiBH, and after 550 °C is due to
the decomposition of SWCNT (Fig. 7(a)).

The SWLiB-A composite hydrogenated at RT under 5 bar
pressure shows a weight loss of 2.1 wt% in the range of 146-
583 °C whereas the same sample hydrogenated at RT under 10
bar pressure shows a weight loss of 2.9 wt% in the 176-616 °C
temperature range due to hydrogen desorption (Fig. 7(b) and
(¢)). The SWLiB-A composite hydrogenated at 100 °C under 5
and 10 bar pressures shows a weight loss of 4.0 wt% and
2.8 wt% due to dehydrogenation in the range of 153-368 °C and
100-571 °C respectively (Fig. 7(d) and (e)). The samples hydro-
genated at 150 °C under 5 and 10 bar H, pressure show
hydrogen adsorption capacity of 2.5 wt% and 2.6 wt% from 163-
615 °C and 319-626 °C respectively (Fig. 7(f) and (g)). It is
inferred from the desorption spectra that the composite
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Dehydrogenation cyclic profile of (a) SWLiB-A and (b) SWLiB-N composites.
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Table 2 Comparison of hydrogen storage capacity of present work with previously reported works (LiBH4, composited with various carbon

additives)

Storage medium

Experimental conditions

Methodology

Atmosphere

H, (Wt%) and exp.
conditions

Description

LiBH,-C nanocomposite'?
with fullerene, Cg( as
additive

LiBH,-MgH,@pre-milled
MWCNTs"?

LiBH,@SWCNT*’
LiBH,@MWCNT"®

LiBH,/activated charcoal
(AC)16

LiBH, catalyzed by
graphene'”

SWCNT@BHj (ref. 52)

2LiBH, : MgH, + 5% Ni
(LBMN)>*

2LiBH, : MgH, + Ni (95%) +
5% CNT (LBMNT)>!

SWLiB-A (SWCNT@LiBH,

treated at 300 °C in air) [PW]

Solvent assisted mixing
(THF)

High-energy ball milling

Ball milling
Ball milling

Ball milling

Ball milling

Drop casting (BH;
functionalization through
decomposition of the
SWCNT@LiBH, film at 275
Dc)

Ball milling

Ball milling

Ultrasonication assisted wet

impregnation method

This journal is © The Royal Society of Chemistry 2019

Argon

Argon

Argon
Argon

Argon

Argon

Open atmosphere

Argon

Argon

Air

Air and nitrogen

13.0@530 °C
rehydrogenation at 330
°C@100 bar H, pressure for
5h

12.0 wt%

13.4 wt%@400 °C
11 wt% @450 °C

13.6 wt%@400 °C

11.4 wt% @230 °C
rehydrogenation@400 °C
under 3 MPa H, pressure for
10 h

1.5 wt% observed under
continuous flow of H, gas (3
L min~") for 20 min at 50 °C
substrate temperature and
hold at this temperature for
100 min

4.0 wt%@150-368 °C
hydrogenated@100 °C
under 5 bar H, pressure

Addition of Cg, not only
lowers dehydrogenation
temperature it enhances
reversibility of the composite
through C-H bonds
Lowered dehydrogenation
temperature due to the
catalytic effect of pre-milled
MWCNTSs

Increased structural defects
and decreased nanotube
length due to milling
decreases dehydrogenation
temperature.
Nanoconfinement effects
plays dominant role in
improving dehydrogenation
kinetics

Combination of catalytic and
nanoconfinement effect
resulted in an improved
kinetics with lower
dehydrogenation
temperature and activation
energy

Increased contact area
between LiBH, and
graphene decreases
dehydrogenation kinetics
with low dehydrogenation
enthalpy and increased
hydrogen release rate

The hydrogen absorption is
mainly due to carbon

Different milling time
significantly affects the
interaction between

LiBH, : MgH, system and
CNT which hinders its
dehydrogenation kinetics.
An induction time during
hydrogen desorption as

a result of dispersion of
CNTs shows that addition of
CNTs has no effect on
thermodynamics of this
system

Confinement of LiBH, in
nano SWCNT and the
formation of H" and H™
through the in situ formed
LiB(OH),, Li,CO; particles
catalyzes the composite thus
resulted in improved
kinetics
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Experimental conditions

Storage medium Methodology

Atmosphere

H, (wt%) and exp.

conditions Description

Ultrasonication assisted wet
impregnation method

SWLiB-N (SWLiB-A treated at
500 °C in nitrogen) [PW]

hydrogenated at 100 °C under 5 bar pressure shows a maximum
weight loss of 4.0 wt% in the desorption range of 150-368 °C.
The hydrogen adsorption study of SWLiB-N sample carried out
at a hydrogen adsorption temperature of 100 °C under
a constant hydrogen pressure of 5 bar and the dehydrogenation
thermogram are shown in Fig. 7(h). From the desorption
spectra, it is observed that, the SWLiB-N composites showed
a weight loss of 4.3 wt% due to hydrogen desorption in the
temperature range of 108-433 °C. Fig. 8 shows the histogram of
hydrogen storage capacity of the SWLiB-A composite at different
temperature and pressure.

Dehydrogenation cyclic profile of the composite oxidized in
air SWLiB-A and nitrogen annealed sample (SWLiB-N) is pre-
sented in Fig. 9. As can be seen from Fig. 9(a), SWLiB-A
composite shows a hydrogen release of 3.7 wt% in the range
of 161-368 °C (Cycle-1). After dehydrogenation, the sample was
collected and rehydrogenated at 100 °C under 5 bar hydrogen
pressure for about 15 min and found that it releases 4.1 wt%
hydrogen upon dehydrogenation. From these results, it is
observed that the onset decomposition temperature of SWLiB-A
decreases with significant increase in the dehydrogenation rate.
This could be attributed due to the confinement of LiBH, in
SWCNT, catalytic effect of in situ formed LiB(OH),, Li,COj3
particles. Moreover, the interaction between the H' in [OH]~ of
LiB(OH), and H™ in [BH,] increases the hydrogen desorption
rate by reducing dehydrogenation temperature.*®> As reported
earlier, the development of complexes containing H" and H™
effectively destabilizes LiBH, which resulted in an improved
kinetics. Fig. 9(b) depicts the dehydrogenation cyclic profile of
SWLiB-N composite which shows hydrogen release of 5.1 wt%
during first cycle whereas in second cycle hydrogen release
percentage is 4.3 wt%. The XRD pattern of SWLiB-N sample
before hydrogenation, after hydrogenation and after dehydro-
genation (after 2 cycles) is shown in Fig. 10. From the XRD
pattern it is observed that after 2 cycles the formation B;oH;¢ as
an intermediate after dehydrogenation. The increase in the
hydrogen desorption rate and good reversibility in mild condi-
tion (100 °C@5 bar H, pressure) is due to the catalytic effect of
in situ formed LiBO, particles. The presence of Li", positively
charged B atoms and highly electronegative O atoms from
LiBO, significantly enhances the dehydrogenation and rehy-
drogenation of the composite.>

31494 | RSC Adv., 2019, 9, 31483-31496

4.3 wt%@108-433 °C
hydrogenated@100 °C
under 5 bar H, pressure

The presence of positively
charged Li, B and highly
electronegative O atoms in
LiBO, and the Li,CO;
particles enhances the de/re-
hydrogenation of the
composites

The hydrogen storage capacity of lithium borohydride with
different carbon additives such as fullerene (Cgo), MWCNTsS,
SWCNTs, graphene and activated charcoal are compared with
that of the present work is given in Table 2. Over all, from this
study, it is inferred that, the formation of hydroxide, carbonate
or borate groups on the SWCNT-LiBH, surface and the nano
confinement of SWCNT in the host matrix aids the prevention
of boron and lithium losses during dehydrogenation and
decomposition of LiBH,. These oxide layers on the surface of
SWCNT-LiBH, act as a barrier against the loss of boron and
lithium upon decomposition thus enhanced the hydrogen
storage capacity of the composites. Moreover, H" and H~
coupling formed in SWLiB-A composite and LiBO,, Li,CO;
formation in SWLiB-N composite acts as a catalyst responsible
for the reported storage and hydrogenation and dehydrogena-
tion kinetics of the sample.

4. Conclusions

In summary, surface oxidized single-walled carbon nanotube-
lithium borohydride composites (SWLiB-A) was synthesized by
simple ultrasonication assisted wet impregnation method fol-
lowed by surface modification of SWCNT-LiBH, composite by
oxidation under air annealing at 300 °C (SWLiB-A). Further,
a part of the oxidized sample was annealed under nitrogen
atmosphere at 500 °C for 1 h in order to study the microstruc-
tural changes and the role of in situ formed hydroxyl phases on
the hydrogen storage capacity of the composites (SWLiB-N). The
samples synthesized were studied using XRD, FTIR, Raman,
XPS, FESEM, TEM with SAED and TGA analyses. Moreover, the
hydrogen uptake capacity of the composites at different
hydrogen adsorption temperatures and pressures was also
investigated and found that the adsorption temperature and
pressure play an important role in enhancing the storage
capacity of the composites. The formation of lithium borate
hydroxide and lithium carbonate on the surface of SWCNT-
LiBH, composite in addition to lithium borohydride as a result
of surface oxidation in air was confirmed by XRD analysis.
Whereas in the XRD pattern of SWLiB-N composites, the surface
hydroxyl groups correspond to lithium borate hydroxide was
completely vanished and only phases correspond to lithium
borohydride, lithium borate and SWCNT was observed. The
presence of vibrational frequencies correspond to LiBH,,

This journal is © The Royal Society of Chemistry 2019
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LiB(OH),, Li,CO; and LiBO, was confirmed by FTIR, Raman and
XPS analysis thus confirming the formation of composites. The
intensity of B-H vibrations in the FTIR spectra of SWLiB-A
composites reduces significantly thus confirming the surface
of SWCNT-LiBH, composite was oxidized. Presence of lithium,
boron, carbon and oxygen was confirmed by XPS analysis.
Further, XPS analysis reveals that the binding energies corre-
spond to B-OH in SWLiB-A was completely vanished upon
nitrogen annealing (SWLiB-N) and also the binding energies of
Li 1s and B 1s spectra of SWLiB-N composite correspond to pure
LiBH,. Morphological analysis depicts that SWCNT was
confined into the oxidized LiBH, matrix in SWLiB-A whereas in
SWLiB-N composite SWCNT was confined into the porous
LiBH, and LiBO,. The d-spacing values calculated from the
SAED pattern of SWLiB-A confirms the presence of LiBH,,
LiB(OH),, and Li,CO; and compares well with the XRD pattern.
The hydrogenation studies of the composites carried out at
different pressure and temperatures show that the composites
hydrogenated at 100 °C at 5 bar H, pressure has high hydrogen
storage capacity of 4.0 wt% for SWLiB-A in the desorption range
of 153-368 °C and 4.3 wt% for SWLiB-N composites in the
desorption range of 108-433 °C respectively. Over all, from this
study, it is inferred that, the formation of hydroxide, carbonate
or borate groups on the SWCNT-LiBH, surface and the nano
confinement of SWCNT in the host matrix aids in the reduction
of boron and lithium losses through the desorption of diborane.
These oxide layers on the surface acts as a barrier for SWCNT-
LiBH, composite which resulted in an enhanced hydrogen
storage capacity by reducing the loss of boron and lithium upon
decomposition. Moreover, H" and H~ coupling formed in
SWLiB-A composite as a result of in situ formed LiB(OH),, and
Li,CO; phases and LiBO, in SWLiB-N composite acts as a cata-
lyst responsible for the improved hydrogenation and rehy-
drogenation kinetics of LiBH,. Thus, enhances the hydrogen
storage capacity and de/re-hydrogenation kinetics of the
SWCNT-LiBH, composites at mild conditions (100 °C under 5
bar H, pressure). Further, tuning the process parameters is
expected to significantly enhance the hydrogen storage capacity
and improved kinetics of the composites.
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