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Abstract

Project Code: RSA5880002
Project Title: Nanoencapsulation of metal hydrides and catalysts into activated carbon nanofibers
for solid-state reversible hydrogen storage materials
Investigator: Assoc. Prof. Dr. Rapee Utke

School of Chemistry, Institute of Science, Suranaree University of Technology,
E-mail address: rapee.g@sut.ac.th
Project Period: 3 years
This research work begins with the preparation of activated carbon nanofibers (ACNF) by
carbonization and activation of polyacrylonitrile (PAN)-based electrospun nanofibers. ACNF with
various surface areas and pore volumes of 509-2752 m?/g and 0.38-2.17 mL/g, respectively, are
prepared for nanoconfinement of LiBH,. The higher the surface area and pore volume, the more the
effectiveness of nanoconfinement. Dehydrogenation temperature of LiBH, significantly decreases by
170 °C with highly reversible hydrogen content up to 7.1 wt. %. Besides, ACNF is used as catalyst
for improving kinetics of 2LiBH,-MgH, due to its electronegative surface, good thermal conductivity,
and hydrogen diffusion. By doping with 30 wt. % ACNF, dehydrogenation temperatures of MgH, and
LiBH, reduce by 65 and 72 °C, respectively, with capacity of 8.4 wt. % H,. Furthermore, our work
has been extended to small hydrogen storage tank (~60 g) with packing volume of 93 mL. Due to
low cost and good reversibility, MgH, is preliminary chosen for upscaling by doping with 5 wt. % of

transition metal-based catalyst (TiF,) and activated carbon (AC). Homogeneous heat transfer along

the tank radius (~17.5 mm) are observed. Upon 15 hydrogen release and up take cycles (T=250-
300 °C under 1-15 bar H,), gravimetric and volumetric capacities up to 4.46 wt. % H, and 28 gH,/L,
respectively, are achieved. However, heat management, especially during exothermic hydrogenation
should be developed to obtain high storage capacity. The last part of this report deals with
construction and calibration of test stations for kinetics (laboratory and tank scales) and
thermodynamics of hydrides as well as hydrogen physisorption isotherm of porous materials. All test

stations are in good condition and ready to be used. Our future work is extended to hydrogen



storage tanks based on both chemical absorption (hydrides) and physisorption (carbon materials with
high surface area and porosity). Not only the research and development on material-based
performances in laboratory scales, but also the design and fabrication of storage tank with heat
management, packing technique of hydrogen-storage materials, and integration of hydrogen storage
tank with fuel cells are included in the recent proposal submitted to TRF Mid-Career Research Grant

2019.

Keywords : Nanoconfinement, hydride materials, kinetics and thermodynamics, hydrogen capacity,

carbon
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Chapter 1

Introduction

According to global warming and the inevitable exhaustion of the planet’s oil reserves, it has
become very desirable to develop alternative energy sources for automobile applications. Based on
the development of proton exchange membrane (PEM) fuel cells producing electricity from hydrogen
and oxygen (air) with only water and heat as by-products (Figure 1.1), hydrogen has generally been

seen to be the most promising approach.

PEM FUEL CELL

Electrical Current

Excess e- @ €| ‘Water and
Fuel Heat Out

i L = Anode: H, —> 2H" + 2¢”

B-
y |1l Cathode: O, + 4H" + 4¢ —> 2H,0 + heat
2
Overall reaction: 2H, + O, — 2H,0 + heat
Fuel In : Airln
;\’%rlu::-:#s:"'r \Cathnde

Electrolyte

Figure 1.1. Reaction mechanisms in PEMFCs .

To PEMFCs in automotive applications effectively, hydrogen storage systems with high reversible
capacity and moderate operating conditions are required. Targets for onboard hydrogen storage
materials in 2020, 2025, and long term are set by US Department of Energy (DOE) as shown in

Table 1.1 23,



Table 1.1. US DOE targets for onboard hydrogen storage system 2 °.

Technical System Targets: Onboard Hydrogen Storage for Light-Duty Fuel Cell Vehicles ®

{updated May 2017)
Storage Parameter Units 2020 2025 Ultimate
System Gravimetric Capacity: KWh/kg 15 18 22
Usable, specific-energy from H; {net useful (kg Hafkg system) [D.045) [0.055) (0.065)
energy/max system mass) °
System Volumetric Capacity: KWh/L 10 13 17
Usable energy density from H; (net useful (kg HyfL system) [0.030) (0.040) {0.050)
energy/max system volume) s
Storage System Cost: 5/kWh net 10 9 8
(5/ke Ha) 333 300 266
* Fuel cost” $/gge at pump 4 4 4
Durahility/Operability:
* Operating ambient temperature ° *C -40/60 (sun) -40/60 (sun) -40/60 (sun)
* Min/max delivery temperature *C -40/85 -40/85 -40/85
+ Operational cycle life (1/4 tank to full) Cycles 1500 1500 1500
= Min delivery pressure from storage system bar (abs) 5 5 5
= Max delivery pressure from storage system bar (abs) 12 12 12
* Onboard Efficiency ® ] 90 90 S0
s "Well” to Powerplant Efficiency %o 60 60 60

Charging / Discharging Rates:
® System fill time & min 3-5 3-5 3-5
* Minimum full flow rate (e.g., 1.6 g/s target for

BOKW rated fuel cell power) (/s)/kW 0.02 0.02 0.02
* Average flow rate g/s)/kW 0.004 0.004 0.004
= Start time to full flow (20%C) 5 5 5 5
= Start time to full flow (-20°C) 5 15 15 15
#= Transient response at operating temperature 5 0.75 0.75 0.75
10%—90% and 90%—0% (based on full flow rate)
Fuel Quality [H, from storage) ™ % H, Meet or exceed SAE 12719

With respect to other technologies for hydrogen storage, such as compressed hydrogen gas and
liquid hydrogen, solid-state metal hydrides offer the highest hydrogen density, compact size, and light

weight as well as other advantages listed in Table 1.2 and shown in Figure 1.3 .



Table 1.2

Volumetric H, storage
Storage systems Drawbacks
capacity (kgH,/m’)

® Safety concern due to high pressure of H,

Compressed H, gas ® Cost of pressurization
~ 40

under 800 bar Hydrogen embrittlement of storage tanks

® Pressure drop during uses

Liquid H, at ® Cost of liquid fraction
cryogenic tank at - ~ 71 ® | arge thermal losses (open system)
252 °C (21 K) ® Safety

Solid-state H,
~ 80-160 None of the above

storage (Hydrides)

(A) (B) (€)

Figure 1.3. Hydrogen storage types of compressed hydrogen gas (A), liquid hydrogen (B), and soli-

state metal hydrides (C)



Although several metal hydrides own high volumetric hydrogen storage density (for example, LaNisHg
and FeTiH,; contain 125 and 115 kgH2/m3, respectively (Figure 1.4) 4 ®) and perform hydrogen
exchange reaction at atmospheric condition, their gravimetric storage densities are considerably low
(less than 2.5 wt. %) insufficient for mobile applications. Therefore, the most suitable hydrogen
storage materials locating on the top right corner of Figure 1.4 are LiBH,, Al(BH,);, LiH, NaBH,,

MgH,, NaAlH,, LiAIH,, etc.

density 5gcm—3 2gem3 lgem3 0.7gcm3
1601 - it AIBHy); '
aReHg M / A ;7* dege373 K
. = é. bths dec. <273 K ,rﬂ'.p.llﬁ)8K
~ 1404 <73 K Lbar o "k 1 Har
' LaNis Hy NaBH, lig~" LiBHL, ~
B 1204300k 250 I MEHy  dee 680K vt a B H, chemisorbed
mN '.. Mg, N1H 620 K Sbar A ":'L‘ll h 30.7 ‘. on carbon
2 < Li S
& 1004, FeTiH 75%0K, ha A dee 650K TR, i
g 300 K, 1 5 bar® N1 AlH, INHs a A # "
‘a '_. d.u >52( iKA KB] 14] 1A1[I4, »
5 801 i 4k ,mKdu 400 K . 2721
o + - .
EN ; E # -
2 601 500 OQ gl " 23K
o) =
E 40-
o
>

.. 20 pressurized H,gas
(steel) . /13 (composit material)
p (MPa) p (MPa)

0 5 10 15 20 25
gravimetric H, density (mass%)

204 ¢

Figure 1.4. Volumetric and gravimetric hydrogen densities of different storage materials °

Complex hydrides containing low-atomic-weight alkali or alkali-earth metal cations and
alanates (AIH,), amides (NH,") or borohydrides (BH,), have received considerable attention due to

67

high volumetric and gravimetric hydrogen storage densities For example, lithium borohydride

(LiBH,) has high gravimetric and volumetric densities of 18.5 wt. % H, and ~120 kgH,/m°,
respectively (Figure 1.4) 8. However, the use of LiBH, is impeded by its thermodynamic stability due

to highly directional and strong covalent bond, resulting in only half of the hydrogen content released



below 600 °C °. In addition, hydrogen uptake of LiBH, is hampered by sluggish kinetics and severe
condition of 600 °C and 350 bar H, '°. Several attempts to improve kinetics for hydrogen release
and uptake of LiBH, have been investigated. A first approach deals with catalytic doping to

destabilize the dehydrogenated state " '

. Hydrogen desorption and uptake kinetics of LiBH, were
improved by addition of metal halides and oxides (TiCls, MgCl,, TiO, and V,05) ™. In addition, by
doping LiBH, with SiO, large hydrogen capacity of 9 wt. % H, was obtained below 400 °C".
However, molten LiBH, reacted with some additives, for example, with SiO, and Au to form Li,SiOs,
Li,SiO,, and Li-Au alloy, leading to degradation of storage capacity’®. The second strategy is addition
of other metal or complex hydrides to form composites with LiBH,, so called Reactive Hydride
Composites (RHCs). A very impressive discovery of the RHC was 2LiBH,-MgH, composite,
performing de/rehydrogenation as 2LiBH,; + MgHys € 2LiH) + MgBy) + 4Hy) . Theoretical
hydrogen storage capacity of 2LiBH,-MgH, (11.43 wt. %) is very attractive based on the targets of
onboard hydrogen storage set by US-DOE (Table 1.1). Due to the formation of MgB, upon hydrogen
release, dehydrogenation enthalpy of LiBH, was reduced by 25 kJ/mol H, with respect to pure
hydrides. Rehydrogenation of 2LiBH,-MgH, composite was possible at milder condition (T= 300 °C
and p(H,) = 50 bar H2)17 as compared with pure LiBH, (T= 600 °C and p(H,) = 350 bar H,). However,
this system still performs slow rate of hydrogen exchange reaction (e.g., up to 30 and 12 h for
hydrogen desorption and absorption, respectively)'®. Thus, several further studies have focused on
optimizing the reaction performance, especially on improving kinetics and reducing temperature and
pressure for de/rehydrogenation, of the 2LiBH,~MgH, composite by doping with various catalysts,

for example, TiCls, ZrCl,, HfCl,, VCI;'°, and Nb,Os%°.

LiBH, and its composite (2LiBH,-MgH,) with or without catalysts are prepared by ball milling
technique to obtain nano-sized particles. Small particle size favours kinetic properties based on
faster de/reydrogenation rates due to short diffusion distance of hydrogen into the bulk of hydride

composite 21 #23

. However, this advantage disappears due to particle sintering and agglomeration
upon hydrogen release and uptake cycles. Therefore, confinement of metal hydrides into the inert

nanoporous hosts, which serve not only as a nanoscale structure-directing agent, but also as a host



medium constraining particle growth during cycling, has been recently considered. Gross et al’
demonstrated that LiBH, incorporated into nanoporous carbon scaffolds gave around 50 times faster
dehydrogenation than bulk material, as well as the reduction of activation energy for hydrogen
desorption. Besides, nanoconfinements of 2LiBH,—~MgH, composites in porous structure (pore sizes

of 6-8 nm) of resorcinol-formaldehyde carbon aerogel was also reported 2* %

. Hydrogen desorption
rate of nanoconfined 2LiBH,~MgH, was ten times faster than the bulk sample18. Instead of normal
two-step reaction, a single-step dehydrogenation was obtained from 2LiBH,-MgH, after
nanoconfinement, suggesting alteration of thermodynamics. Furthermore, kinetic properties of
nanoconfined 2LiBH,-MgH, was improved by (i) doping with some catalysts of TiCl,;*® and TiCl,*
and (ii) premiling MgH, before compositing with LiBH, and nanoconfining into carbon aerogel scaffold
28

. Via TiCl; doping, dehydrogenation kinetics of nanoconfined 2LiBH,-MgH, was twice and twenty

times faster than nanoconfined (without TiCl; doping) and milled samples, respectively.

In this work, we would like to present new porous material of activated carbon nanofibers
(ACNF) prepared by carbonization and activation of polyacrylonitriie (PAN)-based electrospunn
nanofibers as host material for nanoconfinement of hydrides (e.g., LiBH,). Kinetic improvement as
well as the reduction of temperature and pressure for de/rehydrogenation of hydride materials is
observed after modifying with ACNF. By altering activation time, ACNF with different surface area
and pore volume are achieved %° 3. Effects of surface area and pore volume of ACNF on
nanoconfinement and kinetic properties are studied. Moreover, ACNF are used as catalyst for kinetic
improvement of 2LiBH,-MgH, composite. Distribution of ACNF in hydride composite is investigated
to show the influences on kinetics and reaction mechanisms during de/rehydrogenation of 2LiBH,-
MgH,. In addition, the performances of hydrogen storage tank based MgH, doped with transition
metal fluoride and activated carbon (AC) are investigated. Finally, the construction, calibration, and
preliminary results of all test stations for thermodynamics, hydrogen physisorption isotherm, and

kinetics for both laboratory and tank scales are discussed.



Chapter 2

Experimental details

2.1. Solid state hydrogen storage-based laboratory scale
2.1.1. Sample preparation
Activated carbon nanofibers (ACNF)

Polyacrylonitrile (PAN)-based activated carbon nanofiber was prepared by electrospinning
technique, carbonization, and chemical activation by KOH solution based on the previous report31.
PAN (M,=150,000 g/mol, Sigma-Aldrich) was dissolved in N, N-dimetylformamide (DMF, Carlo Erba
Reagents) to prepare 10 wt. % PAN precursor solution for electrospinning. After gentle stirring at
room temperature for 12 h, PAN solution was loaded into a 10 ml polypropylene syringe equipped
with a stainless-steel needle connected to the anode of a DC power supply. Electrospinning was
carried out at 35 °C and at a voltage of 7 kV. A tip-to-collector distance and a flow rate of 15 cm
and 0.5 ml/h, respectively, were used. A grounded stainless-steel roll wrapped with alluminium foil
was employed as a collector. The obtained PAN-based nanofibers were stabilized in air at 280 °C
for 90 min and carbonized under N, atmosphere at 1000 °C for 1 h to obtain carbonized nanofiber
(CNF). Activation of CNF was done by immersing in concentrated KOH solution (30 % w/v) under
1:4 (CNF:KOH solution) weight ratio at 80 °C for 2 h and dried at room temperature for 24 h. CNF
treated with KOH solution was heated from room temperature to 800 °C (5 °C/min) under N,
atmosphere, kept at 800 °C for 15, 45, and 75 min, and cooled to room temperature to obtain
activated carbon nanofibers, denoted as ACNF15, ACNF45, and ACNF75, respectively. Residual
KOH in ACNF were neutralized by immersing in 0.5 M hydrochloric acid for 30 min at room
temperature. ACNF were filtered and washed with distilled water until the pH of filtrate was neutral
(pH~6). The obtained ACNF were dried at 120 °C for 24 h. Prior to melt infiltration, ACNF were

treated at 500 °C under vacuum for 6 h.



Nanoconfined LiBH, into ACNF with various surface areas

LiBH, (290%, hydrogen storage grade, Sigma-Aldrich) was milled by using a SPEX Sample
Prep 8000D Dual Mixer/Mill. The milling time and the ball-to-powder weight ratio were 1 h and 30:1,
respectively. Treated ACNF15, ACNF75, and ACNF45 were mixed with milled LiBH, under 2:1
(ACNF:LiBH,) weight ratio in the mortar. Nanoconfinement was carried out by heating the mixtures
of LiBH,~ACNF15, LiBH,~ACNF45, and LiBH,~ACNF75 from room temperature to 310 °C (5 °C/min)
under 90 bar H,, dwelling at isothermal and isobaric condition for 45 min, and cooling to room
temperature to achieve nanoconfined LiBH, in ACNF, denoted as nano LiBH,-ACNF15, nano LiBH,-

ACNF45, and nano LiBH,-ACNF75, respectively.

Composite of 2LiBH,-MgH, doped with ACNF

The powder samples of LiBH, and MgH, (95 %, Acros organics) were milled with a molar
ratio of 2:1 (LiBH4:MgH,) by using a SPEX Sample Prep 8000D Dual Mixer/Mill to obtain 2LiBH,-
MgH, composite, denoted as 2Li-Mg. A ball-to-powder (BPR) weight ratio and a milling time were
10:1 and 5 h, respectively. The composite of 2Li-Mg was doped with 1, 5, 10, 20, and 30 wt. %
ACNF by ball milling for 30 min using the same BPR ratio as 2Li-Mg to achieve milled samples,
denoted as 2Li-Mg-1%, 2Li-Mg-5%, 2Li-Mg-10%, 2Li-Mg-20%, and 2Li-Mg-30%, respectively. All
milling samples of hydride composite doped with ACNF were heated to 310 °C under 60 bar H,, kept

under isothermal and isobaric condition for 45 min, and cooled to room temperature.

2.1.2. Characterizations

Texture parameters based on specific surface area, pore size, and pore volume of ACNF
and nanoconfined samples were determined by N, adsorption-desorption technique using a
BELSORP-mini Il surface area and pore size analyzer, Bel-Japan. Prior to the measurements, known
amounts of ACNF and nanoconfined samples were degassed under vacuum for 12 h at 300 °C and

room temperature, respectively. All samples were studied with a full adsorption and desorption



isotherm in the pressure range of 0-1 (p/py) at liquid nitrogen temperature with nitrogen gas as an
adsorbent. The measurement was programmed to continuously change the pressure ratio to 1 for

d ¥ 33, the Brunauer-Emmett-

adsorption, and to 0 for desorption. Data were analyzed by t-plot metho
Teller (BET) method **, and the Barret-Joyner-Halenda (BJH) method *°, and the highest point of the

isotherm measurements (where p/p, ~ 1) was used to calculate the total volume of the sample.

Morphology and elemental distribution of ACNF and nanoconfined samples were
characterized by scanning electron microscopy ( SEM) and elemental mapping technique,
respectively. ACNF and nanoconfined samples were deposited on the sample holders by using
silver glue (in n-butyl acetate). Evaporation of n-butyl acetate was done in the glove box at room
temperature for several hours. Due to the electrical conductivity of ACNF, coating with electron
conductive elements (e.g., Au, Pd, or Pt) was not necessary, resulting in good observation on the
native morphology of the samples. Morphology of ACNF was studied by using an Auriga from Zeiss,
Germany. For nanoconfined samples, morphology and elemental distribution were characterized by
using a JSM 7800F from JEOL, Japan. Elemental mapping of all nanoconfined samples was

detected within the same length of time (200 s).

Simultaneous differential scanning calorimetry (DSC)-thermogravimetry (TG) during
dehydrogenation of nanoconfined samples was carried out by using a Netzsch STA449F3 Jupiter.
The powder sample of 10-15 mg was heated from room temperature to 500 °C (5 °C/min) under N,
flow of 50 mL/min. The content of gases released was represented by TG thermogram, while the
relative composition of hydrogen (H,) and diborane (B,Hg) gases in the exhaust gas was
simultaneously detected by a Netzsch QMS 403C mass spectrometer (MS).

Dehydrogenation profiles of all samples were characterized by temperature programmed

desorption (TPD) technique using a Chemisorption Analyzer, BelCatB, Bel-Japan. The powder

sample of ~40.0-50.0 mg was packed in the sample holder under Ar atmosphere in the glove box.
The measurements were carried out by heating the powder sample from room temperature to 500
°C (5 °C/min) under Ar flow of 30 ml/min, dwelling at 500 °C for 20 min, and cooling to room

temperature. The signal of hydrogen release was detected by thermal conductivity detector (TCD).



For quantitative analyses, calibration was done by flowing 5 % Hy/Ar (50 ml/min) to the TCD and
using Ar (30 ml/min) as a carrier gas. The correlation between the hydrogen content and the peak
area of TPD signal produced a constant, named conversion factor (CF, counts/mmol). In this work,
average value of CF was obtained from 10 pulses of 5 % Hj/Ar flow. The CF was used to calculate

the content of hydrogen released from each sample based on the peak area of its TPD signal *°.

Fourier transform infrared (FTIR) spectra of nanoconfined samples were achieved by using
a Bruker Tensor 27-Hyperion 2000. The powder sample was mixed with anhydrous KBr by grinding
in the mortar under a weight ratio of ~10:1 (KBr:powder sample). The mixture was pressed under
15 tons for 1 min to obtain KBr pellet. The KBr pellet containing the sample was assembled in the
sample holder located in the direction of infrared radiation. The FTIR experiments were carried out
at room temperature in the wavenumber range of 4000-400 cm™" with 64 scans for both samples and

background.

X-ray photoelectron spectroscopy (XPS) of nanoconfined samples was carried out at the
SUT-NANOTEC-SLRI, Synchrotron Light Research Institute (Public Organization), Thailand by using
a PHI5000 Versa Probe Il (ULVAC-PHI Inc., Japan) with Al Ko (1.486 KeV) radiation as an excitation
source. The powder samples were deposited on the sample holder by using carbon glue tape under
N, atmosphere in the glove box. Prior to the measurements, the samples were placed in high
vacuum (1><1O'8 mbar) chamber for 2 h. Each element was investigated at an energy step of 0.05
eV for 5 scans and part energy of 23.5 eV. The binding energy was calibrated with respect to the
C 1s peak (284.8 eV). All spectra were fitted to mixed Gaussian-Lorentzian by using a Multipak

software.

Powder X-ray diffraction (PXD) was carried out by using a Bruker D2 PHASER with Cu Kq

radiation (7\, = 0.15406 nm). To protect the powder sample from oxygen and humidity, it was packed
in an airtight sample holder and covered by either poly(methyl methacrylate) (PMMA) dome or Kapton

tape under Ar atmosphere in a glove box. The diffraction patterns were collected in a 20 range of



10-80° with a scanning step of 0.02 °/s. By using a TOPAS software with a Le Bail structural

refinement method, unit cell parameters of the samples were analyzed 3,

Solid state ''B magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker ASCEND™500 spectrometer. The experiments were performed by using a
BL4 VTN probe of 4 mm outer diameter rotors. An operating frequency of 160.5 MHz was used for
"B MAS NMR. The powder sample was tightly packed in a zirconia end-capped tube in the glove
box. '"'B MAS NMR experiments were recorded by using a spinning speed of 8 kHz. The "B
chemical shift was detected in part per million (ppm) relative to neat H,BO;. Curve fitting of "B MAS

NMR and H,-MS results were carried out by using a Magic Plot program ¢ %.

Dehydrogenation kinetics and reversibility of the samples were studied by using a laboratory
scale setup of a carefully calibrated Sievert type apparatus 3940 The compacted sample was packed
in a high pressure stainless steel sample holder (316SS, Swagelok) under N, atmosphere in the
glove box, and transferred to the Sievert-type apparatus. Two K-type thermocouples (-250 to 1300
°C, SL heater) were attached to the sample holder and to the furnace for measuring the temperature
changes during de/rehydrogenation. Pressure transducers (C206, Cole Parmer) in the pressure
range of 0-500 and 0-3000 psig were used to measure the pressure changes due to hydrogen
desorption and absorption, respectively. Thermocouples and pressure transducers were connected
to an Al210l module convertor data logger (from Wisco), measuring and transferring (every 1 s) the
pressure and temperature changes of the sample to the computer. De/rehydrogenation processes
were carried out under suitable temperature and pressure conditions for each sample. The details
of these conditions were described in results and discussion part (Chapter 4). Once the pressure
reading was constant, gravimetric hydrogen storage capacity (wt. % H,) was calculated from pressure
change (Ap) and equations (2.1) and (2.2). For volumetric hydrogen storage capacity (gH,/L), it
was calculated from full gravimetric hydrogen storage capacity as well as mass and volume of the

compacted sample.



(Ap)V = nRT 2.1)

H, desorbed (wt. %) = [(nX2.0158)/sample weight]X100 (2.2)

where p, V, and T are hydrogen pressure (atm), volume of the system (L), and temperature (K),
respectively, n and R are the number of hydrogen moles (mol) and gas constant (0.0821 L atm K’

mol™), respectively.

2.2, Upscaling to hydrogen storage tank

2.2.1. Sample preparation

As-received Mg powder (2 99.0 %, Aldrich) was hydrogenated at 350 °C under 80 bar H, for
12 h to obtain as-prepared MgH,. As-received TiF, (99%, Acros Organics) and as-prepared MgH,
were milled for 3 and 2 h, respectively, by using a QMO0.4L Planetary Ball Mill, Nanjing Chishun
Science & Technology. Ball-to-powder weight ratio (BPR) and rotational speed were 20:1 and 600
rpm, respectively. As-prepared MgH, was doped with 5 wt. % milled TiF, by milling for 30 min with
BPR of 20:1. Hydrogenation was repeated by pressurizing 80 bar H, on MgH»-5 wt. % TiF, at 350
°C for 12 h. Activated carbon (AC) obtained from C. Gigantic Carbon Co., Ltd., Thailand was treated
at 500 °C under vacuum for 3 h to remove oxygen and moisture. Hydrogenated sample of MgH,-5
wt. % TiF, was doped with 5 wt. % treated AC by ball milling technique to obtain MgH,-5 wt. % TiF,-

5 wt. % AC, denoted as MH-TiF,-AC. Milling time and BPR were 30 min and 10:1, respectively.

2.2.2. Characterizations

Powder X-ray diffraction (PXD) experiments of as-prepared, dehydrogenated, and
rehydrogenated samples were performed by using a Bruker D2 PHASER with Cu Kq radiation (A=

0.15406 nm). The powder sample was packed in an airtight sample holder, covered by a poly



(methyl methacrylate) (PMMA) dome under N, atmosphere in the glove box. The diffraction patterns

were collected in the 26 range and the scanning step of 10-80° and 0.02 °/s, respectively.

Dehydrogenation profiles of the samples were characterized by differential scanning
calorimetry (DSC) and thermogravimetry (TG) using a Netzsch STA449F3 Jupiter. The powder
sample of 5-10 mg were heated from room temperature to 500 °C (5 °C/min) under N, flow of 50
mL/min. Hydrogen content released was represented by TG thermogram. The relative composition
of hydrogen in the exhaust gas was simultaneously detected by mass spectroscopy (MS) using a

Netzsch QMS 403C mass spectrometer.

The powder sample of MH-TiF,-AC (14.4918 g) was packed tightly into a cylindrical tank with
packing volume of 28.8 mL (SS304) (Figure 2.1 (A)) under nitrogen atmosphere in the glove box.
The other cylindrical tank with flanges (packing volume and inner diameter of 96.2 mL and 35 mm,

respectively) (Figure 2.1 (B)) was densely filled with two beds of MH-TiF,-AC powder (67.018 g and

~33.5 g/bed) separated by round-shaped stainless steel (SS) mesh sheets (SS304, No. 120). To

improve hydrogen permeability, the number of MH-TiF,-AC beds was increased from two to four

(60.551 g and ~15 g/bed) together with the insertion of SS mesh tube at the tank center.

De/rehydrogenation processes were implemented by using an automatic control software developed

in a Labview® environment. Two pressure transducers with operating pressure ranges of 0-1500
psig (PX409-1.5KGI, OMEGA Engineering) and 0-3000 psig (PX309-3KGI, OMEGA Engineering)
were used to measure the system pressure during the experiments. Hydrogen gas released from
and applied to the tank during de/rehydrogenation was automatically controlled by using the direct-
acting plunger solenoid valves (Type 0255, Birkert). Hydrogen content liberated during desorption
was detected by a mass flow meter (MFM) with operating flow rate of 0-1 standard L/min (SLM),
which standard temperature (T,) and pressure (P;) were 294.25 K and 1.01 bar, respectively (FMA-
767A, OMEGA Engineering). Three K-type thermocouples (TC) (-250-1,300 °C, SL heater) were
used to detect the temperatures of MH-TiF,-AC at different positions along the tank radius. TCA1,
TC2, and TC3 were located at r/R = 0.43, 0, and 0.91, respectively, when r and R represented the

positions of TC and the tank radius (17.50 mm), respectively (Figure 2.1 (B)). The signals of



temperature, pressure, and mass flow rate as well as the command to automatically open and close
solenoid valves were connected to the computer by using the module data loggers (NI USB-6009,

National Instruments and Al210, Wisco). Hydrogenation was done under isothermal condition at 250
and 300 °C (Ts) under 10-20 bar H,. Dehydrogenation was carried out at 300 °C under ~1 bar H,,

while outlet pressure of MFM was ~1 bar (atmospheric pressure). Initial pressures (P,) for
dehydrogenation were 5.0 and 1.4-1.6 bar H, for the tanks with packing volumes of 28.8 and 96.2
mL, respectively. The volume of hydrogen gas obtained from the peak area of the plot between

hydrogen flow rate (SLM) and time (min) was used to calculate hydrogen capacity as following

equations.
Vs'Tstp
Vsrp = ST (2.3)
S
_ __Vsrp
MH2 = 354 L/mol 24)

ny»-2.016 g/mol

H, desorbed (wt.% ) = ( ) x 100 (2.5)

sample weight

where Vg, (L) and Vg (SL) are volumes of hydrogen gas at standard temperature and pressure
condition (STP, Tgrp = 273.15 K and Pg1p = 1.01 bar) and at standard condition of MFC (T = 294.25
K and Ps= 1.01 bar), respectively. nH, (mol) is the number of hydrogen moles and standard molar

volume is 22.4 L/mol.
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Figure 2.1. Hydrogen storage tank with packing volumes of 28.8 mL (A) and 96.2 mL with the

positions of temperature sensors (TC) along the tank radius (B).

2.3. Test stations for thermodynamics, kinetics (laboratory and tank scales), and hydrogen

physisorption isotherm

All test stations were constructed by using ball and/or needle valves as well as tubes with
different diameters of 1/4, 1/8, and 3/8 inches made from stainless steel 316 (Swagelok). Pressure

transducers with operating pressure ranges of 0-1500 psig (PX409-1.5KGIl, OMEGA Engineering)



and 0-3000 psig (PX309-3KGI, OMEGA Engineering) were used to measure the system pressure
during the experiments. Hydrogen gas released from and applied to the tank was automatically
controlled by using the direct-acting plunger solenoid valves (Type 0255, Birkert). Hydrogen content
was measured by a mass flow meter (MFM) with operating flow rate of 0-1 standard L/min (SLM),
(FMA-767A, OMEGA Engineering). K-type thermocouples (TC) (-250-1300 °C, SL heater) were used
to detect the temperatures. The signals of temperature, pressure, and mass flow rate as well as the
command to automatically open and close solenoid valves were connected to the computer by using

the module data loggers (NI USB-6009, National Instruments and Al210, Wisco). De/rehydrogenation

. . . . . ®
processes were implemented by using an automatic control software developed in a Labview

environment.



Chapter 3

Results and discussion

3.1. Solid state hydrogen storage-based laboratory scale
3.1.1. Nanoconfined LiBH, into ACNF with various surface areas

From Table 3.1, specific surface area of 509, 1626, and 2752 m?g and total pore volumes
of 0.38, 1.44, and 2.17 mL/g are obtained from ACNF45, ACNF75, and ACNF15, respectively (Table
3.1). All ACNF reveal comparable pore size of 3.0-3.6 nm. During the initial state of activation,
significant formation of micropores and/or mesopores due to the reaction between KOH and carbon
results in the enhancement of specific surface area and total pore volume. However, long activation
time can lead to enlarging and probably merging the pores developed in the initial state, yielding the
reduction of specific surface area and total pore volume®', in agreement with ACNF15 and ACNF75,
which the increment of activation time from 15 to 75 min decreases specific surface area and total
pore volume. For ACNF45, PAN-based nanofibers are prepared by similar electrospinning condition,
however, different temperature and humidity during electrospinning and activation can affect the
properties of the PAN-based nanofibers and ACNF. Nevertheless, ACNF45, having comparable pore
size with ACNF15 and ACNF75 (3.0-3.6 nm) is used in this study to represent the effects of ACNF
with small specific surface area and pore volume on nanoconfinement. After nanoconfinement,
significant reduction of specific surface area and total pore volume are observed from all
nanoconfined samples. For example, specific surface area of nano LiBH,~ACNF45, nano LiBH,-
ACNF75, and nano LiBH,-ACNF15 decrease to 0.90, 1.76, and 9.95 m?/g, respectively. Also, total
pore volumes reduce to 0.00, 0.01, and 0.03 mL/g, respectively (Table 3.1). These suggest either
successful nanoconfinement or pore blocking of LiBH, in ACNF. Further studies and discussion on
this issue are in the section relating to SEM-elemental mapping and simultaneous DSC-TG-MS

results.



Table 3.1. Texture parameters of all ACNF and nanoconfined samples.

Samples Seer (M) | Viioro (ML/G) | Vimeso (ML/G) | Dpnax (M) | Vigq (ML/g)
ACNF45 509 0.32 0.08 3.0 0.38
ACNF75 1626 1.11 0.65 3.6 1.44
ACNF15 2752 1.92 0.88 3.2 2.17
Nano LiBH,-ACNF45 0.90 0.00 0.00 19.4 0.00
Nano LiBH,-ACNF75 1.76 0.00 0.01 20.8 0.01
Nano LiBH,-~ACNF15 9.95 0.00 0.03 13.6 0.03

Morphology of ACNF before and after melt infiltration with LiBH, is investigated by SEM
technique. Figures 3.1 (A), (C), and (E) show fibrous structure with rough surface morphology on
the surface and cross-section area of ACNF45, ACNF75, and ACNF15. After melt infiltration with
LiBH,, SEM images of nano LiBH,~-ACNF45 reveals agglomeration of LiBH, all over the woven fibers
(Figure 3.1 (B)). For nano LiBH4;~ACNF75 and nano LiBH,-ACNF15, homogeneous morphology of
fibrous structure is exhibited as similar as ACNF without nanoconfinement (Figures 3.1 (D) and (F)).
Greater specific surface area and porosity of ACNF75 and ACNF15 (1626-2752 m?/g and 1.44-2.17

mL/g, respectively) favor nanocofinement of LiBH, into porous structure of ACNF.

(A)

Nano LiBHs-ACNF45

ACNF45

30 nm 1um

EHT = 10 kV Mag = 150 KX WD =5.2mm

EHT =10 kV Mag =10 KX WD =10.0 mm



(C) (D)
ACNF75 Nano LiBH,-ACNF75

30 nm I
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(E) | (F)
ACNF15 Nano LiBHs-ACNF15
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1um

EHT =10 kV Mag = 150 KX WD =5.2mm EHT =10 kV Mag =10 KX WD =10.0 mm

Figure 3.1. SEM images of ACNF45, ACNF75, and ACNF15 (A, C, and E, respectively) and as-
prepared samples of nano LiBH,-ACNF45, nano LiBH,-ACNF75, and nano LiBH,-ACNF15 (B, D,

and F, respectively).

Further confirmation of superior nanoconfinement of LiBH, into ACNF75 and ACNF15 is
shown by SEM and elemental mapping technique. By using the same period of mapping time (200
s), relative content of B to C from elemental mapping represents the amount of LiBH, on ACNF
surface. From B- and C-mapping results (Figure 3.2), the more the specific surface area and porosity
of ACNF, the lower the relative content of B to C or the lower the amount of LiBH, on ACNF surface.

For example, LiBH, content on the surface of ACNF is nano LiBH,-ACNF45 > nano LiBH,-ACNF75



> nano LiBH,~ACNF15. Thus, ACNF with high specific surface area and porosity (ACNF15 and

ACNF75) promotes effective nanoconfinement of LiBH,.

Nano LiBHs-ACNF45 Nano LiBH4-ACNF75 Nano LiBHs-ACNF15
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Figure 3.2. SEM images and elemental (boron and carbon) mapping results of as-prepared

samples of nano LiBH,-ACNF45, nano LiBH,-ACNF75, and nano LiBH,~ACNF15.



Regarding dehydrogenation reaction LiBH, — LiH + B + 3/2H,, theoretical hydrogen storage
capacities of LiBH, and nanoconfined samples are 13.6 and 4.53 wt. % H,, respectively. From DSC
thermogram in Figure 3.3 (A), nano LiBH,~ACNF45 shows three endothermic peaks of o- to h-LiBH,
phase transformation, melting of h-LiBH,, and dehydrogenation of LiBH, at 118, 271, and 351 °C,

respectively 4.

From MS result, dehydrogenation of LiBH, is found in two steps at 325-400 and
400-450 °C together with release of diborane gas (B,Hg) during dehydrogenation (350-450 °C) (Figure
3.3 (A)). Thus, 3.16 wt. % of gases liberating from nano LiBH,-ACNF45 refer to both H, and
undesired B,Hg gases. The evolution of B,Hg leads to the reduction of fuel cell performance (up to
39 %) because it is poisonous to the electrodes of fuel cell . Nanoconfinement could suppress
B,Hg release during dehydrogenation of LiBH,%. B,Hg release during dehydrogenation of nano LiBH,-
ACNF45 and bulk LiBH, ** implies ineffective nanoconfinement of LiBH, into ACNF45 due to deficient
specific surface area and porosity. In the cases of nano LiBH,~-ACNF75 and nano LiBH,~ACNF15,
o- to h-LiBH, phase transformation, melting of h-LiBH,, and main dehydrogenation without B,Hg are
detected at 115-116, 273-278, and 347-351 °C, respectively (DSC thermograms in Figures 3.3 (B)
and (C)). Thus, nano LiBH,~ACNF75 and nano LiBH,~ACNF15 liberate total hydrogen contents of
3.29 and 3.65 wt. %, respectively (73 and 81 % of theoretical capacity, respectively). All
nanoconfined samples show approximate temperature for the main hydrogen desorption (347-352
°C) (AT=up to 128 °C with respect to bulk LiBH, *') (Figure 3.3). Thus, the improvement of
dehydrogenation kinetics is greatly from surface chemistry of ACNF, probably providing catalytic
effect as in the case of carbon aerogel 4 Nano LiBH,-ACNF75 and nano LiBH,~ACNF15 reveal
comparable two-step dehydrogenation at 305 and 347-352 °C (AT= 170 and 128 °C, respectively,
as compared with bulk LiBH, *'). The relative H,-MS peak area at 305 to 347-352 °C corresponds
to the fraction of hydrogen released at low temperature (7=305 °C) with respect to the main
dehydrogenation (7=347-352 °C). From Figures 3.3 (B) and (C), nano LiBH,-ACNF15 reveals the
greater fraction of LiBH, decomposing at low temperature than nano LiBH,~ACNF75. Thus, the more

the specific surface area and porosity (ACNF15 > ACNF75), the higher the relative content of

hydrogen liberating at low temperature (7=305 °C).
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Figure 3.3. Simultaneous DSC-TG-MS during dehydrogenation of as-prepared samples of nano

LiBH,-ACNF45 (A), nano LiBH,-ACNF75 (B), and nano LiBH,-ACNF15 (C).



Dehydrogenation kinetics and reversibility of all nanoconfined samples are characterized.
From Figure 3.4 (A), during the 1°* dehydrogenation 10.6 and 11.7 wt. % H, liberate from nano LiBH,-
ACNF75 and nano LiBH,-ACNF15, respectively. For nano LiBH,~ACNF45, 10.6 wt. % refer to the
combination of H, and B,Hg (H,- and B,Hg-MS results in Figure 3.3 (A)). For the 2" cycle, hydrogen
content of 7.1 wt. % is reversible from nano LiBH,~ACNF75 and nano LiBH,~ACNF15. In the case
of nano LiBH,~-ACNF45, it is only 5.7 wt. %, which can be probably mixed gases of H, and B,Hs.
From Figure 3.4 (B), nano LiBH,-ACNF15 releases comparable hydrogen contents of 5.8 wt. % H,

during the 3™ and 4" cycles.
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Figure 3.4. Dehydrogenation kinetics and reversibility of all nanoconfined samples (2 cycles) (A)

and nano LiBH,-ACNF15 (4 cycles) (B).



Considering the most effective nanoconfinement of nano LiBH,~ACNF15, its
de/rehydrogenation cycles and reaction mechanisms during melt infiltration and dehydrogenation are
characterized by solid state ''B MAS NMR technique. Regarding two-step decomposition at 275-
325 and 325-400 °C H,-MS (Figure 3.3 (C)), dehydrogenated samples at 300 and 400 °C are
prepared and used to study the reaction mechanisms. From Figure 3.5 (A) (a), ''B MAS NMR
spectrum of pristine LiBH, shows a main resonance of boron nucleus in [BH,]" unit of LiBH, centered

at -41.7 ppm, in accordance with the previous studies ¢ *° %647,

For as-prepared sample of nano
LiBH,-ACNF15 (Figure 3.5 (A) (b)), resonance peak of LiBH, shifting to -42.3 ppm is detected
together with slight signal of broad resonance of a-B in the ranges of 40 to -20 ppm *®. The latter
suggests partial dehydrogenation of LiBH, during melt infiltration and corresponds to FTIR and XPS
results as well as inferior hydrogen content to theoretical capacity (Figures 3.3 and 3.4). In the case
of dehydrogenated sample of nano LiBH,~ACNF15 (7=300 °C), two resonance peaks of LiBH, at -
42.2 and -44 ppm are obtained as well as increment of a-B broad resonance (40 to -20 ppm) with
respect to as-prepared sample (Figure 3.5 (A) (c)). The formation of a-B in dehydrogenated sample
(T=300 °C) hints at the first step dehydrogenation of LiBH, at low temperature of 275-325 °C (H,-
MS result in Figure 3.3 (C)). In the case of dehydrogenated sample (7=400 °C), the resonance
peaks at -0.5, -16.2, and 40 to -20 ppm, in agreement with B-O bonds (oxidation of a-B), Li,B1,H15,

and a-B, respectively, are obtained together with very slight signal of LiBH, (Figure 3.5 (A) (d)) *.
This suggests successful dehydrogenation of LiBH, with two different pathways of (i) LiBH, — LiH

+ B + 3/2H, and (i) LiBH, —> 1/6Li,B;,H;, + 5/3LiH + 13/6H, ***°*' %2, The suppression of B,H;
release and the formation of Li,B4,H4, during dehydrogenation of nano LiBH,~ACNF15 due to the
fast reaction of B,Hg and LiBH, to form Li,Bi,H,, in the tight pores of carbon materials B3 The
formation of thermally stable Li,B4,H;, after dehydrogenation yields the inferior hydrogen content
released in the further cycles (the 2" - 4™ cycles).

Furthermore, the investigation of detailed mechanisms during melt infiltration and
dehydrogenation, especially at the low temperature range (275-325 °C), are carried out by the
deconvolution of [BH,]" resonances (-32.5 to -60 ppm) of pristine LiBH, and nano LiBH,~ACNF15

(as-prepared and dehydrogenated (7=300 °C) samples). Pristine LiBH, reveals main resonance at



-41 ppm (with slight peak at -40 ppm), corresponding to [BH,] group in bulk LiBH, (Figure 3.5 (B)
(a)). For as-prepared sample of nano LiBH,~ACNF15, the main resonance peak at -42.3 ppm is
observed with two small peaks at -41 and -44 ppm (Figure 3.5 (B) (b)). The peak at -41 ppm is in
accordance with bulk LiBH,, while those shifting upfield to -42.3 and -44 ppm represent nanoconfined
LiBH,. From the previous report, nanoconfined LiBH, in highly ordered nanoporous carbon (4 nm
pore size) consisted of two different structures including bulk-like LiBH, in the pore center and less

bulk-like LiBH, near the pore wall *°

. Moreover, by using density functional theory (DFT) calculation,
the observed "B NMR spectrum of nanoconfined LiBH, showed dense bulk-like region in the pore
center and loosely distributed chains of Li-BH, closed to the pore surface %, Regarding H,-MS result
of as-prepared sample of nano LiBH,~ACNF15 (Figure 3.3 (C)), dehydrogenation of non-confined
LiBH, is slightly observed at T > 400 °C. Nevertheless, from B- and C-mapping results (Figure 3.2),
low relative content of LiBH, on the surface of ACNF15 leads to significant infiltration of LiBH, into
nanoporous structure of carbon host. Thus, in our studies the resonance peak at -41 ppm slightly
detected in as-prepared sample of nano LiBH,~ACNF15 (Figure 3.5 (B) (b)) can be accounted for
bulk LiBH, occupying on the surface of ACNF15 and/or bulk-like LiBH, in the pore center >° °°.
According to both bulk LiBH, states (on the surface and inside the pores of ACNF15), melting peak
in DSC thermogram for crystalline LiBH, is detected (Figure 3.3 (C)). For the resonances at -42.3
and -44 ppm (Figure 3.5 (B) (b)), they can be attributed to nanoconfined LiBH, with medium loose
distribution (-42 to -45 ppm 56). Besides, this upfield shift from -41 ppm (bulk LiBH,) to -42.3 and -
44 ppm corresponds to shielding effect of carbon on the boron nucleus due to proximity and
interaction of [BH,]” units and carbon surface *’. In conclusion, via melt infiltration, LiBH, confined
into ACNF15 is in the forms of medium loose distributed chains and bulk-like structure in the pore
center. Besides, slight content of LiBH, is still found on the surface of ACNF15.

After dehydrogenation at 300 °C, nano LiBH,-ACNF15 shows broader resonances centered
at -42.2, -44, and -46.6 ppm (Figure 3.5 (B) (c)). Broader peaks suggest higher disorder degree of
LiBH, due to nanoconfinement *®*°®°. The remarkable upfield shift as compared with pristine LiBH,

(from -41.7 to -46.6 ppm) refers to significant shielding effect on the boron nucleus by carbon surface.

The latter reflects not only proximity and interaction of [BH,]” with carbon, but also probably structural



changes of LiBH,, including bond angle (-HBH-), B-H bond length, and positions of Li* ions *. In
addition, the relative peak area of the resonance at -44 ppm to -42.3 ppm from dehydrogenated
sample (T= 300 °C) (Figure 3.5 (B) (c)) is superior to that from as-prepared sample (Figure 3.5 (B)
(b)). This hints at the enhancement of Li-BH, chain distribution and closer contact with carbon
surface. Therefore, broadened peaks, new peak at considerable upfield shift (at -46.6 ppm), and
enhancement of the upfield-shift resonance (at -44 ppm) can be likely indicated to the increase of
LiBH, chain diffusion due to further melt infiltration into the voids and/or small pores inside the
ACNF15. According to the H,-MS result during dehydrogenation of nano LiBH,~ACNF15 (Figure 3.2
(C)), onset dehydrogenation temperature of the first step (at 275 °C) is approximately at melting point
of h-LiBH, (at 278 °C). It can be claimed that molten LiBH, not only diffuses or infiltrates into small
pores or voids of ACNF15, but also has closer contact with carbon surface, shown as significant
upfield shift to -46.6 ppm (Figure 3.5 (B) (c)). Because of this close contact, catalytic effect of carbon
surface inside the porous structure of ACNF15 may play an important role for this dehydrogenation
step (275-325 °C). Thus, ACNF with high specific surface area and pore volume not only benefits
effective nanoconfinement during sample preparation, but also provides greater free volume for

further melt infiltration of LiBH,, which during this process dehydrogenation also takes place.
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Figure 3.5. ''B MAS NMR spectra (A) and the deconvolution of [BH,] resonance peaks (B) of
pristine LiBH, (a), and as-prepared (b), dehydrogenated (7=300 °C) (c), and dehydrogenated
(T=400 °C) (d) samples of nano LiBH,~ACNF15.

To further confirm that melt infiltration can be enhanced by heating as-prepared sample to
melting point of LiBH,, dehydrogenated sample at 300 °C is characterized by simultaneous DSC-
TG-MS. From DSC thermogram in Figure 3.6 (A), three endothermic peaks of o- to h-LiBH, phase
transformation, melting of h-LiBH,, and dehydrogenation of LiBH, are at 115, 263, and 352 °C,
respectively. DSC peak corresponding to melting of h-LiBH, in this sample is broader and smaller
as compared with as-prepared sample (Figure 3.3 (C)). Broader and smaller melting peak of LiBH,
implies the increment of amorphous state of LiBH, due to further infiltration of LiBH, into ACNF15,
corresponding to ''B NMR results (Figure 3.5 (B) (c)). In addition, due to further melt infiltration
onset dehydrogenation temperature reduces from 275 to 268 °C (Figures 3.3 (C) and 3.6 (A)) and it
is again detected at about melting point of h-LiBH,. Moreover, the relative content of hydrogen

released at each step was determined by curve fitting of H,-MS plots of as-prepared and



dehydrogenated (7=300 °C) samples. From Figure 3.6 (B), as-prepared sample reveals three
decomposition steps of nanoconfined LiBH, (peaks A and B) and bulk LiBH, on ACNF surface (peak
C). For dehydrogenated sample (7= 300 °C), there are only two decomposition peaks of
nanoconfined LiBH, (peaks A and B). Therefore, by further melt infiltration, the relative area of peak
A (low dehydrogenation temperature) to other peaks of B or (B+C) increases (Figure 3.6 (B)). This
increment and the disappearance of peak C observed from dehydrogenated sample (7= 300 °C)
confirm further melt infiltration of LiBH, inside the pores and on the surface of ACNF. In
consequence, the main reason for kinetic improvement of nanoconfined LiBH, is from catalytic effects
of carbon surface as shown as the major dehydrogenation of all nanoconfined samples at 347-352
°C (Figure 3.3). However, effective nanoconfinement of LiBH, obtained by using ACNF with high
specific surface area and pore volume (ACNF15) benefits significant reduction of onset and main
dehydrogenation temperatures to 275 and 305 °C, respectively (Figure 3.3 (C)). Moreover, when
LiBH, melts, close contact between molten LiBH, and carbon surface inside the porous structure of
ACNF results in simultaneous dehydrogenation of LiBH, at melting point. This leads to further

reduction of onset dehydrogenation temperature toward 268 °C.
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Figure 3.6. Simultaneous DSC-TG-MS of dehydrogenated (7=300 °C) sample of nano LiBH,4-
ACNF15 (A) and curve fitting of H,-MS results of as-prepared (from Figure 3.3 (C)) and

dehydrogenated (7=300 °C) samples of nano LiBH,~ACNF15.



3.1.2. Composite of 2LiBH,-MgH, (2Li-Mg) doped with ACNF

From Figure 3.7 (a), milled 2Li-Mg reveals diffraction patterns of Ol-LiBH,; and B-MgHz,
implying no decomposition of LiBH, and MgH, during milling. For milled samples of 2Li-Mg doped
with ACNF (1, 5, 10, 20, and 30 wt. %), they show characteristic peaks of Ol-LiBH, and B-MgH2 as
in case of 2Li-Mg together with slight MgB, and LiH, hinting at partial dehydrogenation of LiBH, and
MgH, during ball milling (Figures 3.7 (b-f)). Moreover, some milled samples with ACNF (1, 5, and
10 wt. %) reveal diffraction peaks of LiBH, and MgH, with shoulder at lower 26 values (Figures 3.7
(b)-(d)). Shoulder peaks at lower 20 values in PXD spectra correspond to enhancement of unit cell.
In the case of 2Li-Mg-20% and 2Li-Mg-30% (Figures 3.7 (e) and (f)), comparable patterns of LiBH,
and MgH, as in case of 2Li-Mg are obtained with no shoulder peaks. In addition, 2Li-Mg-1%, 2Li-
Mg-5%, and 2Li-Mg-10% show slightly broader PXD peaks of LiBH, and MgH, as compared with

2Li-Mg, while those of 2Li-Mg-20% and 2Li-Mg-30% doesn’t show any changes.

Intensity (a.u.)

a-LiBH, ® B-MgH, V MgB, x LiH *xsample hold
Figure 3.7. PXD spectra of as-prepared samples of 2Li-Mg (a), 2Li-Mg-1% (b), 2Li-Mg-5% (c), 2Li-

Mg-10% (d), 2Li-Mg-20% (e), and 2Li-Mg-30% (f).



To study unit cell parameters, the Le Bail structural refinement method with TOPAS software
was used. Due to the comparable PXD patterns of 2Li-Mg-5% and 2Li-Mg-10% as well as those of
2Li-Mg-20% and 2Li-Mg-30%, only refinements of 2Li-Mg-10% and 2Li-Mg-30% are revealed. Prior

to refinement, characteristic peak of sample holder (at 20 ~ 51°) was subtracted (Figure 3.8). Milled
sample of 2Li-Mg shows characteristic peaks of LiBH, and MgH, (Figure 3.8 (A)), corresponding to
their unit cell parameters shown in Table 3.2. For 2Li-Mg-1%, two different phases of LiBH, and
LiBH,* as well as MgH, and MgH,* are observed, while milled samples of 2Li-Mg-5% and 2Li-Mg-
10% reveal MgH, and MgH,* together with single phase of LiBH, (Figures 3.8 (B-C) and Table 3.2).
Phases with asterisk in Figure 3.8 and Table 3.2 represent the shoulder peaks at lower 20 values
(or bigger unit cell). In the case of 2Li-Mg-20% and 2Li-Mg-30%, refinement results (Figure 3.8 (D))
and unit cell parameters (Table 3.2) of LiBH, and MgH, are approaching to those of 2Li-Mg. It can
be probably because at low contents (1-10 wt. %) good dispersion of ACNF in hydride phases is
achieved. Moreover, the slightly broader PXD peaks of LiBH, and/or MgH, detected in the milled
samples doped with 1-10 wt. % ACNF agree with the enhancement of lattice strain and reduction of
particle size. Regarding the previous reports, doping of carbon materials (e.g., graphite, carbon
nanotube, and Cg) into hydrides provided not only reduction of particle size and enhancement of
surface area, but also introduction of many defects and amorphization, favorable for diffusion process
of hydrogen for de/rehydrogenation of hydride materials ®' °2. For high content of ACNF (20-30 wt.

%), ACNF don’t affect both unit cell parameters and particle size of hydride composite.
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Figure 3.8. Le Bail structural refinements of as-prepared samples of 2Li-Mg (A), 2Li-Mg-1% (B),

2Li-Mg-10% (C), and 2Li-Mg-30% (D).



Table 3.2. Space group and unit cell parameters of the phase compositions in the samples.

Diffraction patterns of shoulder peaks at lower 20 values (bigger unit cell) of phases are represented

by asterisk.
Unit cell parameters
Space
Milled samples Phases . . . Volume
group a (A) b (A) c(A) -
(A%)
2Li-Mg LiBH, Pnma 7.1846 4.4355 | 6.8185 217.3
MgH, P42/mnm 4.5300 4.5300 | 3.0281 62.1
2Li-Mg-1% LiBH, Pnma 7.1736 4.4240 | 6.7763 2151
LiBH,* Pnma 7.1981 44742 | 6.9042 2224
MgH, P42/mnm 4.5070 45070 | 3.0188 61.3
MgH,* P42/mnm 4.5458 45458 | 3.0414 62.8
2Li-Mg-5% LiBH, Pnma 7.2036 44574 | 6.8198 219.0
MgH, P42/mnm 4.5269 45269 | 3.0292 62.1
MgH,* P42/mnm 4.5788 45788 | 3.0610 64.2
2Li-Mg-10% LiBH,4 Pnma 7.1839 44342 | 6.7974 216.5
MgH, P42/mnm 4.5064 45064 | 3.0156 61.2
MgH,* P42/mnm 4.5345 45345 | 3.0316 62.3
2Li-Mg-20% LiBH, Pnma 7.1890 4.4420 | 6.8252 218.0
MgH, P42/mnm 4.5245 45245 | 3.0260 61.9
2Li-Mg-30% LiBH, Pnma 7.1844 4.4391 6.8188 217.5
MgH, P42/mnm 4.5266 4.5266 | 3.0281 62.0

Furthermore, dehydrogenation profiles based on temperature and hydrogen content released
were determined by H,-TPD technique®. According to dehydrogenation of 2LiBH,-MgH, composite,
theoretical hydrogen storage capacity of 11.4 wt. % is obtained. From Figure 3.9, milled sample of
2Li-Mg releases 8.0 wt. % H, (70 % of theoretical storage capacity) in two steps at 375-385 and 440
°C, corresponding to dehydrogenation of MgH, and LiBH,, respectively. In the case of milled samples
doped with ACNF, two-step dehydrogenation is also observed as in case of 2Li-Mg, but considerable

reduction of dehydrogenation temperatures is obtained with increasing ACNF content. For example,



dehydrogenation temperatures of MgH, and LiBH, of 2Li-Mg-1% and 2Li-Mg-5% are detected in the
ranges of 354-357 and 425-430 °C, respectively, while those of 2Li-Mg-10%, 2Li-Mg-20%, and 2Li-
Mg-30% further decrease to 312-336 and 384-425 °C, respectively (Figure 3.9). In the case of
hydrogen content, 2Li-Mg-1% and 2Li-Mg-5% release 8.8 and 8.0 wt. %, respectively (78 and 74 %
of theoretical capacity, respectively), while those of 2Li-Mg-10%, 2Li-Mg-20%, and 2Li-Mg-30% are
8.3, 7.3, and 6.6 wt. %, respectively (81, 80, and 83 % of theoretical capacity, respectively) (Figure
3.9). Thus, by doping with ACNF faster dehydrogenation kinetics is obtained, for example, 2Li-Mg
liberates 70 % of theoretical hydrogen capacity, while milled samples doped with ACNF give up to
83 % (2Li-Mg-30%). Improvement of kinetic properties and reduction of dehydrogenation
temperature obtained from milled samples doped with small amount of ACNF (1-10 wt. %) could be
because of well dispersed ACNF in hydride matrices as previously discussed in PXD results (Figures
3.7 and 3.8). The latter induces many defects, resulting in enhancement of hydrogen diffusion
pathway through hydride materials. In addition, good thermal conductivity of ACNF as similar as
other carbon materials (e.g., carbon nanotube) is beneficial to heat transport during
de/rehydrogenation of hydride composite ®'. For 2Li-Mg-20%, and 2Li-Mg-30%, since no evidence
based on changes of cell parameters and particle size is observed in PXD results (Figures 3.7 and
3.8), the performance of hydride material is developed mainly by good thermal conductivity and
probably curvature of ACNF. Regarding reduction of dehydrogenation temperature and high
hydrogen content releases, 2Li-Mg doped with 1, 10, and 30 wt. % ACNF were considered for further
studies of kinetics. Hydrogen content released from 2Li-Mg is 6.2 wt. % H, within 9 h, while those
of 2Li-Mg-1%, 2Li-Mg-10%, and 2Li-Mg-30% are in the range of 8.0-8.4 wt. % H, (Figure 3.10), i.e.,
up to 35 % of hydrogen content of 2Li-Mg enhances under the same temperature, pressure, and

time conditions by doping with ACNF.
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Figure 3.9. H,-TPD thermograms during dehydrogenation of as-prepared samples of 2Li-Mg with

and without ACNF.
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Figure 3.10. Dehydrogenation kinetics of as-prepared samples of 2Li-Mg with and without ACNF.

Reaction mechanisms during de/rehydrogenation and reversibility of 2Li-Mg with and without
ACNF were further studied by PXD, FTIR, and XPS techniques. From Figure 3.11 (A), all
dehydrogenated samples exhibit PXD patterns of Mg, MgB,, and LiH, suggesting dehydrogenation
of 2LiBH,-MgH, composite, together with MgO from oxidation of Mg in ambient condition. The higher
the ACNF content in 2Li-Mg, the broader the diffraction patterns of dehydrogenated products (e.g.,
Mg and MgB,). This refers to increase of amorphous degree and reduction of particle size, hinting
at better dispersion of ACNF in the hydride matrices. From Figure 3.11 (B), all dehydrogenated
samples show vibrational perks of B-H bonds, corresponding to LiBH, (stretching and bending at
2389-2228 and 1125 cm™, respectively) and [By,H1,]* of Li,Bi,Hy, (stretching at 2480 cm™) #' 2.
Regarding the appearance of LiBH, in dehydrogenated samples, the inferior hydrogen content
desorbed from 2Li-Mg to theoretical storage capacity (Figure 3.10) can be explained by incomplete
dehydrogenation, while those of 2Li-Mg-1%, 2Li-Mg-10%, and 2Li-Mg-30% are due to not only
incomplete dehydrogenation, but also partial decomposition during sample preparation as revealed

as the PXD patterns of LiH and MgB, (Figure 3.7). However, characteristic signal of LiBH,



significantly decrease in dehydrogenated samples with increasing ACNF content. Therefore, it can
be claimed that dehydrogenation performance of 2LiBH,-MgH, composite can be developed by

doping with ACNF. Moreover, the formation of Li,B4,H4,, referring to the other dehydrogenation

pathway of LiBH, as LiBH, — 5/6LiH + 1/12Li,B,H4, +13/12H, is observed 9.
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Figure 3.11. PXD (A) and FTIR (B) spectra of dehydrogenated samples (7=400 °C under vacuum)

of 2Li-Mg (a), 2Li-Mg-1% (b), 2Li-Mg-10% (c), and 2Li-Mg-30% (d).

Afterwards, all samples were further rehydrogenated at 400 °C under 80 bar H, for 12 h.
From Figures 3.12 (A) (a-b), milled 2Li-Mg and 2Li-Mg-1% reveal diffraction peaks of LiBH,, MgH,,
and unknown phases, hinting at reversibility of LiBH, and MgH,, as well as MgO and LiH from
oxidation in ambient condition and incomplete rehydrogenation, respectively. In the case of 2Li-Mg-
10% and 2Li-Mg-30%, slight diffractions of MgH, are observed together with those of MgO and
unknown phases (Figures 3.12 (A) (c-d)). The reversibility of LiBH, and the formation of other B-
containing phases after rehydrogenation are further confirmed by FTIR technique. From Figure 3.12
(B), the vibrational peaks of LiBH, (stretching and bending at 2387-2225 and 1126 cm™, respectively)

detected in FTIR spectra of all rehydrogenated samples lead to reversibility of LiBH,. Nevertheless,



the appearance of Li,B,H4, (stretching at 2484 cm'1) refers to incomplete rehydrogenation of LiBH,,
in accordance with the diffraction peaks of LiH found in PXD spectra (Figure 3.12 (A)). Besides,
since the formation of MgH, in rehydrogenated samples of 2Li-Mg-10% and 2Li-Mg-30% is unclear
due to its weak diffraction pattern (Figures 3.12 (A) (c-d)), XPS technique was further used to study

the bonding state of Mg, Li, and B.
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Figure 3.12. PXD (A) and FTIR (B) spectra of rehydrogenated samples (7=400 °C and p(H,)=80

bar for 12 h) of 2Li-Mg (a), 2Li-Mg-1% (b), 2Li-Mg-10% (c), and 2Li-Mg-30% (d).

From Figure 3.13, the signal peak at binding energy of 50.3 eV, corresponding to MgH, and/or MgO,
is detected in Mg 2p XPS spectrum of bulk MgH,** . Rehydrogenated samples of 2Li-Mg-10% and
2Li-Mg-30% present the Mg 2p and Li 1s signal peaks at 49.5-49.6 and 55.4-55.6 eV, respectively,
approaching to MgH, (and/or MgO) and LiO,, respectively * . For B 1s XPS spectra, bulk LiBH,
shows the characteristic peaks at 188.1 and 192.8 eV, in agreement with LiBH, and B,Os,
respectively. In the case of rehydrogenated 2Li-Mg-10% and 2Li-Mg-30%, B 1s XPS peak at about
188 eV represents LiBH,4, while those at 189.4-191.7 eV refer to B,O, (1.5<x/y<3) and B,0; . The

signals of both MgH, and LiBH, found in Mg 2p and B 1s XPS spectra, respectively, confirm the



reversibility of 2Li-Mg-10% and 2Li-Mg-30%. The oxides of Mg, Li, and B refer to the oxidation of

these elements in air during the experiments.
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Figure 3.13. Mg 2p, Li 1s, and B 1s XPS spectra of bulk MgH, and LiBH, and rehydrogenated

samples (T=400 °C and p(H,)=80 bar for 12 h) of 2Li-Mg-10% (a) and 2Li-Mg-30% (b).

From PXD results of 2Li-Mg-10% and 2Li-Mg-30% after rehydrogenation (Figures 3.12 (A)
(c-d)), the diffraction patterns of LiBH, and MgH, cannot be clearly detected, hinting at the reduction
of particle size due to the better dispersion of ACNF in hydride composite upon cycling. Good
dispersion of ACNF is favorable for not only heat transfer for de/rehydrogeantion, but also hydrogen
diffusion channels. Moreover, no evidence based on chemical reaction between ACNF and hydride
composite is found, thus, the mentioned development is mainly obtained from physical properties of

ACNF (e.g., fibrous structure, high thermal conductivity, and good dispersion in hydride matrices).



3.2, Upscaling to hydrogen storage tank

To confirm successful hydrogenation of Mg to MgH, and to study dehydrogenation
mechanisms, as-prepared MH-TiF,-AC is characterized by PXD and simultaneous DSC-TG-MS
techniques. Figure 3.14 (A) shows significantly diffraction peaks of MgH, with slight content of Mg,
implying successful hydrogenation. From Figure 3.14 (B), onset and main dehydrogenation
temperatures of as-received MgH, are 410 and 433 °C, respectively, approaching to the previous

66 67

reports . For MH-TiF4-AC, onset and main dehydrogenation temperatures considerably reduce

to 272 and 324 °C, respectively (Figure 3.14 (B)). From TG and MS results, 6.4 and 4.4 wt. % H,
liberate from as-received MgH, and MH-TiF,-AC, respectively. Considering theoretical hydrogen
storage capacity of MgH, (7.6 wt. % H,) and TG thermogram in Figure 3.14 (B) (6.4 wt. % H,),
theoretical capacities of MH-TiF,~AC are 6.8 and 5.8 wt. % H,, respectively. Deficient hydrogen
content released from MH-TiF,-AC can be due to incomplete hydrogenation of Mg to MgH,, in

accordance with the diffraction peaks of residual Mg in as-prepared MH-TiF,-AC (Figure 3.14 (A)).
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Figure 3.14. PXD spectra of MH-TiF,-AC (A) and simultaneous DSC-TG-MS of MH-TiF,-AC and

as-received MgH, (B).




Afterwards, the preliminary studies based on dehydrogenation kinetics and hydrogen content
released in the tank scale are performed on the small hydrogen storage tank (28.8 mL) filling with
14.4918 g MH-TiF,-AC. During dehydrogenation, MH-TiF,-AC tank is heated to 300 °C (T,) and
the initial pressure (P,,) of 5.0 bar is assigned to obtain the proper flow rate in the operating range
of MFM. From Figure 3.15 (A), hydrogen pressure of MH-TiF,-AC tank reaches P, (5.0 bar) at 283
°C, slightly higher than onset dehydrogenation temperature of MH-TiF,-AC powder (272 °C) (Figure

3.14 (B)). Hydrogen gas liberates continuously with the flow rate of 0.06-0.8 SLM through MFM,

which the outlet pressure is ~1 bar (atmospheric pressure). The system pressure reduces gradually

from 5 to 1.6 bar upon dehydrogenation. Up to 70 min, dehydrogenation is terminated due to slow

kinetics shown as constant flow rate of 0.06 SLM for ~ 15 min (Figure 3.15 (A)). Considering the
peak area of the plot between hydrogen flow rate (SLM) and time (min), hydrogen gas volume is
6.13 SL, yielding hydrogen storage capacity of 3.54 wt. %. To confirm successful dehydrogenation
of MH-TiF,-AC tank, dehydrogenated samples collected at the top, middle, and bottom positions of
the tank (Figure 3.15 (A)) are characterized by PXD technique. Diffraction patterns of Mg, MgH,,
and MgF, are observed at the bottom and middle positions, while those of Mg and MgH, are found
at the top position (Figure 3.15 (B). This corresponds to deficient hydrogen content released of 3.54
wt. % H, (Figure 3.15 (A)) with respect to 4.4 wt. % H, detected by TG thermogram (Figure 3.14
(B)).
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Figure 3.15. Dehydrogenation (7=300 °C and P(H,)=1 bar) of MH-TiF,-AC tank (28.8 mL) (A) and
PXD spectra of the dehydrogenated samples at the bottom (a), middle (b), and top (c) positions of

the tank (B).

Furthermore, the packing volume of hydrogen storage tank and the amount of as-prepared
MH-TiF,-AC sample are enhanced to 96.2 mL and 67.018 g, respectively (Figure 3.16 (A)). To
improve hydrogen permeability and heat transfer, MH-TiF,-AC powder sample is packed into two
beds separated by round-shaped SS mesh sheets (Figure 3.16 (A)). By heating MH-TiF,-AC tank
to ~220 °C (T,), the system pressure increases slightly from 1.16 to 1.24 bar due to heat expansion
(grey frame (a) in Figure 3.16 (B)). At T,y of 225-275 °C (grey frame (b) in Figure 3.16 (B)),
considerable reduction of the system pressure (from 1.24 to 0.6 bar) suggests hydrogenation of
residual Mg. Once the pressure drops to 0.6 bar, approaching to equilibrium pressure of MgH, at
275 °C, hydrogenation terminates. To overcome thermodynamic restriction and improve kinetic
properties, T is increased to 300-325 °C. Dehydrogenation is observed by significant enhancement

of hydrogen pressure to 1.6 bar (P, in Figure 3.16 (B)). Hydrogen content released from MH-TiF,-

AC tank of 13.38 SL (1.67 wt. % H,) is detected within ~250 min. Temperatures detected by all



thermocouples (TCs) are approximately identical, implying comparable dehydrogenation performance
at all positions as well as good thermal conductivity along the tank radius (17.5 mm). Slightly high
temperature observed at TC3 with respect to other TCs can be since the position of TC3 is near the
heater (tank wall). It was reported that long metal hydride tank with smaller diameter were preferable
due to short heat transfer distance and better heat dissipation as compared with wider tank ©%.
Inferior hydrogen content released from MH-TiF,-AC tank (1.67 wt. % H,) to that detected in TG
thermogram of 4.4 wt. % H, (Figure 3.14 (B)) hints at incomplete dehydrogenation. This can be due

poor hydrogen permeability inside the tightly packed powder sample, especially at the tank center.
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Figure 3.16. Dehydrogenation (7=300 °C and P(H,)=1 bar) of MH-TiF4-AC tank (96.2 mL and two

hydride beds).

For the next step, the improvement of hydrogen permeability inside MH-TiF,-AC tank is of
interest. Dehydrogenated powder sample of MH-TiF,-AC (from Figure 3.16) is unpacked and milled
for 30 min. The milled sample is divided into four beds separated by round-shaped ss mesh sheets

together with the insertion of ss mesh tube at the tank center (Figure 3.17 (A)). Hydrogenation is



carried out at isothermal condition (T,,=300 °C) under automatically controlled hydrogen pressure of
15-20 bar (Figure 3.17 (B)). At the initial state, the tank pressure of 1.5 bar H, in accordance with

its equilibrium temperature of 296.5 °C is detected by all TCs, suggesting homogeneous heat

distribution along the tank radius as like the results in Figure 3.16 (B). By pressurization of ~17 bar
H,, temperature of the powder sample at r/R=0.91 (TC3) increases considerably to 377 °C together
with slight reduction of the system pressure (grey frame in Figure 3.17 (B)), suggesting rapid
hydrogenation due to greater applied pressure than equilibrium pressure. However, temperatures of
sample at the positions close to the tank center (r/R = 0 and 0.43) significantly decrease to 185 and
265 °C, respectively, hinting at dehydrogenation of MH-TiF,-AC. Although hydrogenation proceeds
at r/R=0.91 (TC3), system pressure is constant at 16-17 bar for ~ 30 min due to dehydrogenation
atr/R = 0 and 0.43 (TC2 and TC1, respectively) (grey frame in Figure 3.17 (B)). It should be noted
that the powder sample is homogeneous due to milling prior to repacking. Thus, this phenomenon
can be probably since progressive hydrogenation at r/R=0.91 (TC3) leading to quick reduction of the
system pressure is a driving potential for dehydrogenation at r/R = 0 and 0.43 (TC2 and TC1,
respectively). Superior dehydrogenation observed at the tank center (r/R = 0) can be explained by
the good hydrogen permeability due to the insertion of ss mesh tube. Afterwards, temperatures at
TC2 and TC1 gradually increase to the initial and maximum temperatures of 296.5 and 325 °C,
respectively. This implies that dehydrogenation of the samples at /R = 0 and 0.43 tends to finish
and hydrogenation instantly continues. Hydrogenation proceeds at all positions and completes after
48 min confirmed by the reduction of temperatures at all TCs to the set-point value (296.5 °C) (Figure
3.17 (B)). This hydrogenated sample is defined as-prepared sample for the further 15 hydrogen

release and uptake cycles.



-\l 50 1 v 1 IIII 1 v 1 v 1 v 1 v 400
[} U - (\\-\_\_\ —TC1 ]
Y5 | & —TC2 E
,%Tss mesh - ] ]
heet S b=== y Tt e 3000
E’ 30 1296.5 °C e eeeaaeaan TSE( | (BD
| 2 250 @
& )
a 204 i c
N S e 9
Pressure | é
10 -
4150
] 1.5 bar
0 1 v 1 IIII 1 v 1 v 1 v 1 v 100
2 4 10 20 30 40 50

Time (min)

Figure 3.17. Hydrogenation (7=250 °C and P(H,)=15-20 bar) of MH-TiF,-AC tank (96.2 mL and

four hydride beds with SS mesh tube at the tank center).

Dehydrogenation conditions of T, and P,, for MH-TiF,-AC tank are at 300 °C and 1.4 bar
H,, respectively. Since onset dehydrogenation temperature of MH-TiF,-AC is at 272 °C (Figure 3.14
(B)), prior to dehydrogenation, MH-TiF,-AC tank is cooled to 250 °C to prevent undesired
decomposition. By heating to 300 °C (T), temperatures at all TCs increase with comparable heating
rate (Figure 3.18 (A)). At temperature approaching to onset dehydrogenation of MH-TiF,-AC powder
(275-283°C), the system pressure enhances sharply and reaches P, within 15 min, implying fast

kinetics of MH-TiF,-AC tank and comparable performance of laboratory and tank scales. Upon

dehydrogenation, constant system pressure of 1.03 bar, slightly higher than the outlet pressure (~1
bar) motivates hydrogen gas to flow through MFM (Figure 3.18 (A)). Within 3.5 h, MH-TiF,-AC tank
liberates 32.3 SL hydrogen in two steps, in accordance with gravimetric and volumetric capacities of
4.46 wt. % H, and 28 gH,/L, respectively. It should be noted that MH-TiF,-AC tank provides superior

volumetric hydrogen capacity to compressed hydrogen tanks of steel cylinders at 200 bar and type



IV composite cylinders at 700 bar (9 and 23 gH,/L, respectively) °°.

Further enhancement of
hydrogen capacity by compaction of MgH, based materials and assembly of heat exchanger to the
tank is in progress. Plateau temperatures during dehydrogenation at 295, 300, and 307 °C (TC1-
TC3) are detected at r/R=0, 0.43, and 0.91, respectively (Figure 3.18 (A)). Due to the insertion of
stainless steel (SS) mesh tube at tank center, hydrogen permeability at r/R=0 is superior and
decreases with increasing r/R ratios. Moreover, the plateau temperature range, suggesting
continuous release of hydrogen is considerably prolonged at r/R=0 and decays with enhancing r/R
to 0.43 and 0.91. High hydrogen flow rate up to 0.52 SLM during the first-step reaction (within 30

min after P,,) is due to concurrent dehydrogenation of MH-TiF,-AC at all positions, in agreement with

plateau temperatures observed at all r/R ratios. After 75 min, the second step shows significant

reduction of hydrogen flow rate to ~0.2 SLM. The latter can be since hydrogen release is mainly
from r/R=0 position, where plateau temperature still continues (Figure 3.18 (A)). Eventually,
temperatures at all positions reach the same set-point at about 325 °C, indicating the end of
dehydrogenation.

For rehydrogenation, isothermal condition at 250 °C (T4) under 10-15 bar H, is applied to
MH-TiF,-AC tank. Introduction of hydrogen gas yields rapid enhancement of temperatures at all
positions to equilibrium temperature in the range of 370-387 °C, hinting at fast hydrogenation rate
with low heat transfer (Figure 3.18 (B)). High refilling rate of hydrogen gas to maintain hydrogenation
pressure in the range of 10-15 bar H, during the first 5 min implies effective hydrogenation at all
positions, in accordance with plateau temperatures detected by all TCs (Figure 3.18 (B)). After 10
min, slower hydrogen refilling rate (hydrogenation) is observed at r/R = 0.43 and 0.91, where
temperatures gradually reduce. Thereafter, temperatures at all r/R ratios decrease to the set-point
temperature (262 °C) within 60 min together with significantly slow hydrogen refilling rate, implying
end of hydrogenation. Hydrogen refilling for hydrogenation during 5-60 min is totally 39 cycles (Figure
3.18 (B)). Short plateau temperature ranges detected at r/R = 0.43 and 0.91 with respect to that of
r/R=0 can be explained by either fast hydrogenation kinetics or limitation of hydrogenation due to
poor hydrogen permeability. According comparable heat transfer along the tank radius, equilibrium

temperatures at 387, 375, and 370 °C for r/R of 0, 0.43, and 0.91, respectively, agree with equilibrium



pressures of about 12.4, 9.8, and 8.4 bar H,, respectively. It should be noted that equilibrium
pressure at r/R=0 (12.4 bar H,) is in the range of applied pressure (10-15 bar H,), while those at the
positions toward tank wall (/R = 0.43 and 0.91) are deficient. This suggests poor hydrogen
permeability and limitation of hydrogenation. Thus, de/rehydrogenation performances of MH-TiF,-
AC tank are considerable at the tank center, where ss mesh tube is located and deteriorates toward
the tank wall. Hydrogen desorption and absorption up to 15 cycles are further studied by using the
same temperature and pressure conditions as the 1% cycle (T, = 300 °C and P,, = 1.4 bar for
dehydrogenation and T, = 250 °C and P(H,)= 10-15 bar for hydrogenation). Form Figure 3.19,

hydrogen content released during the 152"

cycles are comparable of 4.46 wt. % H, (28 gH./L),
while those during the 315" cycles reduce to the stabilized values of 3.42-3.62 wt. % H, (22-23
gH,/L). To explain the inferior hydrogen content reproduced, the mechanisms during the 14"
hydrogenation as well as the chemical compositions and physical appearance of the sample after

cycling are considered.
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Figure 3.18. Dehydrogenation (7=300 °C and P(H,)=1 bar) (A) and hydrogenation of (7T=250 °C
and P(H,)=10-15 bar) (B) during the 1*' cycle of MH-TiF,-AC tank (96.2 mL and four hydride beds

with SS mesh tube at the tank center).
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Figure 3.19. Hydrogen contents released and reproduced during the 15t15" cycles of MH-TiF,-AC

tank (96.2 mL and four hydride beds with SS mesh tube at the tank center).



From Figure 3.20 (A), prior to hydrogen pressurization, set-point temperatures detected by
all TCs are comparable at 255 °C, hinting at good heat transfer along the tank radius. From Figure
3.18 (B) and 3.20 (A), equilibrium temperatures at r/R=0 during the 1% and 14" hydrogenations are

identical at 387 °C, while those at r/R = 0.43 and 0.91 decrease from 370-375 to 365 °C,

corresponding to the equilibrium pressure of ~7.5 bar H,. Lower equilibrium pressure at r/R=0.43
and 0.91 with respect to the applied pressure of 10-15 bar H, can be described by poor hydrogen
permeability. With respect to the 1 cycle, not only shortened plateau temperature ranges at all r/R
ratios, but also reduction of hydrogen refilling to 32 cycles (time=5-60 min) are observed during the
14™ hydrogenation (Figure 3.20 (A)). The latter hints at sluggish hydrogen sorption kinetics of MH-

TiF4-AC tank, corresponding to deficient hydrogen content reproduced upon cycling (Figure 3.19).
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Figure 3.20. The 14" hydrogenation (7=250 °C and P(H,)=10-15 bar) of MH-TiF,-AC tank (96.2
mL and four hydride beds with SS mesh tube at the tank center) (A) as well as PXD spectra and

physical appearance of MH-TiF,-AC after the 15" hydrogenation (B).

Moreover, the chemical compositions of MH-TiF,-AC powder are studied by PXD technique
as well as physical appearance of the sample after cycling is recoded after the 15" hydrogenation.
Figure 3.20 (B) shows diffraction peaks of Mg, MgO, and MgH,. Although the signal of Mg hinting
at incomplete hydrogenation is observed, high relative content of MgH, as like as-prepared sample
(Figure 3.14 (A)) suggests significant reversibility upon cycling. This recovered MgH, is probably not
be able to desorb anymore after the 2" cycle. Moreover, agglomeration and/or sintering of the MH-
TiF,-AC powder unpacked from the tank after cycling is found (Figure 3.20 (B)). These result in
inferior reversibility during the 315" cycles (Figure 3.19). Therefore, the enhancement of hydrogen
diffusion pathways during de/rehydrogenation is considered for the new tank design. Moreover, the
packing volume of our MgH,-based tank should be increased by extension of the length with

maintained inner diameter at 35 mm to obtain good heat transfer.



3.3. Test stations for thermodynamics, kinetics (laboratory and tank scales), and hydrogen
physisorption isotherm

3.3.1. Thermodynamics and physisorption isotherm

One of the most important parameters for the development of hydrogen storage materials
and systems is thermodynamic properties including reaction enthalpy (AH,) and entropy (AS,).
Regarding Van't Hoff equation (eq. (3.1)), AH and AS can be calculated from the slope and y-

intercept, respectively, from the plot of In (P/Po) versus 1/T.

P, AH AS
In (ﬂ) =—"_—-— (3.1)
Py RT R

where P, and P, are an equilibrium pressure and reference pressure of 1 bar, respectively. R and

T are the gas constant (8.314 J/mol K) and temperature (K), respectively.

From the previous report, pressure-composition isotherm (PCI) plot of the reference material (as-
received MgH,) was not in agreement with the results from literatures. We found that the operating
condition of mass flow controller (MFC), one of the most important part of thermodynamic test station,
was not proper. In addition, temperature fluctuation during the experiments was detected. Thus,
installation of a hydrogen pressure regulator to obtain suitable inlet pressure for MFC and
construction of temperature-controlled chamber were carried out (Figure 3.21). Afterwards,
calibration was performed by using standard sample of as-received MgH,. Form Figures 3.22 (A)
and (B), reversible hydrogen storage capacity and dehydrogenation enthalpy of as-received MgH, of
up to 6.5 wt. % H, and 75.6 kJ/mol H,, respectively, approaching to the results from the literature.
Thus, our thermodynamic test station is now reliable and ready to be used for characterization of
new materials. For example, thermodynamic properties of hydride nanoconfined into activated

carbon nanofibers, the original sample developed in this project will be studied.
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Figure 3.22. Pressure temperature isotherms (A) and Van’t Hoff plot (B) of as-received MgH..

Besides thermodynamic properties, this PCI test station (Figure 3.21) can be used to study
hydrogen physisorption isotherm of porous materials for hydrogen storage applications. For example,
hydrogen physisorption isotherm at 298 K under 30 bar H, of activated carbon nanofibers (ACNF)
doped with 10 wt. % Ni was carried out and revealed as preliminary results in proposal for our new
TRF grant in 2019. ACNF and 10 wt. % Ni-doped ACNF reveal surface area of 700 and 535 m2/g,
respectively (Table 3.3). From Figure 3.23 (A), fibrous and porous structures of ACNF are preserved
after doping with Ni. Hydrogen content adsorbed is about 0.2 wt. % H, within 3 h (Figure 3.23 (B)).
With respect to hydrogen content adsorbed by into Ni (or Ni/Pd)-doped reduced graphene oxide
(rGO) and Ni-doped porous silica (KIT-6) at 298 K under 35 bar H, (0.01-0.13 wt. % H,)"®"", superior
hydrogen capacity can be obtained from our sample of 10 wt. % Ni-doped ACNF (0.2 wt. % H, at
temperature and pressure condition) (Figure 3.23 (B)). Thus, further studies are dealing with the
improvement of pore volume and surface area of ACNF as well as good dispersion of Ni nanoparticles
to obtain higher hydrogen physisorption content. This research work is proposed in the proposal for

TRF grant 2019.



Table 3.3. Texture parameters of ACNF and 10 % Ni-doped ACNF.

Samples Ni content* SgeT Vnicro Vineso Viot Drax

(wt. %) (m?/g) (mL/g) (mL/g) (mL/g) (nm)

ACNF 0 700 0.06 0.30 0.43 3.4
10 wt. % Ni-doped ACNF 6.3 535 0.05 0.19 0.31 3.4

* Ni content was investigated by using Inductively Coupled Plasma-Optical Emission Spectrometry

(ICP-OES) technique.
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Figure 3.23. SEM image (A) and hydrogen physisorption isotherm at 298 K under 30 bar H, (B)

of 10 wt. % Ni-doped ACNF.
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3.3.2. Hydrogen sorption kinetics and reversibility of hydrogen storage tank

Development of hydrogen storage has been carried out not only in laboratory scale (50-100
mg), but also upscaling to small hydrogen storage tank (20-400 g). According to our previous kinetic
test station for sample in the laboratory scale, hydrogen contents de/absorbed are measured by
volumetric method based on the pressure different (Ap) and ideal gas equations (eq. (2.1) and (2.2)).
Considering hydrogen ab/desorption processes, equilibrium pressure (Po,) at specific temperature
(e.g., for MgH, in Figure 3.22 (A)) controls the reaction pathway of hydrides. For example, hydrides
absorb hydrogen at system pressure (P)>Psq and desorb hydrogen at Py <P.,. For tank scale
with high sample weight, high hydrogen pressure higher than P., is observed during hydrogen
desorption, limiting kinetics and lowering hydrogen content released. Thus, kinetic test station is

modified by measuring hydrogen content passing through mass flow controller (MSC) (Figure 3.24).
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Figure 3.24. Schematic draw (A) and picture (B) of the components in kinetic test station for

hydrogen storage tank in our laboratory at SUT.

The volume of hydrogen gas released from hydrogen storage tank can be calculated the peak area
of the plot between hydrogen flow rate (standard liter per minute, SLM) and time (minute) (e.g., the
result in Figure 3.28 (A)) is used to calculate hydrogen capacity as following equations (2.3) - (2.5).
Hydrogen storage tanks with several packing volumes (20-380 mL) are designed and fabricated with
and without heat exchanger system (Figure 3.25). In addition, several thermocouples (TCs) are
inserted into hydrogen storage tank to follow temperatures at different positions in the tank, revealing
reaction mechanisms during de/rehydrogenation. Kinetic test station shown in Figure 3.24 can be

used to study the hydrogen sorption performances of the sample in both laboratory and tank scales.
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volumes of 20 mL (B), 93 mL (B), and 380 mL (D) used with kinetic test station in Figure 3.24.



Chapter 4

Conclusions

Activated carbon nanofibers (ACNF) with various specific surface area (Sggt) and total pore
volume (V,y) were synthesized by varying activation time during heating (15-75 min). The highest
Sger and Vi, (2752 m2/g and 2.17 mL/g, respectively) were obtained by activation at 800 °C for 15
min. The higher the Sggr and Vy, the more the effectiveness of LiBH, melt infiltration. Due to
effective nanoconfinement of LiBH, in ACNF, not only high hydrogen content up to 81 % of theoretical
capacity was achieved, but also suppression of B,Hg release. Hydrogen contents desorbed (the 1°
cycle) and reproduced (the 2" cycle) of nanoconfined LiBH, were up to 11.7 and 7.1 wt. % H,.
Since all nanoconfined samples showed the main dehydrogenation at comparable temperature of
347-352 °C (AT=128 °C with respect to bulk LiBH,), the explanation for this kinetic improvement was
catalytic properties of ACNF surface. However, due to effective nanoconfinement, loosely distributed
Li-BH, chain and close contact of LiBH, with carbon surface were observed. This resulted in lower
dehydrogenation at 305 °C (AT=170 °C with respect to bulk LiBH,). It was also found that during
dehydrogenation of nanoconfined sample, further melt infiltration of LiBH, was detected together with
dehydrogenation. This led to lower onset dehydrogenation temperature of 268 °C and greater relative

content of hydrogen released at low temperature (305 °C).

Furthermore, ACNF (1-30 wt. %) was used as catalyst to improve dehydrogenation kinetics
and reversibility of into 2LiBH,-MgH, composite. Due to heat and KOH treatment, ACNF had not
only high porosity and surface area, but also good thermal conductivity. At low ACNF doping contents
(1-10 wt. %) into milled 2LiBH,-MgH,, alteration of unit cell parameters and reduction of particle size
were observed, hinting at good dispersion of ACNF in hydride matrices. The reduction of
dehydrogenation temperature and fast kinetics were achieved with increase of ACNF content. For
example, when milled 2LiBH,-MgH, was doped with 30 wt. % ACNF, dehydrogenation temperatures

reduced up to AT=73 and 83 °C during the 1% and 2 cycles, respectively, and hydrogen content



released during the 1% cycle increased from 70 to 83 % of theoretical hydrogen capacity.
Improvement of kinetics of hydride composite was due to not only good thermal conductivity of ACNF
benefiting heat transport during hydrogen exchange reaction, but also introduction of many defects

and reduction of particle size, enhancing hydrogen diffusion pathway.

Besides the investigation in laboratory scale, upscaling to hydrogen storage tank based
MgH,-TiF4-actuvated carbon (AC) was performed. MgH,-5 wt. % TiF, and AC showed significant
reduction of onset and main dehydrogenation temperatures from 410 and 433 °C, respectively, to

272 and 324 °C, respectively. Hydrogen content released from MgH,-TiF,-AC tank was measured
by using mass flow meter with outlet pressure of ~1 bar (atmospheric pressure), while hydrogenation
was done by the automatically controlled pressure of 10-20 bar H,. Dehydrogenation (T, = 300 °C)
of small tank (28.8 mL) containing ~14.5 g MgH,-TiF,-AC released 3.54 wt. % H,. Afterwards,

packing volume and MgH,-TiF,-AC weight were enhanced to 96.2 mL (inner diameter of 35 mm) and

~60.5-67.0 g, respectively. By increasing the number of hydride beds from two to four and insertion
of stainless steel mesh tube at the tank center, hydrogen permeability was improved, leading to

superior de/rehydrogenation kinetics. Gravimetric and volumetric capacities during the qst.gnd

cycles
(within 3.5 h) were 4.46 wt. % H, and 28 gH,/L, respectively, while those during the 3"-15" cycles
stabilized at 3.42-3.62 wt. % H, and 22-23 gH,/L, respectively. Homogeneous heat transfer along
the tank radius (17.5 mm) was obtained. Hydrogen permeability was effective at the tank center and

decayed toward the tank wall, resulting in poor kinetics.

Moreover, the test stations for thermodynamics, kinetics, and hydrogen physisorption
isotherms were constructed and calibrated with standard samples. Specific characterizations of
hydrogen storage materials in both laboratory and tank scales could be carried out in our laboratory.
Not only hydrogen chemisorption of hydrides, but also physisorption of porous materials could be
investigated by our test stations. Thus, the research work based on solid state hydrogen storage
submitted for TRF grant in 2019 covered the development of both hydrogen chemisorption and

physisorption systems.
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By doping with 5 wt % TiF, and activated carbon (AC), onset and main dehydrogenation
temperatures of MgH, significantly reduce (AT = 138 and 109 °C, respectively) with hydrogen
capacity of 4.4 wt % H,. Up-scaling to storage tank begins with packing volume and sample
weight of 28.8 mL and ~14.5 g, respectively, and continues to 92.6 mL and ~60.5—
67 g, respectively. Detailed hydrogen sorption mechanisms and kinetics of the tank tightly
packed with four beds of MgH,—TiF;-AC (~60.5 g) are investigated. De/rehydrogenation
mechanisms are detected by three temperature sensors located at different positions along
the tank radius, while hydrogen permeability is benefited by stainless steel mesh sheets and
tube inserted in the hydride beds. Fast desorption kinetics of MgH,—TiF,-AC tank at ~275—
283 °C, approaching to onset dehydrogenation temperature of the powder sample (272 °C)
suggests comparable performances of laboratory and tank scales. Hydrogen desorption
(T =300°C and P(H,) = 1 bar) and absorption (T = 250 °C and P(H,) = 10—15 bar) of MgH,—TiF,-
AC tank provide gravimetric and volumetric capacities during the 1°*-2nd cycles of 4.46 wt %
H, and 28 gH,/L, respectively, while those during the 37-15th cycles are up to 3.62 wt % H,
and 23 gH,/L, respectively. Due to homogeneous heat transfer along the tank radius, de/
rehydrogenation kinetics superior at the tank center and degrading forward the tank wall
can be due to poor hydrogen permeability. Particle sintering and/or agglomeration upon
cycling yield deficient hydrogen content reproduced.
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Introduction

The 2020 targets for on-board hydrogen storage set by US-DOE
define the system gravimetric and volumetric capacities of
4.5 wt % H, and 30 g Hy/L, respectively, with operating tem-
perature and maximum delivery pressure of —40 to 60 °C and
12 bar, respectively [1]. Solid state hydrogen storages by
chemisorption of metal, intermetallic, and complex hydrides
delivering hydrogen at ambient temperature and pressure
have drawn a lot of attention. To approach practical uses, de/
rehydrogenation mechanisms and performances of hydrogen
storage tanks containing intermetallic hydrides (LaNis [2—-5]
and MmNi, 4Mn 1Cop s [6]) as well as alkaline and alkaline-
earth hydrides (NaAlH, [7-9], NasAlHgs [10], and MgH,
[11—14] have been proposed. LaNis alloy (1 kg) filled into the
tank with finned tube heat exchanger and copper flakes
showed storage capacity of 1.2 wt % H, under 15 bar H, with
cooling fluid (15 °C) for hydrogenation and at 90 °C for dehy-
drogenation [2]. Furthermore, immobilized MmNi, 4Mn, 1Cog 5
alloy in polymers was developed to enhance filling density
and to reduce strain during de/rehydrogenation on the tank
wall [6]. The powder sample of MmNi, 4Mng 1Cog s alloy in
polymers (7.2 tons) was tightly packed into the large hydrogen
storage system (1000 Nm?®) containing 9 double-tube struc-
tured tanks with ventilation and heat transfer fins. Reversible
hydrogen capacity of 1.2—-1.4 wt % with maximum de/rehy-
drogenation rate of 70 Nm?%h was achieved at 25—35 °C.

For alkaline and alkaline-earth hydrides, although their
hydrogen storage capacities approach US-DOE target for on-
board hydrogen storage (4.5 wt % [1]), high operating tem-
perature and pressure for de/rehydrogenation are not favor-
able for practical uses. NaAlH,—TiCl3-AlCl; (8 kg) packed into
the tank with heat exchanger released and reproduced 3—4 wt
% H, upon 18 cycles (T = 125—175 °C and P(H,) = 0.2—100 bar)
[7]. In addition, NasAlHe—TiCls-activated carbon (AC) (1.92 kg)
was densely filled into the tank with corrugated heat ex-
changers manufactured by extrusion molding of Al-Mg—Si
based alloys. Upon 16 cycles (T = 160-185 °C and
P(H,) = 1-25 bar), the tank showed reversible hydrogen ca-
pacities with respect to material and system levels of 2.0 and
2.8 wt % Hp, respectively [10]. Due to fast kinetics at room
temperature of intermetallic hydrides and high hydrogen ca-
pacity of complex hydrides, combination of LaNis 3Alp sMng 3
and Li-Mg—N—H composite (2LiNH,-1.1MgH,-0.1LiBH,4-3 wt.
% ZrCoHs) was proposed [15]. Heat release from hydrogena-
tion of LaNi, 3Alp4Mng 3 located at the tank center facilitated
hydrogenation of Li—Mg—N—H. De/rehydrogenation of the
tank containing 3.4 kg each of LaNi 3Alp4Mng 3 and Li-Mg—
N—H at 180 °C under 1.7—67 bar H, yielded gravimetric and
volumetric storage capacities of 2.45 wt % H, and 10 gH,/L,
respectively.

Another attractive material for hydrogen storage tank is
MgH, due to high gravimetric and volumetric hydrogen ca-
pacities (7.6 wt % H, and 109 g H,/L, respectively), maintained
kinetics upon cycling, abundance, and low cost. However, its
high decomposition temperature (T > 300 and 400 °C for as-
milled and as-received MgH,, respectively) obstructs prac-
tical applications [16—19]. To improve the performance of
hydrogen storage tank, not only kinetic properties and

thermal conductivity, but also hydrogen permeability and
mechanical stability during cycling of hydride bed are taken
into account. Laboratory powder scale of compacted MgH,—
Ti—V—Cr doped with expanded natural graphite (ENG) showed
improvement of thermal conductivity, volumetric hydrogen
capacity, and mechanical stability. However, hydrogen
permeability reduced with increase of ENG content and
compaction pressure [11,20]. Small hydrogen storage tank
(270 cm?) filled with 123 g of MgH,—Ti—V—Cr powder revealed
degradation of hydrogen sorption kinetics toward the tank
center due to poor heat diffusion through hydride bed [13]. By
compaction of MgH,—Ti—V—Cr doped with ENG and addition
of compressed air flow heat exchanger at the tank center,
hydrogen absorption and desorption (T = 300—330 °C and p
(H,) = 1-11 bar) times reduced from 180 min to 12 h, respec-
tively, to 40 min and 4 h, respectively [13].

In the present studies, detailed hydrogen sorption mech-
anisms and kinetics of small hydrogen storage tank (96.2 mL)
tightly filled with MgH,—TiF,;-activated carbon (AC) are
investigated. There are some reports showing the positive
effects of AC on hydrogen sorption of Mg including enhanced
hydrogen absorption rate and capacity together with main-
tained de/rehydrogenation performance upon cycling [21,22].
As comparable with other carbon materials, AC could benefit
hydrogen diffusion along grain boundaries of the materials as
well as prevent particle growth and restoration of oxygen
layer on fresh cracked surface [20,23,24]. Considering the
inner diameter (ID) of MgH,—Ti—V—Cr tank (70 mm), temper-
ature gradient along the tank radius was observed, leading to
the degradation of hydrogen sorption kinetics, especially at
the tank center (up to 160 min to complete hydrogenation at
300 °C under 7.7 bar H,) [13]. In addition, the powder sample
densely packed (0.46 g/cm®) without any hydrogen diffusion
pathways could be another reason for poor kinetics [13].
Moreover, it was reported that long metal hydride tank with
smaller diameter benefited short heat transfer distance and
good heat dissipation [25]. Thus, the ID of our tank is reduced
to 35 mm together with the insertion of stainless steel mesh
sheets and tube into hydride beds. De/rehydrogenation
mechanisms up to 15 cycles at different positions along the
tank radius are observed by temperature sensors. Hydroge-
nation is carried out under automatically controlled pressure
of 10—15 bar H, at setting temperature (Tse) of 250 °C.
Hydrogen content desorbed (Tset = 300 °C under P(H,) ~1 bar) is
detected by mass flow meter. Thermal conductivity, hydrogen
permeability, and chemical compositions upon hydrogen
release and uptake cycles are discussed.

Experimental details

As-received Mg powder (>99.0%, Aldrich) was hydrogenated
at 350 °C under 80 bar H, for 12 h to obtain as-prepared MgH,.
As-received TiF, (99%, Acros Organics) and as-prepared MgH,
were milled for 3 and 2 h, respectively, by using a QMO0.4L
Planetary Ball Mill, Nanjing Chishun Science & Technology.
Ball-to-powder weight ratio (BPR) and rotational speed were
20:1 and 600 rpm, respectively. As-prepared MgH, was doped
with 5 wt % milled TiF, by milling for 30 min with BPR of 20:1.
Hydrogenation was repeated by pressurizing 80 bar H, on
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MgH,-5 wt. % TiF, at 350 °C for 12 h. Activated carbon (AC)
obtained from C. Gigantic Carbon Co., Ltd., Thailand was
treated at 500 °C under vacuum for 3 h to remove oxygen and
moisture. Hydrogenated sample of MgH,-5 wt. % TiF, was
doped with 5 wt % treated AC by ball milling technique to
obtain MgH,-5 wt. % TiF4-5 wt. % AC, denoted as MH-TiF4-AC.
Milling time and BPR were 30 min and 10:1, respectively.

Powder X-ray diffraction (PXD) experiments of as-
prepared, dehydrogenated, and rehydrogenated samples of
MH-TiF,-AC were performed by using a Bruker D2 PHASER
with a Cu Ka radiation (A = 0.15406 nm). The powder sample
was packed in an airtight sample holder, covered by a poly
(methyl methacrylate) (PMMA) dome under N, atmosphere in
the glove box. The diffraction patterns were collected in the 26
range and the scanning step of 10-80° and 0.02°/s,
respectively.

Dehydrogenation profiles of MH-TiF,-AC and as-received
MgH, were characterized by differential scanning calorim-
etry (DSC) and thermogravimetry (TG) using a Netzsch
STA449F3 Jupiter. The powder sample of 5-10 mg were heated
from room temperature to 500 °C (5 °C/min) under N, flow of

(A)

(B)

Thermocouple
(TC)

50 mL/min. Hydrogen content released was represented by TG
thermogram. The relative composition of hydrogen in the
exhaust gas was simultaneously detected by mass spectros-
copy (MS) using a Netzsch QMS 403C mass spectrometer.
The powder sample of MH-TiF,-AC (14.4918 g) was packed
tightly into a cylindrical tank with packing volume of 28.8 mL
(SS304) (Fig. 1 (A)) under nitrogen atmosphere in the glove box.
The other cylindrical tank with flanges (packing volume and
inner diameter of 96.2 mL and 35 mm, respectively) (Fig. 1 (B))
was densely filled with two beds of MH-TiF,-AC powder
(67.018 g and ~33.5 g/bed) separated by round-shaped stain-
less steel (SS) mesh sheets (SS304, No. 120). To improve
hydrogen permeability, the number of MH-TiF,-AC beds was
increased from two to four (60.551 g and ~15 g/bed) together
with the insertion of SS mesh tube at the tank center. De/
rehydrogenation processes were implemented by using an
automatic control software developed in a Labview® envi-
ronment. Two pressure transducers with operating pressure
ranges of 0—1500 psig (PX409-1.5KGI, OMEGA Engineering) and
0—3000 psig (PX309-3KGI, OMEGA Engineering) were used to
measure the system pressure during the experiments.

A

Fig. 1 — Hydrogen storage tanks with packing volumes of 28.8 mL (A) and 96.2 mL with the positions of temperature sensors

(TCs) along the tank radius (B).
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Hydrogen gas released from and applied to the tank during de/
rehydrogenation was automatically controlled by using the
direct-acting plunger solenoid valves (Type 0255, Birkert).
Hydrogen content liberated during desorption was detected
by a mass flow meter (MFM) with operating flow rate of 0—1
standard L/min (SLM), which standard temperature (Ts) and
pressure (Ps) were 294.25 K and 1.01 bar, respectively (FMA-
767A, OMEGA Engineering). Three K-type thermocouples (TC)
(-250-1300 °C, SL heater) were used to detect the temperatures
of MH-TiF,-AC at different positions along the tank radius.
TC1, TC2, and TC3 were located at r/R = 0.43, 0, and 0.91,
respectively, when r and R represented the positions of TC and
the tank radius (17.50 mm), respectively (Fig. 1 (B)). The signals
of temperature, pressure, and mass flow rate as well as the
command to automatically open and close solenoid valves
were connected to the computer by using the module data
loggers (NI USB-6009, National Instruments and AI210, Wisco).
Hydrogenation was done under isothermal condition at 250
and 300 °C (Tser) under 10—20 bar H,. Dehydrogenation was
carried out at 300 °C under ~1 bar H,, while outlet pressure of
MFM was ~1 bar (atmospheric pressure). Initial pressures (P,)
for dehydrogenation were 5.0 and 1.4—1.6 bar H, for the tanks
with packing volumes of 28.8 and 96.2 mL, respectively. The
volume of hydrogen gas obtained from the peak area of the
plot between hydrogen flow rate (SLM) and time (min) was
used to calculate hydrogen capacity as following equations.

_ Vs<Tsrp
Vo == M
Vs
2 = 9041 /mol @)
o\ _ (MH2+2.016 g/mol
H, desorbed (wt. % ) = ( sample weight x 100 (3)
where Vgrp (L) and Vg (SL) are volumes of hydrogen gas at
standard temperature and pressure condition (STP,

Tstp = 273.15 K and Pstp = 1.01 bar) and at standard condition
of MFM, respectively. nH, (mol) is the number of hydrogen
moles and standard molar volume is 22.4 L/mol.

Results and discussion

To confirm successful hydrogenation of Mg to MgH, and to
study dehydrogenation mechanisms, as-prepared MH-TiF,-
AC is characterized by PXD and simultaneous DSC-TG-MS
techniques. Fig. 2 (A) shows significantly diffraction peaks of
MgH, with slight content of Mg, implying successful hydro-
genation. From Fig. 2 (B), onset and main dehydrogenation
temperatures of as-received MgH, are 410 and 433 °C,
respectively, approaching to the previous reports [18,19]. For
MH-TiF,;-AC, onset and main dehydrogenation temperatures
considerably reduce to 272 and 324 °C, respectively (Fig. 2 (B)).
Due to catalytic effects of TiF, and AC, dehydrogenation ki-
netics of MgH, is considerably improved (AT = 138 and 109 °C
for onset and main dehydrogenation temperatures, respec-
tively). The latter corresponds to the results of MgH, doped
with other transition metal-based additives [26—30] and car-
bon materials [20,31,32]. From TG and MS results, 6.4 and
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Fig. 2 — PXD spectrum of MH-TiF,;-AC (A) and simultaneous
DSC-TG-MS results of MH-TiF,-AC and as-received MgH,

(B)-

4.4 wt % H, liberate from as-received MgH, and MH-TiF4-AC,
respectively. Considering theoretical hydrogen storage ca-
pacity of MgH, (7.6 wt % H,) and TG thermogram in Fig. 2 (B)
(6.4 wt % H,), theoretical capacities of MH-TiF4;-AC are 6.8
and 5.8 wt % H,, respectively. Deficient hydrogen content
released from MH-TiF4-AC can be due to incomplete hydro-
genation of Mg to MgH,, in accordance with the diffraction
peaks of residual Mg in as-prepared MH-TiF4-AC (Fig. 2 (A)).
Afterwards, the preliminary studies based on dehydroge-
nation kinetics and hydrogen content released in the tank
scale are performed on the small hydrogen storage tank
(28.8 mlL) filling with 14.4918 g MH-TiF,-AC. During dehydro-
genation, MH-TiF,;-AC tank is heated to 300 °C (Tset) and the
initial pressure (Pi) of 5.0 bar is assigned to obtain the proper
flow rate in the operating range of MFM. From Fig. 3 (A),
hydrogen pressure of MH-TiF4-AC tank reaches P;, (5.0 bar) at
283 °C, slightly higher than onset dehydrogenation tempera-
ture of MH-TiF,;-AC powder (272 °C) (Fig. 2 (B)). Hydrogen gas
liberates continuously with the flow rate of 0.06—0.8 SLM
through MFM, which the outlet pressure is ~1 bar (atmo-
spheric pressure). The system pressure reduce gradually from
5 to 1.6 bar upon dehydrogenation. Up to 70 min, dehydroge-
nation is terminated due to slow kinetics shown as constant
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Fig. 3 — Dehydrogenation (T = 300 °C and P(H,) = 1 bar) of MH-TiF,-AC tank (28.8 mL) (A) and PXD spectra of the
dehydrogenated samples at the bottom (a), middle (b), and top (c) positions of the tank (B).

flow rate of 0.06 SLM for ~15 min (Fig. 3 (A)). Considering the
peak area of the plot between hydrogen flow rate (SLM) and
time (min), hydrogen gas volume is 6.13 SL, yielding hydrogen
storage capacity of 3.54 wt %. To confirm successful dehy-
drogenation of MH-TiF,-AC tank, dehydrogenated samples
collected at the top, middle, and bottom positions of the tank
(Fig. 3 (A)) are characterized by PXD technique. Diffraction
patterns of Mg, MgH,, and MgF, are observed at the bottom
and middle position, while those of Mg and MgH, are found at
the top position (Fig. 3 (B). Although dehydrogenation of MH-
TiF4-AC can proceed as the formations of Mg and MgF,, re-
sidual MgH, suggests incomplete dehydrogenation. This cor-
responds to deficient hydrogen content released of 3.54 wt %
H, (Fig. 3 (A)) with respect to 4.4 wt % H, detected by TG
thermogram (Fig. 2 (B)). It should be noted that high relative
content of Mg to MgH, and the formation of MgF,, indicating
effective dehydrogenation are found considerably at the bot-
tom and middle positions. This can be due to the fact that the
middle and bottom positions of the tank are completely inside
the furnace, which homogeneous heat transfer can be

achieved. In addition, upon dehydrogenation the system
pressure of 1.6 bar H, (Fig. 3 (A)), higher than equilibrium
pressure of MgH, at 300 °C (~1 bar H,) [33,34] probably sup-
presses dehydrogenation.

Furthermore, the packing volume of hydrogen storage tank
and the amount of as-prepared MH-TiF,-AC sample are
enhanced to 96.2 mL and 67.018 g, respectively (Fig. 4 (A)). To
study the heat transfer inside MH-TiF,;-AC tank, three K-type
thermocouples (TC1, TC2, and TC3) are inserted into the
powder sample at different positions along the tank radius (r/
R =0.43, 0, and 0.91, respectively). Since superior dehydroge-
nation performance of the small hydrogen storage tank is
detected at the middle and bottom positions (Fig. 3), all ther-
mocouples (TC1-TC3) are located approximately at the middle
position of the tank. To improve hydrogen permeability and
heat transfer, MH-TiF4-AC powder sample is packed into two
beds separated by round-shaped SS mesh sheets (Fig. 4 (A)). By
heating MH-TiF4-AC tank to ~220 °C (Tset), the system pressure
increases slightly from 1.16 to 1.24 bar due to heat expansion
(grey frame (a) in Fig. 4 (B)). At Tser of 225—275 °C (grey frame (b)
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Fig. 4 — Dehydrogenation (T = 300 °C and P(H,) = 1 bar) of MH-TiF,-AC tank (96.2 mL and two hydride beds).

in Fig. 4 (B)), considerable reduction of the system pressure
(from 1.24 to 0.6 bar) suggests hydrogenation of residual Mg,
corresponding to diffraction peaks of Mg found in PXD spectra
of as-prepared MH-TiF;-AC (Fig. 2 (A)). Once the pressure
drops to 0.6 bar, approaching to equilibrium pressure of MgH,
at 275 °C, hydrogenation terminates. To overcome thermo-
dynamic restriction and improve kinetic properties, Tset iS
increased to 300—325 °C. Dehydrogenation is observed by
significant enhancement of hydrogen pressure to 1.6 bar (Pin
in Fig. 4 (B)). Hydrogen content released from MH-TiF,-AC tank
of 13.38 SL (1.67 wt % H,) is detected within ~250 min. Tem-
peratures detected by all TCs are approximately identical,
implying comparable dehydrogenation performance at all
positions as well as good thermal conductivity along the tank
radius (17.5 mm). Slightly high temperature observed at TC3

with respect to other TCs can be due to the fact that the po-
sition of TC3 is near the heater (tank wall). It was reported that
long metal hydride tank with smaller diameter were prefer-
able due to short heat transfer distance and better heat
dissipation as compared with wider tank [25]. Inferior
hydrogen content released from MH-TiF,-AC tank (1.67 wt %
H,) to that detected in TG thermogram of 4.4 wt % H, (Fig. 2 (B))
hints at incomplete dehydrogenation. This can be due poor
hydrogen permeability inside the tightly packed powder
sample, especially at the tank center.

For the next step, the improvement of hydrogen perme-
ability inside MH-TiF,;-AC tank is of interest. Dehydrogenated
powder sample of MH-TiF,-AC (from Fig. 4) is unpacked and
milled for 30 min (BPR of 20:1). The milled sample is divided
into four beds separated by round-shaped ss mesh sheets

Pressure (bar)

50 T T IIII T T T T 400
—TC1
—TC2 1350
—TC3
........................................................ 1300
@
set 3
{250 @
2
=
AN ™ oo &
Pressure é
1150
T T T T 100
10 20 30 40 50

Time (min)

Fig. 5 — Hydrogenation (T = 250 °C and P(H,) = 15—20 bar) of MH-TiF,-AC tank (96.2 mL and four hydride beds with SS mesh

tube at the tank center).
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together with the insertion of ss mesh tube at the tank center
(Fig. 5 (A)). Hydrogenation is carried out at isothermal condi-
tion (Tset = 300 °C) under automatically controlled hydrogen
pressure of 15—20 bar (Fig. 5 (B)). At the initial state, the tank
pressure of 1.5 bar H, in accordance with its equilibrium
temperature of 296.5 °C is detected by all TCs, suggesting
homogeneous heat distribution along the tank radius as
similar to the results in Fig. 4 (B). By pressurization of ~17 bar
H,, temperature of the powder sample at r/R = 0.91 (TC3) in-
creases considerably to 377 °C together with slight reduction
of the system pressure (grey frame in Fig. 5 (B)), suggesting
rapid hydrogenation due to greater applied pressure than
equilibrium pressure. However, temperatures of sample at the
positions close to the tank center (/R = 0 and 0.43) signifi-
cantly decrease to 185 and 265 °C, respectively, hinting at
dehydrogenation of MH-TiF4-AC. Although hydrogenation
proceeds at r/R = 0.91 (TC3), system pressure is constant at
16—17 bar for ~ 30 min due to dehydrogenation at r/R = 0 and
0.43 (TC2 and TC1, respectively) (grey frame in Fig. 5 (B)). It

(A)

should be noted that the powder sample is homogeneous due
to milling prior to repacking. Thus, this phenomenon can be
probably due to the fact that progressive hydrogenation at r/
R = 0.91 (TC3) leading to quick reduction of the system pres-
sure is a driving potential for dehydrogenation at r/R = 0 and
0.43 (TC2 and TC1, respectively). Superior dehydrogenation
observed at the tank center (1/R = 0) can be explained by the
good hydrogen permeability due to the insertion of ss mesh
tube. Afterwards, temperatures at TC2 and TC1 gradually in-
crease to the initial and maximum temperatures of 296.5 and
325 °C, respectively. This implies that dehydrogenation of the
samples at 1/R = 0 and 0.43 tends to finish and hydrogenation
instantly continues. Hydrogenation proceeds at all positions
and completes after 48 min confirmed by the reduction of
temperatures at all TCs to the set-point value (296.5 °C) (Fig. 5
(B)). This hydrogenated sample is defined as-prepared sample
for the further 15 hydrogen release and uptake cycles.
Dehydrogenation conditions of Tser and Py, for MH-TiF4-AC
tank are at 300 °C and 1.4 bar H,, respectively. Since onset
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Fig. 6 — Dehydrogenation (T = 300 °C and P(H,) = 1 bar) (A) and hydrogenation of (T = 250 °C and P(H,) = 10—15 bar) (B) during
the 1st cycle of MH-TiF4;-AC tank (96.2 mL and four hydride beds with SS mesh tube at the tank center).
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dehydrogenation temperature of MH-TiF,-AC is at 272 °C
(Fig. 2 (B)), prior to dehydrogenation, MH-TiF4-AC tank is
cooled to 250 °C to prevent undesired decomposition. By
heating to 300 °C (Tset), temperatures at all TCs increase with
comparable heating rate (Fig. 6 (A)). At temperature
approaching to onset dehydrogenation of MH-TiF4-AC powder
(275—283 °C), the system pressure enhances sharply and rea-
ches P;, within 15 min, implying fast kinetics of MH-TiF4-AC
tank and comparable performance of laboratory and tank
scales. Upon dehydrogenation, constant system pressure of
1.03 bar, slightly higher than the outlet pressure (~1 bar) mo-
tivates hydrogen gas to flow through MFM (Fig. 6 (A)). Within
3.5h, MH-TiF,-AC tank liberates 32.3 SL hydrogen in two steps,
in accordance with gravimetric and volumetric capacities of
4.46 wt % H, and 28 gH,/L, respectively. It should be noted that
MH-TiF4-AC tank provides superior volumetric hydrogen ca-
pacity to compressed hydrogen tanks of steel cylinders at
200 bar and type IV composite cylinders at 700 bar (9 and 23
gH,/L, respectively) [35]. Further enhancement of hydrogen
capacity by compaction of MgH, based materials and assem-
bly of heat exchanger to the tank is in progress. Plateau tem-
peratures during dehydrogenation at 295, 300, and
307 °C (TC1-TC3) are detected at r/R = 0, 0.43, and 0.91,
respectively (Fig. 6 (A)). Regarding good heat transfer along the
tank radius (Figs. 4 and 5), the enhancement of plateau tem-
perature toward the tank wall (r/R ratio from 0 to 0.43 and 0.91)
can be explained by poor diffusion of hydrogen desorbed [14].
Due to the insertion of SS mesh tube at tank center, hydrogen
permeability at r/R = 0 is superior and decreases with
increasing 1/R ratios. Moreover, the plateau temperature
range, suggesting continuous release of hydrogen is consid-
erably prolonged at r/R = 0 and decays with enhancing 1/R to
0.43 and 0.91. High hydrogen flow rate up to 0.52 SLM during
the first-step reaction (within 30 min after Py,) is due to con-
current dehydrogenation of MH-TiF,-AC at all positions, in
agreement with plateau temperatures observed at all /R ra-
tios. After 75 min, the second step shows significant reduction
of hydrogen flow rate to ~0.2 SLM. The latter can be due to the
fact that hydrogen release is mainly from r/R = 0 position,
where plateau temperature still continues (Fig. 6 (A)). Even-
tually, temperatures at all positions reach the same set-point
at about 325 °C, indicating the end of dehydrogenation. For
rehydrogenation, isothermal condition at 250 °C (Tset) under
10—15 bar H, is applied to MH-TiF4-AC tank. Prior to hydrogen
pressurization, comparable temperatures (262 °C) are detected
by all TCs (Fig. 6 (B)), hinting at good heat transfer in the
sample along the tank radius. Introduction of hydrogen gas
yields rapid enhancement of temperatures at all positions to
equilibrium temperature in the range of 370—387 °C, hinting at
fast hydrogenation rate with low heat transfer. High refilling
rate of hydrogen gas to maintain hydrogenation pressure in
the range of 10—15 bar H, during the first 5 min implies
effective hydrogenation at all positions, in accordance with
plateau temperatures detected by all TCs (Fig. 6 (B)). After
10 min, slower hydrogen refilling rate (hydrogenation) is
observed at r/R = 0.43 and 0.91, where temperatures gradually
reduce. Thereafter, temperatures at all r/R ratios decrease to
the set-point temperature (262 °C) within 60 min together with
significantly slow hydrogen refilling rate, implying end of
hydrogenation. Hydrogen refilling for hydrogenation during

5—60 min is totally 39 cycles (Fig. 6 (B)). Short plateau tem-
perature ranges detected at r/R = 0.43 and 0.91 with respect to
that of r/R = 0 can be explained by either fast hydrogenation
kinetics or limitation of hydrogenation due to poor hydrogen
permeability. According comparable heat transfer along the
tank radius, equilibrium temperatures at 387, 375, and 370 °C
for r/R of 0, 0.43, and 0.91, respectively, agree with equilibrium
pressures of about 12.4, 9.8, and 8.4 bar H,, respectively [13]. It
should be noted that equilibrium pressure at r/R = 0 (12.4 bar
H,) is in the range of applied pressure (10—15 bar H,), while
those at the positions toward tank wall (r/R = 0.43 and 0.91) are
deficient. This suggests poor hydrogen permeability and lim-
itation of hydrogenation. Thus, de/rehydrogenation perfor-
mances of MH-TiF4-AC tank are considerable at the tank
center, where ss mesh tube is located and deteriorates toward
the tank wall.

Hydrogen desorption and absorption up to 15 cycles are
further studied by using the same temperature and pressure
conditions as the 1st cycle (Tset = 300 °C and P;, = 1.4 bar for
dehydrogenation and Tger = 250 °C and P(H,) = 10—15 bar for
hydrogenation). Form Fig. 7, hydrogen content released during
the 1%'-2nd cycles are comparable of 4.46 wt % H, (28 gH,/L),
while those during the 3"4-15th cycles reduce to the stabilized
values of 3.42—-3.62 wt % H, (22—23 gH,/L). To explain the
inferior hydrogen content reproduced, the mechanisms dur-
ing the 14th hydrogenation as well as the chemical composi-
tions and physical appearance of the sample after cycling are
taken into account. From Fig. 8 (A), prior to hydrogen pres-
surization, set-point temperatures detected by all TCs are
comparable at 255 °C, hinting at good heat transfer along the
tank radius. From Fig. 6 (B) and 8 (A), equilibrium tempera-
tures at /R = 0 during the 1st and 14th hydrogenations are
identical at 387 °C, while those at r/R = 0.43 and 0.91 decrease
from 370 to 375 to 365 °C, corresponding to the equilibrium
pressure of ~7.5 bar H, [13]. Lower equilibrium pressure at 1/
R = 0.43 and 0.91 with respect to the applied pressure of
10—15 bar H, can be described by poor hydrogen permeability.

4.46 Wt. % H,
1 & * th
14" Abs.

....-.--.--.--......'.......................

3 3.42-3.62 wt. % H,

Desorbed H, (wt. %)

0 T T T T T T T
0 2 4 6 8 10 12 14 16

Number of cycles

Fig. 7 — Hydrogen contents released and reproduced during
the 1st-15th cycles of MH-TiF4-AC tank (96.2 mL and four
hydride beds with SS mesh tube at the tank center).
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With respect to the 1st cycle, not only shortened plateau
temperature ranges at all 1/R ratios, but also reduction of
hydrogen refilling to 32 cycles (time = 5—60 min) are observed
during the 14th hydrogenation (Fig. 8 (A)). The latter hints at
sluggish hydrogen sorption kinetics of MH-TiF4-AC tank, cor-
responding to deficient hydrogen content reproduced upon
cycling (Fig. 7). Moreover, the chemical compositions of MH-
TiF4-AC powder are studied by PXD technique as well as
physical appearance of the sample after cycling is recoded
after the 15th hydrogenation. Fig. 8 (B) shows diffraction peaks
of Mg, MgO, and MgH,. Although the signal of Mg hinting at
incomplete hydrogenation is observed, high relative content
of MgH, as similar to as-prepared sample (Fig. 2 (A)) suggests
significant reversibility upon cycling. This recovered MgH, is
probably not be able to desorb anymore after the 2nd cycle.
Moreover, agglomeration and/or sintering of the MH-TiF,;-AC
powder unpacked from the tank after cycling is found (Fig. 8
(B)). These result in inferior reversibility during the 3™-15th
cycles (Fig. 7). Therefore, the enhancement of hydrogen

diffusion pathways during de/rehydrogenation is taken into
account for the new tank design. Moreover, the packing vol-
ume of our MgH,-based tank should be increased by extension
of the length with maintained inner diameter at 35 mm to
obtain good heat transfer.

Conclusions

MgH, doped with 5 wt % TiF, and activated carbon (AC)
showed significant reduction of onset and main dehydroge-
nation temperatures from 410 to 433 °C, respectively, to 272
and 324 °C, respectively. Incomplete hydrogenation of Mg
during sample preparation resulted in deficient hydrogen ca-
pacity of 4.4 wt % H, as compared with theoretical values
based on the reaction Mg + H, — MgH, and TG thermogram
(6.8 and 5.8 wt % H,, respectively). Hydrogen content released
from MH-TiF,-AC tank was measured by using mass flow
meter with outlet pressure of ~1 bar (atmospheric pressure),
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while hydrogenation was done by the automatically
controlled pressure of 10—20 bar H,. Dehydrogenation
(Tset = 300 °C) of the first tank (28.8 mL) containing ~14.5 g MH-
TiF4-AC revealed inferior capacity (3.54 wt % H,) to TG result
due to incomplete reaction. Afterwards, packing volume and
MH-TiF4-AC weight were enhanced to 96.2 mL (inner diameter
of 35 mm) and ~60.5-67.0 g, respectively, together with addi-
tion of temperature sensors along the tank radius to detect the
reaction mechanisms. By increasing the number of hydride
beds from two to four and insertion of stainless steel mesh
tube at the tank center, hydrogen permeability was improved,
leading to superior de/rehydrogenation kinetics. Gravimetric
and volumetric capacities during the 1st-2nd cycles (within
3.5 h) were 4.46 wt % H, and 28 gH,/L, respectively, while those
during the 3rd-15th cycles stabilized at 3.42—3.62 wt % H, and
22-23 gH,/L, respectively. Homogeneous heat transfer along
the tank radius (17.5 mm) was obtained. Hydrogen perme-
ability was effective at the tank center and decayed toward the
tank wall, resulting in poor kinetics. Due to particle sintering
and/or agglomeration upon cycling, inferior hydrogen content
reproduced was found.

Acknowledgement

The authors would like to acknowledge Energy Conservation
(ENCON) Fund and National Science and Technology Devel-
opment Agency, Thailand (FDA-CO-2560-4332-TH), The
Thailand Research Fund and Suranaree University of Tech-
nology (RSA5880002), The Royal Golden Jubilee Ph.D. program
(PHD/0153/2558 and PHD/0183/2559), and Office of the Higher
Education Commission under National Research University
Project of Thailand (FtR 22/2559) for financial support.

REFERENCES

[1] https://energy.gov/eere/fuelcells/doe-technical-targets-
onboard-hydrogen-storage-light-duty-vehicles [Access May
16, 2018).

Singh A, Maiya MP, Murthy SS. Experiments on solid state
hydrogen storage device with finned tube heat exchanger.
Int J Hydrogen Energy 2017;42:15226—35.

Liu Z, Li'Y, Bu Q, Guzy CJ, Li Q, Chen W, et al. Novel fuel cell
stack with coupled metal hydride containers. ] Power
Sources 2016;328:329—35.

Chibani A, Bougriou C. Effects of the tank geometry on the
storage and destocking of hydrogen on metal hydride (LaNis-
H,). Int ] Hydrogen Energy 2017;42:23035—44.

Briki C, Belkhiria S, Dhaou MH, Askri F, Jemni A. Dynamic
study of a new design of a tanks based on metallic hydrides.
Int ] Hydrogen Energy 2018;43:1566—76.

[6] Kubo K, Kawaharazaki Y, Itoh H. Development of large MH
tank system for renewable energy storage. Int ] Hydrogen
Energy 2017;42:22475-9.

Bellosta von Colbe J, Metz O, Lozano GA, Pranzas K,
Schmitz HW, Beckmann S, et al. Behavior of scaled-up
sodium alanate hydrogen storage tanks during sorption. Int J
Hydrogen Energy 2012;37:2807—11.

Bellosta von Colbe JM, Lozano G, Metz O, Biicherl T,
Bormann R, Klassen T, et al. Design, sorption behaviour and
energy management in a sodium alanate-based lightweight

2

3

4

[5

[7

[8

hydrogen storage tank. Int ] Hydrogen Energy

2015;40:2984—8.

Lozano GA, Na Ranong C, Bellosta von Colbe JM, Bormann R,

Hapke J, Fieg G, et al. Optimization of hydrogen storage

tubular tanks based on light weight hydrides. Int ] Hydrogen

Energy 2012;37:2825—34.

[10] Urbanczyk R, Peinecke K, Meggouh M, Minne P, Peil S,
Bathen D, et al. Design and operation of an aluminium alloy
tank using doped NasAlHg in kg scale for hydrogen storage. J
Power Sources 2016;324:589—97.

[11] Mirabile Gattia D, Montone A, Di Sarcina I, Nacucchi M, De
Pascalis F, Re M, et al. On the degradation mechanisms of Mg
hydride pellets for hydrogen storage in tanks. Int ] Hydrogen
Energy 2016;41:9834—40.

[12] Mirabile Gattia D, Montone A, Di Sarcina I. Improving
magnesium based systems for efficient hydrogen storage
tanks. Int ] Hydrogen Energy 2016;41:14455—60.

[13] Chaise A, de Rango P, Marty PH, Fruchart D. Experimental
and numerical study of a magnesium hydride tank. Int ]
Hydrogen Energy 2010;35:6311—22.

[14] Garrier S, Chaise A, de Rango P, Marty P, Delhomme B,
Fruchart D, et al. MgH, intermediate scale tank tests under
various experimental conditions. Int ] Hydrogen Energy
2011,36:9719—-26.

[15] Baricco M, Bang M, Fichtner M, Hauback B, Linder M,

Luetto C, et al. SSH2S: hydrogen storage in complex hydrides
for an auxiliary power unit based on high temperature
proton exchange membrane fuel cells. ] Power Sources
2017,342:853—60.

[16] Dornheim M, Doppiu S, Barkhordarian G, Boesenberg U,
Klassen T, Gutfleisch O, et al. Hydrogen storage in
magnesium-based hydrides and hydride composites. Scripta
Mater 2007;56:841—6.

[17] Ley MB, Jepsen LH, Lee YS, Cho YW, Bellosta von Colbe JM,
Dornheim M, et al. Complex hydrides for hydrogen storage-
new persepectives. Mater Today 2014;17:122-8.

[18] Sulaiman NN, Ismail M. Enhanced hydrogen storage
properties of MgH, co-catalyzed with K,NiFs and CNTs.
Dalton Trans 2016;45:19380—8.

[19] Thaweelap N, Thongtan P, Sitthiwet C, Thiangviriya S,
Eiamlamai P, Utke R. Hydrogen sorption, kinetics,
reversibility, and reaction mechanisms of MgH,-xLiBHy
doped with activated carbon nanofibers for reversible
hydrogen storage based laboratory powder and tank scales.
Int ] Hydrogen Energy 2017;42:24915—26.

[20] Chaise A, de Rango P, Marty PH, Fruchart D, Miraglia S,
Olives R, et al. Enhancement of hydrogen sorption in
magnesium hydride using expanded natural graphite. Int J
Hydrogen Energy 2009;34:8589—96.

[21] Grigorova E, Khristov M, Stoycheva I, Tsyntsarski B. Effect of
activated carbon from polyolefin wax on the hydrogen
sorption properties of magnesium. Int ] Hydrogen Energy
2017;42:26872—6.

[22] Grigorova E, Mandzhukova TS, Tsytsarski B, Budinova T,
Khristov M, Tzvetkov P, et al. Effect of activated carbons
derived from different precursors on the hydrogen sorption
properties of magnesium. Fuel Process Technol
2011;92:1936-9.

[23] Rud AD, Lakhnik AM, Ivanchenko VG, Uvarov VN, Shkola AA,
Dekhtyarenko VA, et al. Hydrogen storage of the Mg-C
composites. Int ] Hydrogen Energy 2008;33:1310—6.

[24] Rud AD, Lakhnik AM. Effect of carbon allotropes on the
structure and hydrogen sorption during reactive ball-milling
of Mg-C powder mixtures. Int ] Hydrogen Energy
2012;37:4179-87.

[25] Lototskyy MV, Tolj I, Pickering L, Sita C, Barbir F, Yartys V.
The use of metal hydrides in fuel cell applications. Prog Nat
Sci Mater Int 2017;27:3—20.

E



12270

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 43 (2018) 12260—12270

(26]

(27]

(28]

(29]

(30]

Mustafa NS, Ismail M. Hydrogen sorption improvement of
MgH, catalyzed by CeO, nanopowder. ] Alloy Comp
2017,695:2532—8.

WangY, Zhang Q, Wang Y, Jiao L, Yuan H. Catalytic effects of
different Ti-based materials on dehydrogenation
performances of MgH,. ] Alloy Comp 2015;645:5509—12.

Yu H, Bennici S, Auroux A. Hydrogen storage and release:
kinetic and thermodynamic studies of MgH, activated by
transition metal nanoparticles. Int ] Hydrogen Energy
2014;39:11633—41.

Ma T, Isobe S, Morita E, Wang Y, Hashimoto N, Ohnuki S,
et al. Correlation between kinetics and chemical bonding
state of catalyst surface in catalyzed magnesium hydride. Int
] Hydrogen Energy 2011;36:12319—23.

Malka IE, Pisarek M, Czujko T, Bystrzycki J. A study of the
ZrF,4, NbFs, TaFs, and TiCl; influences on the MgH, sorption
properties. Int ] Hydrogen Energy 2011;36:12909—17.

(31]

(32]

(33]

(34]

(35]

Lillo-Rédenas MA, Guo ZX, Aguey-Zinsou KF, Cazorla-
Amords D, Linares-Solano A. Effects of different carbon
materials on MgH, decomposition. Carbon 2008;46:126—37.
Zhang]J, Yu XF, Mao C, Long CG, Chen J, Zhou DW. Influences
and mechanisms of graphene-doping on dehydrogenation
properties of MgH,: experimental and first-principles
studies. Energy 2015;89:957—64.

Bogdanovic¢a B, Bohmhammelb K, Christb B, Reisera A,
Schlichtea K, Vehlena R, et al. Thermodynamic investigation
of the magnesium hydrogen system. J Alloy Comp
1999;282:84—92.

Aguey-Zinsou KF, Ares-Fernandez JR. Hydrogen in
magnesium: new perspectives toward functional stores.
Energy Environ Sci 2010;3:526—43.

Klell M. Storage of hydrogen in the pure form. In:

Hirscher Michael, editor. Handbook of hydrogen storage.
WILEY-VCH; 2010. p. 1-38.



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 24915—24926

Available online at www.sciencedirect.com

ScienceDirect

Tnlematiana(l;v(u;rEINd
ENERG

journal homepage: www.elsevier.com/locate/he

Hydrogen sorption, kinetics, reversibility, and
reaction mechanisms of MgH,-xLiBH, doped with
activated carbon nanofibers for reversible
hydrogen storage based laboratory powder and
tank scales

@ CrossMark

Natthaporn Thaweelap °, Puttimate Thongtan “,
Chongsutthamani Sitthiwet %, Sophida Thiangviriya ®, Priew Eiamlamai °,
Rapee Utke “"

& School of Chemistry, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand
® Center of Excellent on Advanced Functional Materials (CoE-AFM), Suranaree University of Technology, Nakhon

Ratchasima 30000, Thailand

¢ Electrochemical Materials and System Laboratory, Materials for Energy Research Unit, National Metal and
Materials Technology Center (MTEC), Pathum Thani 12120, Thailand

ARTICLE INFO

Article history:

Received 27 June 2017

Received in revised form

1 August 2017

Accepted 13 August 2017
Available online 7 September 2017

Keywords:

Hydride composite

Carbon

Catalyst

Hydrogen storage tank

Proton exchange membrane fuel
cells

ABSTRACT

De/rehydrogenation kinetics and reversibility of MgH, are improved by doping with acti-
vated carbon nanofibers (ACNF) and compositing with LiBH,. Via doping with 5 wt % ACNF,
hydrogen absorption of Mg to MgH, (T = 320 °C and p(H,) = 50 bar) increases from 0.3 to
4.5 wt % H,. Significant reduction of onset dehydrogenation temperature of MgH, to 340 °C
(AT =70 °C as compared with pristine MgH,) together with 6.8—8.2 wt % H, can be obtained
by compositing Mg-5 wt. % ACNF with LiBH, (LiBH,:Mg mole ratios of 0.5:1, 1:1, and 2:1).
During dehydrogenation of Mg-rich composites (0.5:1 and 1:1 mol ratios), the formation of
MgB, and Mg gi6lio1s4 implying the reaction between LiBH, and MgH, favors kinetic
properties and reversibility, while the composite with 2:1 mol ratio shows individual
dehydrogenation of LiBH, and MgH,. For up-scaling to hydrogen storage tank (~120 times
greater sample weight than laboratory scale) of the most suitable composite (1:1 mol ratio),
de/rehydrogenation kinetics and hydrogen content released at all positions of the tank are
comparable and approach to those from laboratory scale. Due to high purity (100%) and
temperature of hydrogen gas from hydride tank, the performance of single proton ex-
change membrane fuel cell enhances up to 30% with respect to the results from com-
pressed gas tank.
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Introduction

Regarding high theoretical hydrogen storage capacity
(7.6 wt % H,), low cost, and good reversibility, magnesium
hydride (MgH,) has been of interest for reversible hydrogen
storage application. However, large dehydrogenation
enthalpy of MgH, (75-77 kJ/mol H, [1,2]) results in high
decomposition temperature (onset at T >400 and 300 °C for as-
received and as-milled MgH,, respectively) [3,4]. Moreover,
slow kinetics at temperature below 300 °C obstructs its prac-
tical use for on-board fuel cell. Catalytic or additive doping
[3,5—12] and reactive hydride composites (RHCs) [13—16] have
been intensively proposed to improve the performance of
MgH,. Transition metals (Ti, Fe, Co, Ni Cu, and Zn [6,7]), oxides
(TiO,, CeO,, and Nb,Os [5,6,17]), and halides (TiFs, ZrF4, NbFs,
TaFs, and TiCl; [6,10]) were doped (3—10 wt %) to improve
de/rehydrogenation kinetics of MgH,. According to catalytic
activity for hydrogen dissociation/recombination of transition
metal-based materials and the formation of active phases
during de/rehydrogenation, for example, CeH, and TiH, from
MgH, doped with CeO, and Ti-based compounds, respectively
[5,6], kinetic properties of MgH, were significantly developed.
MgH,-5 wt % CeO, nanopowder released 3.6 wt % H, at 320 °C
within 30 min [5]. Via doping with 10 wt %TiF;, dehydroge-
nation temperature and activation energy of MgH, reduced
significantly from 375 to ~230 °C and 161.3 to 75 kJ/mol,
respectively [6]. In addition, suitable milling time leading to
particle size reduction and good dispersion of catalysts in
MgH, benefited kinetic properties. Besides, carbon materials
of multi-walled carbon nanotubes (MWCNT), carbon nano-
fibers (CNF), expanded natural graphite (ENG), and graphene
have been used to improve kinetic properties of MgH, [8,9,11].
MWCNT and CNF containing Ni and Fe impurities from the
original synthesis favored dehydrogenation kinetics and
reversibility of MgH, [8]. In the case of graphene, first-principle
calculation suggested its catalytic role to decrease dehydro-
genation enthalpy and activation energy of MgH, [11].
MWCNT, CNF, and graphene could prevent particle growth of
MgH, during milling and cycling. ENG has been proposed to
enhance thermal conductivity, compaction performance,
hydrogen permeability, and mechanical stability during
cycling of compacted MgH, for hydrogen storage tank appli-
cation [9].

RHCs of MgH, with metal and complex hydrides (e.g., AlH;
[13], LiAlH, [14,18], NaAlH, [15], LiBH, [16], and NaNH, [19])
have been widely proposed. Composite of MgH, with Al-
containing hydrides showed multiple decomposition steps
together with the formations of Mg-Al alloys during dehy-
drogenation. Although kinetic properties of MgH, were
improved with the increment of AlH; contents, reversibility
was deficient due to no hydrogen absorption of metallic Al
[13]. For MgH,-NaAlH, composite, dehydrogenation rate of
MgH, was slightly improved by the enhancement of milling
time (up to 120 min) but there was no sign of reducing dehy-
drogenation temperature [15]. Well-known 2LiBH,-MgH,
composite showed two-step dehydrogenation of MgH, and
LiBH,4 at about 375 and > 420 °C, respectively [16,20]. Dehy-
drogenation rate of MgH, is fast at suitable temperature,
while that of LiBH, is considerably sluggish. For example,

decomposition of MgH, could be completed within 2.5 h at
400 °C, while that of LiBH, required up to 25 h [16]. Several
attempts to develop de/rehydrogenation kinetics of 2LiBHy4-
MgH, by doping with transition metal and carbon based ma-
terials (e.g., VCls, NbFs, NbB,, TiB,, Ti-isopropoxide, TiO,, and
MW(CNT) have been reported [16,21—24].

In the present study, we would like to propose the
improvement of de/rehydrogenation kinetics of MgH, by
doping with activated carbon nanofibers (ACNF) and
compositing with suitable mole ratio of LiBH,. Regarding the
previous work, significant reduction of dehydrogenation
temperature (AT = 73 and 56 °C for MgH, and LiBH,, respec-
tively) and fast kinetics of 2LiBH,-MgH, were obtained by
doping with 30 wt % ACNF. ACNF provided not only catalytic
effects as in cases of other carbon materials (e.g.,, MWCNT and
graphene [11,22]), but also probably thermal conductivity and
hydrogen permeability [20]. Although dehydrogenation tem-
perature of MgH, can be reduced by compositing with LiBH,,
slow desorption kinetics of LiBH, at high temperature is not
preferable for hydrogen storage application. Thus, suitable
ACNF content and LiBH,:MgH, mole ratio providing the best
de/rehydrogenation performance for MgH, are taken into ac-
count. The effects of ACNF contents and LiBHs:MgH, mole
ratios on kinetic properties and reaction pathways during de/
rehydrogenation are investigated. Moreover, preliminary
studies of up-scaling MgH,-LiBH4-ACNF composite are carried
out by packing the most suitable sample into a small proto-
type of hydrogen storage tank (~120 times greater sample
weight than laboratory scale). De/rehydrogenation of hydride
materials at different positions in the storage tank and the
performance of single proton exchange membrane fuel cell
(PEMFC) supplied by hydrogen gas from hydrogen storage tank
containing MgH,-LiBH,-ACNF composite are determined.

Experimental details

Polyacrylonitrile (PAN)-based carbon nanofibers prepared by
electrospinning technique were carbonized and activated to
obtain activated carbon nanofibers [25]. PAN precursor solu-
tion for electrospinning (10% w/v) was prepared by dissolving
PAN (Mw 150,000 g/mol, Sigma-Aldrich) in N, N-dime-
thylformamide (DMF, Carlo Erba Reagents) and stirring at
room temperature for 12 h. PAN precursor solution was
loaded into a 10 mL polypropylene syringe, which a stainless
steel needle connected to the anode of a DC power supply. A
grounded stainless steel roll wrapped with aluminium foil
was used as a collector of PAN-based nanofibers. Electro-
spinning was carried out at 35 °C and at a voltage of 7 kV. A
tip-to-collector distance and a flow rate were 15 cm and
0.5 mL/h, respectively. Stabilization was done by heating
PAN-based nanofibers to 280 °C (1.5 °C/min) in air and
dwelling at 280 °C for 3 h. The stabilized PAN-based nano-
fibers were carbonized at 1000 °C under N, atmosphere for
1 h to achieve carbon nanofibers, denoted as CNF. Chemical
activation was done by immersing CNF in concentrated KOH
solution (30% w/v) at 80 °C for 2 h and drying at room tem-
perature for 24 h. KOH-treated CNF was further activated by
heating to 800 °C (5 °C/min) under N, atmosphere, dwelling
at 800 °C for 45 min, and cooling to room temperature to
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obtain activated carbon nanofibers, denoted as ACNF. To
neutralize residual KOH, ACNF was immersed in HCI solution
(0.5 M) for 30 min at room temperature, filtered, and washed
with distilled water until the pH of the filtrate reached pH 6.
The final ACNF was dried at 120 °C in air for 24 h and treated
at 500 °C under vacuum for 5 h.

To prepare Mg-ACNF composites, Mg powder (>99.0%,
Aldrich) was milled with 1, 5, and 10 wt % ACNF by using a
SPEX Sample Prep 8000D DUAL Mixer/Mill. The milling time
and the ball-to-powder weight ratio were 30 min and 7:1,
respectively. The powder of Mg was milled by using the same
condition as Mg-ACNF composites. Hydrogenation of Mg-
ACNF composites was carried out at 320 °C under 50 bar H,
for 12 h to obtain MgH,-ACNF composites, denoted as MH-1%,
MH-5%, and MH-10% for hydrogenated samples containing 1,
5, and 10 wt % ACNF, respectively. Milled Mg powder was
hydrogenated under the same temperature and pressure
condition to prepare MgH,.

LiBH, (>90%, hydrogen storage grade, Sigma-Aldrich) was
milled with Mg (LiBH,:Mg mole ratios of 0.5:1, 1:1, and 2:1) and
5 wt % ACNF by using a SPEX Sample Prep 8000D DUAL Mixer/
Mill. The milling time and the ball-to-powder weight ratio
were 3 h and 7:1, respectively. All mixtures were hydroge-
nated at 350 °C under 80 bar H, for 12 h to obtain the com-
posites of LiBH,-MgH,-5 wt. % ACNF, denoted as 0.5LB-MH-5%,
LB-MH-5%, and 2 LB-MH-5% for hydrogenated samples with
LiBH4:Mg mole ratios of 0.5:1, 1:1, and 2:1, respectively.

Up-scaling from laboratory powder (~50 mg) to a prototype
hydrogen storage tank was carried out by using a home-
designed and fabricated stainless steel tank (SS304) with cy-
lindrical shape (Fig. 1). The inner diameter (2r) and depth (h) of
the tank were 2.20 and 3.90 cm, respectively. The total packing
volume was calculated as nr’h = © x (110 cm)® x

(3.90 cm) = 14.82 cm?®. The powder sample of LiBH,;-Mg-5%
ACNF (6.0090 g) was tightly packed into the tank by using a

(A) (B)

stainless steel rod and hand pressing under N, atmosphere in
the glove box. Approximately 75% of total packing volume
(~11.12 cm®) was filled with the powder sample. Hydrogena-
tion of LiBH4-Mg-5% ACNF packed in the tank was carried out
at 350 °C under 80 bar H, for 12 h to obtain LB-MH-5%.

Characterizations

Powder X-ray diffraction (PXD) was performed by using a
Bruker D2 PHASER with a Cu K, radiation (A = 0.15406 nm). To
prevent the oxidation and contamination of hydrides from air
and humidity, the powder sample was packed in an airtight
sample holder, covered by a poly(methylmethacrylate)
(PMMA) dome under N, atmosphere in the glove box. The
diffraction patterns were collected in the 26 range and the
scanning step of 10—80° and 0.03°/s, respectively.

Simultaneous differential scanning calorimetry (DSC)-
thermogravimetry (TG) measurements were performed by
using a Netzsch STA449F3 Jupiter. The powder sample
(10—15 mg) was heated from room temperature to 500 °C (5 °C/
min) under N, flow of 50 mL/min. The content of hydrogen
released was measured by TG thermogram. The relative sig-
nals of hydrogen (H,) and diborane (B,Hg) gases were simul-
taneously detected by using a Netzsch QMS 403C mass
spectrometer (MS).

Scanning electron microscopy (SEM) was performed by
using a JSM-6010LV from JEOL. The powder samples of MH-1%,
MH-5%, and MH-10% were deposited on the sample holders by
using silver glue (in n-butyl acetate). Evaporation of n-butyl
acetate was carried out in the glove box at room temperature
for 1-2 h. The samples were coated with an electron
conductive element (Au) with the thickness of ~10 nm.
Elemental analyses (carbon (C) and magnesium (Mg)) in the
specimen were done by energy dispersive x-ray spectroscopy
(EDS) and elemental mapping techniques.

Fig. 1 — Prototype of hydrogen storage tank (A) and its components (B).
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Dehydrogenation kinetics and reversibility were studied by
using a laboratory scale setup of a carefully calibrated Sievert-
type apparatus [26,27]. The powder sample of ~50 mg was
packed in a high-pressure stainless steel sample holder
(SS316, Swagelok) under N, atmosphere in the glove box, and
transferred to the Sievert-type apparatus. Two K-type ther-
mocouples (—250 to 1300 °C, SL heater) were attached to the
sample holder and to the furnace for measuring the temper-
ature during de/rehydrogenation. Pressure transducers (C206,
Cole Parmer) in the pressure ranges of 0—500 and 0—3000 psig
were used to measure the pressure changes due to hydrogen
desorption and absorption, respectively. Thermocouples and
pressure transducers were connected to an AI2101 module
convertor data logger (from Wisco), measuring and trans-
ferring (every 1 s) the pressure and temperature of the sample
to the computer. Dehydrogenation was done under 7 mbar H,
by heating the powder sample to 400 °C via a furnace
controlled by a PID temperature controller and dwelling under
isothermal condition until completed dehydrogenation. In the
case of rehydrogenation, the dehydrogenated sample was
pressurized under 80 bar H, (purity = 99.999%) at 350 °C for
12 h. Once the pressure was constant over a period of time, the
amount of hydrogen released was calculated by the pressure
change (Ap) and the following equations.

(Ap)V = nRT 1)

H,desorbed(wt. %) = [(n x 2.0158)/sample weight] x 100  (2)

where p, V, and T are hydrogen pressure (atm), volume of the
system (L), and temperature (K), respectively. n and R are
moles of hydrogen (mol) and gas constant (0.0821 L
atm K~* mol %), respectively.

Fourier transform infrared (FTIR) spectra were obtained by
using a Bruker Tensor 27-Hyperion 2000. The powder sample
was ground with anhydrous KBr under ~1:10 weight ratio of
powder sample:KBr and pressed under 10 tons for 2 min to
obtain KBr pellet. The spectrum was recorded in the range of
4000-400 cm™' with 64 scans for both samples and
background.

The performances of a single proton exchange membrane
fuel cell (PEMFC) supplied by hydrogen gas from compressed
gas tank (ultra-high purity grade, 99.999%, Linde Industrial
Gases) and solid state hydrogen storage tank filled with LB-
MH-5% were studied. Single PEMFC with the membrane
electrode assembly (MEA) active area of 10.24 cm? used in this
study was purchased from Fuel Cell Store, USA (Fig. S1 (A) in
Supplementary material). Anode of single PEMFC was sup-
plied by humidified hydrogen gas, while cathode was fed by
air via open channels on the graphite plates. Polarization
experiment was conducted with a MACCOR series 4000 auto-
mated test system at room temperature (~30 °C) under
ambient pressure (Fig. S1 (B) and (C) in Supplementary
material). The measurements were controlled by a MacTest
program, while the plot of voltage and current (y-axis) versus
time (x-axis) was processed by a MIMS program. Prior to the
measurement, single PEMFC was stabilized with humidified
hydrogen gas (99.999% purity) for 90 min at room temperature.
The measurements were carried out by a constant current
mode in the range of 0.01-0.48 A. The current increment and

the dwelling time at each step were 0.005—-0.01 A/step and
10 s/step, respectively. The voltage of single PEMFC at each
constant current was measured. The experiments performed
by using hydrogen gas from compressed gas tank (99.999%
purity) were done before and after those with hydrogen gas
from LB-MH-5% tank, denoted as H, (compressed gas)-pre-test
and H, (compressed gas)-post-test, respectively. LB-MH-5%
tank was heated to 350 and 370 °C and kept at isothermal
condition during the experiments (Figz S1 (C) 1in
Supplementary material). Stabilization time during an open-
circuit voltage (OCV) for all experiments was 30 min.

Results and discussion

To study the effects of ACNF on hydrogenation of Mg
(T =320 °C, p(H) = 50 bar for 12 h), hydrogenated samples of
Mg and Mg-ACNF composites are characterized by PXD tech-
nique. Fig. 2 (A) (a) shows diffraction patterns of Mg and MgH,,
suggesting incomplete hydrogenation of Mg to MgH, (Equa-
tion (3)).

Mg +H, —>MgH2 (76Wt %Hz) (3)

For Mg-ACNF composites, all hydrogenated samples also
reveal diffraction peaks of Mg and MgH, (Fig. 2 (A) (b—d)).
However, relative content of MgH, to Mg of all hydrogenated
Mg-ACNF composites is superior to that of Mg, hinting at the
improvement of hydrogenation of Mg to MgH, by doping with
ACNF. This can be due to the catalytic effects of carbon ma-
terials on de/rehydrogenation kinetics together with prob-
ably the improvement of thermal conductivity and hydrogen
permeability obtained from the dispersion of ACNF in hy-
dride matrices [20,23,28—30]. Moreover, diffraction pattern of
MH-1% containing low ACNF content shows small shoulder
peaks of MgH, at lower 20 values (i.e., bigger MgH, unit cell),
whereas those of MH-5% and MH-10% exhibit single diffrac-
tion peak of MgH, as in case of hydrogenated Mg (Fig. 2 (A)
(b—d)). Low doping content (MH-1%) leads to good dispersion
of ACNF in MgH, matrix and results in the expansion of MgH,
unit cell, in accordance with 2LiBH,-MgH, doped with
1-10 wt % ACNF [20]. The dispersion of ACNF in Mg/MgH,
matrices in all hydrogenated Mg-ACNF samples is further
investigated by SEM and elemental mapping techniques
(Fig. 3). Afterwards, dehydrogenation temperature and
hydrogen content of all hydrogenated samples are studied by
simultaneous DSC-TG-MS measurements. From Fig. 2 (B),
onset and main dehydrogenation temperatures of MgH, are
at ~410 and 421 °C, respectively, while those of hydrogenated
Mg-ACNF reduce to ~380 and 404—418 °C, respectively.
Hydrogen content released from MgH, is only 0.3 wt % H,
(~4% of theoretical capacity of MgH, according to Equation
(3)), while those from hydrogenated Mg-ACNF are in the
range of 4.5-4.8 wt % H, (62—65% of theoretical capacity)
(Fig. 2 (B)). By doping with ACNF, effective hydrogenation of
Mg to MgH, can be accomplished, leading to high hydrogen
content released from 4 to 65% of theoretical capacity.
Moreover, SEM and elemental mapping (C and Mg repre-
senting ACNF and Mg/MgH,, respectively) are carried out to
study the dispersion of ACNF in Mg/MgH, matrices. From



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 24915—24926

24919

(A) o ! T T T T
©e MgH, & Mg * sample holder
3
S
2>
i)
[ =
il
£
20
(B) .

=

104 3

0 1w

9 B

1oo§ 2

S 348

£ o |8

% 2|z

S| |—o—MH1 % ¥zl

3| |—2—MH5 % |8

Q| |—v— MH-10 % > 12

. |2

492 & [ &

H,-MS &

88 E

5 I i I 4 I
200 250 300 350

I 5 I =
400 450 500

Temperature (°C)

Fig. 2 — PXD spectra (A) of MgH, (a), MH-1% (b), MH-5% (c), and MH-10% (d) and simultaneous DSC-TG-MS during

dehydrogenation (B).

Fig. 3, Mg/MgH, particles in micrometer scale are detected in
all hydrogenated samples (SEM images in the first row). By
increasing the magnification to focus on the Mg/MgH, parti-
cles (the bright circles) and performing C and Mg mapping,
the dispersion of short fibrous structure of ACNF in Mg/MgH,
matrices is observed (SEM images in the second row and
elemental mapping results in Fig. 3). It should be noted that
the more the ACNF content the higher the agglomeration of
ACNF in Mg/MgH, matrices. Although good dispersion of
ACNF in MgH, is detected in MH-1% as shown by PXD, SEM,
and elemental mapping results (Figs. 2(A) and 3), superior
kinetics based on reduction of dehydrogenation temperature
and high hydrogen content released is achieved from
MH-5% and MH-10%. This can be probably due to good ther-
mal conduction obtained from high doping content of
ACNF (5-10 wt %), benefiting heat transfer during
de/rehydrogenation of MgH, as similar to the previous work
of 2LiBH4-MgH, doped with 20—30 wt % ACNF [20].

Since MH-5% and MH-10% reveal comparable dehydroge-
nation temperature (Fig. 2 (B)), small doping content of ACNF

in MH-5% is favorable for hydrogen storage capacity. How-
ever, dehydrogenation temperature of MgH, in MH-5% is
slightly reduced with respect to bulk MgH, (AT = 17 °C). Thus,
reactive hydride composite of MH-5% and LiBH, under
different LiBH4:Mg mole ratios of 0.5:1, 1:1, and 2:1 are pre-
pared to further reduce dehydrogenation temperature of MH-
5%. Since this work aims to improve de/rehydrogenation ki-
netics of MgH,, the desirable composite contains small
amount of LiBH, and provides the most effective kinetic
improvement. From PXD patterns in Fig. 4 (A), all composites
show diffraction peaks of MgH,, implying complete hydro-
genation of Mg to MgH,. Thus, by doping with 5 wt % ACNF
and compositing with LiBH,, hydrogenation of Mg to MgH,
can be successful. The disappearance of LiBH, signal in PXD
patterns of 0.5LBH-MH-5% and LB-MH-5% can be due to small
content and/or nanocrystalline/disordered structure after
ball milling (PXD patterns in Fig. 4 (A) (a—b)). By using FTIR
technique, the existence of LiBH, in all composites is
confirmed. From FTIR spectra in Fig. 4 (A), B-H stretching and
bending of LiBH, at 2388—2224 and 1126 cm ', respectively
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Fig. 3 — SEM images and elemental mapping (carbon (C) and magnesium (Mg)) of MH-1%, MH-5%, and MH-10%.

[31,32] are observed together with O-H bending of oxygen and
moisture contamination during the experiments at
1635 cm™! [26]. Afterwards, dehydrogenation profiles of all
composites are studied by simultaneous DSC-TG-MS tech-
nique. From Fig. 4 (B), all composites show o-to h-LiBH, phase
transformation, melting of h-LiBH,4, and onset dehydrogena-
tion at 118, 290, and 340 °C, respectively. Decompositions of
MgH, in LB-MH-5% and 2LB-MH-5% are at 374 °C, while that
of 0.5LB-MH-5% increases to 387 °C (DSC thermograms in
Fig. 4 (B)). For dehydrogenation of LiBH4, MS results clearly
show the H, signal of 0.5LB-MH-5% and LB-MH-5% at 430 °C,
while that of 2LB-MH-5% is greater at 440 °C (H,-MS plots in
Fig. 4 (B)). Hydrogen content released from all composites are
6.8-8.2 wt % (TG thermograms in Fig. 4 (B)). It should be
mentioned that release of toxic B,He gas is suppressed during
dehydrogenation of all composites. Regarding our intention

to improve kinetic properties of MgH,, dehydrogenation of
MgH, in the temperature range of 340—400 °C is considered.
At 400 °C, hydrogen content released of 5.0 wt % H, are
achieved from 0.5LB-MH-5% and LB-MH-5%, greater than that
of 2LB-MH-5% (4.0 wt % H,) (TG thermograms in Fig. 4 (B)).
Furthermore, dehydrogenation kinetics and reversibility are
studied by using Sievert type apparatus. From Fig. 5, all
composites liberate 3.6—4.1 wt % H, during the 1st dehy-
drogenation (T = 400 °C under 7 mbar H,), approaching to
hydrogen content released of 4.0—5.0 wt % at 400 °C in TG
thermograms (Fig. 4 (B)). After rehydrogenation (T = 350 °C
under 80 bar H, for 12 h), hydrogen content reproduced from
all composites in the 2nd cycle reduces to 2.9-3.2 wt %.
Onset dehydrogenation temperatures during the 1st and 2nd
cycles are comparable at ~330 °C, in agreement with simul-
taneous DSC-TG-MS results (Fig. 4 (B)).
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Fig. 4 — PXD and FTIR spectra (A) of 0.5LB-MH-5% (a), LB-MH-5% (b), and 2LB-MH-5% (c) and simultaneous DSC-TG-MS during

dehydrogenation (B).

Furthermore, the reaction mechanisms during de/rehy-
drogenation of all composites are characterized by PXD and
FTIR techniques. Diffraction pattern after dehydrogenation
of 0.5LB-MH-5% reveals characteristic peaks of MgH,,
Mgo g16Li0 184, MgB,, and LiH, while that of LB-MH-5% consists
of MgH,, Mg g16Lio 184, LiH, and MgO (PXD patterns in Fig. 6
(A) (a—b)). For 2LB-MH-5%, the characteristic peaks of MgH,,
Mg, MgO, and LiH are detected (PXD pattern in Fig. 6 (A) (c)).
FTIR spectra of all dehydrogenated samples reveal B-H
stretching and bending of LiBH, at 2388—2226 and 1126 cm ™,
respectively, as well as O-H bending from oxygen and hu-
midity contamination at 1636 cm™* (Fig. 6 (A)). In addition,
stretching vibration of B-O bond from [BOs] in borate groups
due to oxidation of amorphous boron (a-B) is observed at
1600—1385 cm™' together with that of [Bi,Hyp]*>~ from
Li,Bi,Hi, at 2484 cm ™' (Fig. 6 (A) [26,31,33-36]. The

formation of MgO can be due to the oxidation with air and
humidity during the experiments of Mg and/or MgH,. It was
reported that LiBH,-MgH, (0.3:1 and 2:1 mol ratios) revealed
comparable dehydrogenation steps under vacuum as (i)
decomposition of MgH, to Mg (Equation (4)), (ii) decomposi-
tion of LiBH, to LiH and a-B (Equation (5)), and (iii) formations
of Mg, xLiy alloys (Mgo.s16Lio.184 annd Mgo 70Lip 30) [37,38]. These
Mg «Liy alloys were able to reproduce LiBH, and MgH,
without the formation of MgB, during dehydrogenation [38].
Due to the delayed formation of LiH during the decomposi-
tion of LiBH4 in LiBH4-MgH, composites (2:1 and 0.3:1 mol
ratios), the formations of Mg g16Lio 184 and Mg 70Lio 30 Were
detected at high temperatures of 430—480 and 550 °C,
respectively [37,38]. Regarding our dehydrogenation condi-
tion during titration measurements (T = 400 °C under 7 mbar
H,), Mgo s16Li0.184 can be found only in Mg-rich composites
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6 T T T T T (0.5LB-MH-5% and LB-MH-5%), while Mgy s0Llip3o is not
ASperafire J 400 observed in any samples. According to dehydrogenation
51 products of 0.5LB-MH-5%, Mg not only alloys with Li to form
1°=3.6-4.1 "% - Mgy g16Li0.184, but also reacts with a-B to give MgB, (Equation
g 4 : ! 4300 § (6)). For LB-MH-5%, the formation of Mgy g1¢Lio 184 is observed
H 3. ". g with a-B (Equation (7)). In addition, LiBH, from both com-
f SReLsig s et o | 200 %’ posites partially decomposes to LI?B12H12 (Equa.tlon (8)). In
2 2 - the case of 2LB-MH-5%, the formations of Mg, LiH, a-B, and
'g' e Li,B1o,Hip upon dehydrogenation imply individual de-
A 11 —— 0.5LB-MH-5% {100 compositions of LiBH, and MgH, without any reactions to
—O—LB-MH-5% form new phases as in cases of 0.5L.B-MH-5% and LB-MH-5%

0 —S2LEMIH-5% (Equations (4), (5), and (8)).
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It was reported that the formation of Li,Bi,H;, during
dehydrogenation of LiBH4-MgH, composite blocked the con-
tact between LiBH, and Mg, resulting in less nucleation site
for MgB, and kinetic retardation [39]. Moreover, hydrogen
storage capacity in the further cycles of LiBH,-MgH, com-
posite is deficient because Li,B;,H;; is thermally stable and
consumes active elements (Li and B) for reversibility. From
FTIR spectra of our dehydrogenated samples (Fig. 6 (A)), the
ratio of vibrational peak area at 2484 to 2388—2226 cm ™' is in
agreement with the relative content of Li,B;,Hq, to LiBH,.
Approximately, Li,B1,H;, contents in LB-MH-5% and 0.5LB-
MH-5% are inferior to that in 2LB-MH-5%. This explains the
disappearance of MgB, after dehydrogenation of 2LB-MH-5%.
Moreover, Mg-rich composites (0.5LB-MH-5% and LB-MH-5%)
are able to proceed significantly the reaction between LiBH,4
and MgH, during dehydrogenation, confirmed by the for-
mations of MgB, and Mgy g16Lio 184- The latter favors superior
kinetics and reversibility as well as suppression of Li,B1,H1,
formation. It was previously reported that Mg-rich composite
provided more reactive surface of Mg particles (from
decomposition of MgH,) in liquid LiBH,, leading to the reac-
tion between LiBH, and Mg to form MgB, [40]. Moreover, the
formation of MgB, and suppression of Li,B;,Hq, could be
obtained by applying hydrogen back pressure during dehy-
drogenation of LiBH,-MgH, composite [39]. From this study,
LiBH4:Mg mole ratios can also alter the reaction mechanisms
during dehydrogenation of LiBH4-MgH, composites. The
signals of MgH, and LiBH, in PXD and FTIR spectra (Fig. 6 (A))
imply incomplete dehydrogenation of all composites, corre-
sponding to the deficient hydrogen content released during
titration measurements (Fig. 5) as compared with maximum
hydrogen storage content detected from TG thermograms
(Fig. 4 (B)). For rehydrogenation (T = 350 °C and p(H,) = 80 bar
for 12 h), all composites show comparable phases of LiBHy,
MgH,, and MgO (Fig. 6 (B)). The enhancement of MgH, content
after rehydrogenation and the disappearances of Mg, MgB,,
and Mg gielio 134 suggest successful reversibility of MgH,.
Although the formations of MgB, and Mg g16Lio 184 benefiting
kinetics and reversibility are found in 0.5LB-MH-5%, signifi-
cant content of MgH, detected after dehydrogenation (PXD
spectra in Fig. 6 (A) (a)) yields deficient hydrogen content
released. The formation of Mg gi6Lio 134 during dehydroge-
nation as well as significant decomposition of MgH, are
observed from LB-MH-5%. Therefore, the most suitable
sample based on hydrogen content released, dehydrogena-
tion temperature, kinetics, and reversibility for up-scaling to
hydrogen storage tank is LB-MH-5%. In addition, activation
energy (Ea) for dehydrogenation of MgH, in LB-MH-5% re-
duces from 169.0 to 154.0 kJ/mol with respect to pristine
MgH, (Fig. S2 in Supplementary material). The reduction
of E5 implies the improvement of dehydrogenation kinetics
of MgH, due to doping with ACNF and compositing with
LiBH,.

To achieve the prototype of hydrogen storage tank, 6.0090 g
of milled LiBH,-Mg-5% wt. % ACNF are tightly packed into the
hydrogen storage tank and hydrogenated at 350 °C under
80 bar H, for 12 h to obtain LB-MH-5%. The powder samples of
LB-MH-5% at the bottom, middle, and top positions of the
hydrogen storage tank are collected and characterized by PXD
and simultaneous DSC-TG-MS techniques. From Fig. 7 (A), all
positions reveal comparable diffraction peaks of LiBH, and
MgH,, implying complete and homogeneous hydrogenation of
Mg to MgH, in LB-MH-5% tank. From Fig. 7 (B), LB-MH-5%
samples at all positions show endothermic peaks of o-to h-
LiBH, phase transition and melting of h-LiBH, at comparable
temperatures of 118 and 288 °C, respectively. Dehydrogena-
tion temperatures and hydrogen content of all positions are at
366—442 °C and 6.8—8.0 wt % H,, respectively (Fig. 7 (A)),
approaching to those observed in laboratory powder scale
(374—437 °C and 7.4 wt % H,, respectively (Fig. 4 (B)). This
suggests comparable hydrogen sorption performances of LB-
MH-5% in laboratory powder (~50 mg) and tank scales
although hydride content is enhanced by a factor of 120.
Slightly high hydrogen content liberated from LB-MH-5% at
the top and middle positions (8 wt % H,) with respect to the
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Fig. 7 — PXD spectra (A) and simultaneous DSC-TG-MS
during dehydrogenation (B) of hydrogenated samples of
LB-MH-5% in the hydrogen storage tank at the bottom (a),
middle (b), and top (c) positions.
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bottom position (6.8 wt % H,) (TG thermograms in Fig. 7 (A))
can be probably explained by the shorter hydrogen diffusion
pathway during de/rehydrogenation.

Furthermore, the performances of single PEMFC are char-
acterized by constant current technique using the experi-
mental setup shown in Fig. S1 (C) in the Supplementary
material. The performances of single PEMFC are character-
ized at room temperature (~30 °C) and under atmospheric
pressure. In order to confirm the stabilization of single PEMFC
and the effects of hydrogen gas from different storage tanks
on the performances of single PEMFC, the experiments with
humidified hydrogen gas from compressed gas tank (99.999%
purity) are performed before and after those with hydrogen
gas from LB-MH-5% tank (pre-test and post-test experiments,
respectively). From polarization curve in Fig. 8, open-circuit
voltage (OCV) of single PEMFC fueled with hydrogen gas
from different tanks are identical at 0.93 V. Regarding theo-
retical OCV of single PEMFC (1.23 V), fuel crossover and in-
ternal currents resulting in OCV loss were commonly found in
polarization curve of single PEMFC [41—44]. Maximum power
and current densities of single PEMFC fueled with hydrogen
gas from compressed gas tank are 16.9 mW/cm? and 30.2 mA/
cm?, respectively, while those supplied with hydrogen gas
from LB-MH-5% tank (at dehydrogenation temperatures of 350
and 370 °C) enhance up to 20.2 mW/cm? and 39.2 mA/cm?,
respectively (Fig. 8). Comparable performances obtained from
pre-test and post-test experiments using hydrogen gas from
compressed gas tank imply the stability of single PEMFC
during the measurements. It is worth to mention that by using
hydrogen gas from LB-MH-5% tank maximum power and
current densities improve up to 20 and 30%, respectively. In
principal, the performance of single PEMFC is affected by
several parameters, such as electrolyte membranes, catalysts,
temperature, relative humidity, gas flow rate, pressure, and
purity of hydrogen gas. In this study, not only the stability of
single PEMFC during the measurements is confirmed, but also

most of the parameters (e.g., relative humidity, gas flow rate,
and pressure) are controlled. One reason for significant
improvement of single PEMFC performance in this study is
purity of hydrogen gas. Since LB-MH-5% liberates hydrogen
via the chemical reaction (dehydrogenation of hydride mate-
rials), the obtained hydrogen gas is 100% purity (Fig. 2 (B)). For
compressed gas tank, hydrogen gas is mainly produced by
steam reforming of hydrocarbon, which impurity cannot be
completely avoided. For example, carbon monoxide (CO)
poisoning fuel cell catalyst leads to inferior PEMFC perfor-
mance. The other important reason is the temperature of
hydrogen gas. Although the experiment is carried out at room
temperature, hydrogen gas released from LB-MH-5% tank is
warm. This is observed by the condensed water in the glass
bottle used as water container for humidification. For the
future work, thermocouple will be attached to anode side of
single PEMFC to measure the temperature of hydrogen
entering fuel cell.

Conclusion

Improvement of hydrogen sorption, kinetics, and reversibility
of MgH, by doping with 1-10 wt % activated carbon nano-
fibers (ACNF) and compositing with LiBH, was proposed. By
doping with 5 wt % ACNF, hydrogenation of Mg to MgH, was
effectively obtained, resulting in the increment of hydrogen
storage capacity from 0.3 to 4.5 wt % H,. Onset dehydroge-
nation temperature of MgH, in MgH,-5 wt. % ACNF was
reduced from 410 to 370 °C together with 6.8—8.2 wt % H, was
obtained by compositing with LiBH, (LiBH4:Mg mole ratios of
0.5:1, 1:1, and 2:1). The composite with 2:1 mol ratio showed
individual dehydrogenation of LiBH, and MgH, to produce
LiH, amorphous boron (a-B), Mg, and Li,B,H,, resulting in
poor kinetics and reversibility. For Mg-rich composites (0.5:1
and 1:1 mol ratios), the formations of MgB, and Mg s16Lio 184
implying the reaction between LiBH,; and MgH, during
dehydrogenation led to superior dehydrogenation kinetics
and reversibility. However, incomplete decomposition of
MgH, was found significantly in the composite with 0.5:1 mol
ratio, yielding inferior hydrogen content released. Thus, the
composite with 1:1 mol ratio was used for up-scaling to
hydrogen storage tank. Complete and homogeneous hydro-
genation was found at all positions of hydrogen storage tank
and comparable dehydrogenation kinetics as in laboratory
powder scale was also observed. By using hydrogen gas from
hydride tank, the performance of single proton exchange
membrane fuel cell (PEMFC) based on the maximum power
and current densities at ambient condition increased up to 20
and 30%, respectively. This improvement could be explained
by both high purity (100%) and temperature of hydrogen gas
from hydride tank.
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ABSTRACT

The effects of specific surface area (Sger) and total pore volume (Vi) of activated carbon
nanofibers (ACNF) on nanoconfinement and dehydrogenation of LiBH, are investigated. By
varying activation time from 15 to 75 min, Sggr and Vi, of ACNF are altered in the ranges of
509—2752 m%*g and 0.38—2.17 mL/g, respectively. Melt infiltration of LiBH, in ACNF is
improved with the increment of Sggr and V. Due to effective melt infiltration, not only
high hydrogen content desorbed (up to 81% of theoretical capacity), but also the release of
B,Hg is suppressed. All nanoconfined LiBH, in ACNF show the main dehydrogenation at
comparable temperature of 347—352 °C, implying that kinetic improvement is mainly from
catalytic effects of carbon surface. However, effective nanoconfinement yields consider-
able reduction of onset and main dehydrogenation temperatures to 275 and 305 °C,
respectively (AT = 125 and 170 °C, respectively, as compared with bulk LiBHy). Via re-
melting the as-prepared sample, further melt infiltration of LiBH, into voids and/or small
pores of ACNF can be obtained. The latter leads to closer contact and more interaction with
carbon surface, resulting in the reduction of onset dehydrogenation temperature toward
268 °C and the enhancement of relative content of hydrogen released at low temperature
(305 °C). Thus, multiple times or long length of time for melt infiltration can be an inter-
esting choice to increase LiBH, content up to the maximum loading of ACNF.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Via particle size reduction, kinetic properties of hydrides are
considerably improved due to shorter hydrogen diffusion

pathway and higher surface area exposed to hydrogen [1-3].
High energy ball milling has been intensively used to decrease
particle size of hydrides. However, upon cycling particle
agglomeration and sintering are observed, resulting in poorer
de/rehydrogenation kinetics. Confinement into nanoporous

* Corresponding author. School of Chemistry, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima 30000,

Thailand.
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0360-3199/© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.



6190

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 6189—6201

scaffolds, which act as the structural directing agent to
constrain particle size of hydrides in nanoscale, has been of
interest in solid state hydrogen storage field. For thermody-
namics, particle size reduction and interaction with scaffold
pore wall can result in either stabilization or destabilization of
hydrides, which depends on the surface energy of hydroge-
nated and dehydrogenated states [2]. For example, MgH,
nanoparticles embedded in LiCl salt matrix (~7 nm in size)
were relatively destabilized due to increase of surface energy
from particle size reduction [4]. Nevertheless, NaAlH, was
stabilized after nanoconfinement because Na confined in
carbon scaffold provided additional binding enthalpy to
destabilize NaH (dehydrogenated product of NaAlH,) [5—7].
Therefore, thermodynamics of nanoconfined hydrides can be
altered by modifying surface chemistry of scaffold [8].

Lithium borohydride (LiBH,) is one of the most promising
materials for solid state hydrogen storage due to high
reversible capacity of 13.6 wt. % H,. However, its thermody-
namic stability (decomposition temperature up to 460 °C) and
severe rehydrogenation condition (T = 600 °C under 350 bar
H,) hamper practical uses as hydrogen storage material [9]. As
compared with physically mixed LiBH,-nonporous graphite,
melt infiltrated LiBH,4 in carbon aerogel scaffold (13 nm pore
size) showed considerable reduction of onset dehydrogena-
tion temperature and activation energy (AT = 100 °C and
AE = 43 kJ/mol, respectively) together with 50 times faster
dehydrogenation rate [10]. This improvement could be related
to the enhancement of ionic mobility at nanoscale [11-13]. In
addition, suppression of B,Hg release observed in nano-
confined LiBH, in carbon scaffold could be explained by fast
reaction of B,Hg and LiBH, in the tight pores of carbon [13]. The
latter hinted at the decomposition mechanisms via Li;B1oH;»
according to the reaction 2LiBH4 + 5B,Hg — Li,BioHis + 13H,
[13,14]. Moreover, ordered mesoporous silica (SBA-15) [15],
multiwall carbon nanotubes (MWCNT) [16], Cu-metal-organic
framework (Cu-MOF) [17], and activated carbon nanofibers
(ACNF) [18] have been used for LiBH; nanoconfinement.
Enhancement of surface area and pore volume of SBA-15
yielded effective infiltration of LiBH,, leading to significant
reduction of dehydrogenation temperature (AT = up to 120 °C).
However, undesired reaction between the decomposition
products of LiBH, and SiO, to form Li,SiO5 and Li4SiO,4 resulted
in irreversibility of LiBHy4 [15]. In the case of MWCNT, reduc-
tion of dehydrogenation temperature (AT ~ 100 °C) was
detected in LiBH, confined in ball-milled MWCNT. High va-
cancies, defects in the nanotube walls, and shortening nano-
tube length of MWCNT obtained after ball milling favored
kinetic properties of LiBH, [16]. For Cu-MOF, nanoconfinement
of LiBH, in the pores of Cu-MOF initiated the interaction be-
tween LiBH, and Cu?" ions, leading to significant reduction of
decomposition temperature (AT = 320 °C with respect to bulk
LiBH,) [17].

Furthermore, our group has recently reported a new
material of activated carbon nanofibers (ACNF) with high
specific surface area and pore volume (995 m?/g and 0.71 mL/
g, respectively) for nanoconfinement of LiBH, [18]. Not only
remarkable reduction of dehydrogenation temperature
(ATonset = 128 °C with respect to milled LiBH,4) and suppres-
sion of B,Hg release were obtained, but also reversibility up
to 10.1 wt. % H, after three hydrogen de/absorption cycles

under milder condition than pristine LiBH, (T = 350 °C and
p(H,) = 80 bar) [18]. In the present study, various activation
times during heating (15, 45, and 75 min) are applied to
discover the best condition for preparation of ACNF with
high specific surface area and pore volume. The effects of
specific surface area and pore volume of ACNF on nano-
confinement of LiBH, as well as dehydrogenation tempera-
ture and kinetics are investigated. Dehydrogenation
pathways of the most competitive nanoconfined sample are
discussed to be a guideline for further improvement of
nanoconfinement.

Experimental details
Sample preparation

Polyacrylonitrile (PAN)-based activated carbon nanofibers
were prepared by the electrospinning technique, carboniza-
tion, and chemical activation with concentrated potassium
hydroxide (KOH) solution [19]. PAN (M,, = 150,000 g/mol,
Sigma-Aldrich) was dissolved in N,N-dimethylformamide
(DMF, Carlo Erba Reagents) and stirred for 12 h to prepare
10% w/v PAN solution for electrospinning. PAN solution was
loaded into a 10 mL polypropylene syringe assembled with a
stainless steel needle connected to an anode of a DC power
supply. Electrospinning was carried out at 35 °C and at a
voltage of 10 kV. The tip-to-collector distance and the flow
rate were 15 cm and 1.0 mL/h, respectively. A grounded
stainless steel roll wrapped with aluminum foil was employed
as a collector. The obtained PAN-based nanofibers were sta-
bilized in air at 280 °C for 45 min and pyrolyzed under nitrogen
(N,) atmosphere at 1000 °C for 1 h to obtain carbon nanofibers,
denoted as CNF. Activation of CNF was done by immersing in
concentrated KOH solution (30% w/v) under 1:4 (CNF:KOH
solution) weight ratio at 80 °C for 2 h and dried at room tem-
perature for 24 h. CNF treated with KOH solution was heated
from room temperature to 800 °C (5 °C/min) under N, atmo-
sphere, kept at 800 °C for 15, 45, and 75 min, and cooled to
room temperature to obtain activated carbon nanofibers,
denoted as ACNF15, ACNF45, and ACNF75, respectively. Re-
sidual KOH in ACNF were neutralized by immersing in 0.5 M
hydrochloric acid for 30 min at room temperature. ACNF were
filtered and washed with distilled water until the pH of filtrate
was neutral (pH ~ 6). The obtained ACNF were dried at 120 °C
for 24 h. Prior to melt infiltration, ACNF were treated at 500 °C
under vacuum for 6 h.

LiBH,4 (>90%, hydrogen storage grade, Sigma-Aldrich) was
milled by using a SPEX Sample Prep 8000D Dual Mixer/Mill.
The milling time and the ball-to-powder weight ratio were 1 h
and 30:1, respectively. Treated ACNF15, ACNF75, and ACNF45
were mixed with milled LiBH, under 2:1 (ACNF:LiBH,) weight
ratio in the mortar. Nanoconfinement was carried out by
heating the mixtures of LiBH,-ACNF15, LiBH,-ACNF45, and
LiBH4-ACNF75 from room temperature to 310 °C (5 °C/min)
under 90 bar H,, dwelling at isothermal and isobaric condition
for 45 min, and cooling to room temperature to achieve
nanoconfined LiBH, in ACNF, denoted as nano LiBH4-ACNF15,
nano LiBH4-ACNF45, and nano LiBH,-ACNF75, respectively.
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Characterizations

Texture parameters based on specific surface area, pore size,
and pore volume of ACNF and nanoconfined samples were
determined by N, adsorption—desorption technique using a
BELSORP-mini II surface area and pore size analyzer, Bel-
Japan. Prior to the measurements, known amounts of ACNF
and nanoconfined samples were degassed under vacuum for
12 h at 300 °C and room temperature, respectively. All samples
were studied with a full adsorption and desorption isotherm
in the pressure range of 0—1 (p/po) at liquid nitrogen temper-
ature with nitrogen gas as an adsorbent. The measurement
was programmed to continuously change the pressure ratio to
1 for adsorption, and to 0 for desorption. Data were analyzed
by t-plot method [20,21], the Brunauer—Emmett—Teller (BET)
method [22], and the Barrett—joyner—Halenda (BJH) method
[23], and the highest point of the isotherm measurements
(where p/po ~ 1) was used to calculate the total volume of the
sample.

Morphology and elemental distribution of ACNF and
nanoconfined samples were characterized by scanning elec-
tron microscopy (SEM) and elemental mapping technique,
respectively. ACNF and nanoconfined samples were deposited
on the sample holders by using silver glue (in n-butyl acetate).
Evaporation of n -butyl acetate was done in the glove box at
room temperature for several hours. Due to the electrical
conductivity of ACNF, coating with electron conductive ele-
ments (e.g., Au, Pd, or Pt) was not necessary, resulting in good
observation on the native morphology of the samples.
Morphology of ACNF was studied by using an Auriga from
Zeiss, Germany. For nanoconfined samples, morphology and
elemental distribution (boron (B) and carbon (C) from LiBH, and
ACNF, respectively) were characterized by using a JSM 7800F
from JEOL, Japan. Elemental mapping of all nanoconfined
samples was detected within the same length of time (200 s).

Simultaneous differential scanning calorimetry (DSC) —
thermogravimetry (TG) during dehydrogenation of nano-
confined samples was carried out by using a Netzsch STA449F3
Jupiter. The powder sample of 10—15 mgwas heated from room
temperature to 500 °C (5 °C/min) under N, flow of 50 mL/min.
The content of gases released was represented by TG thermo-
gram, while the relative composition of hydrogen (H,) and
diborane (B,He) gases in the exhaust gas was simultaneously
detected by a Netzsch QMS 403C mass spectrometer (MS).

Fourier transform infrared (FTIR) spectra of nanoconfined
samples were achieved by using a Bruker Tensor 27-Hyperion
2000. The powder sample was mixed with anhydrous KBr by
grinding in the mortar under a weight ratio of ~10:1
(KBr:powder sample). The mixture was pressed under 15 tons
for 1 min to obtain KBr pellet. The KBr pellet containing the
sample was assembled in the sample holder located in the
direction of infrared radiation. The FTIR experiments were
carried out at room temperature in the wavenumber range of
4000—400 cm™! with 64 scans for both samples and
background.

X-ray photoelectron spectroscopy (XPS) of nanoconfined
samples was carried out at the SUT-NANOTEC-SLRI joint
research facility, Synchrotron Light Research Institute (Public
Organization), Thailand by using a PHIS000 Versa Probe II

(ULVAC-PHI Inc., Japan) with Al K, (1.486 keV) radiation as an
excitation source. The powder samples were deposited on the
sample holder by using carbon glue tape under N, atmosphere
in the glove box. Prior to the measurements, the samples were
placed in high vacuum (1 x 108 mbar) chamber for 2 h. Each
elementwasinvestigated atan energy step of 0.05eV for 5 scans
and part energy of 23.5 eV. The binding energy was calibrated
withrespect to the C 1s peak (284.8 eV). All spectra were fitted to
mixed Gaussian—Lorentzian by using a Multipak software.

Dehydrogenation kinetics and reversibility of nano-
confined samples were studied by using a laboratory scale
setup of a carefully calibrated Sievert type apparatus [24,25].
The powder sample was packed in a high-pressure stainless
steel sample holder (316SS, Swagelok) under N, atmosphere in
the glove box, and transferred to the Sievert-type apparatus.
Two K-type thermocouples (—250 to 1300 °C, SL heater) were
attached to the sample holder and to the furnace for
measuring the temperature changes during de-/rehydroge-
nation. Pressure transducers (C206, Cole Parmer) in the pres-
sure range of 0—500 and 0—3000 psig were used to measure the
pressure changes due to hydrogen desorption and absorption,
respectively. Thermocouples and pressure transducers were
connected to an AI210I module convertor data logger (from
Wisco), measuring and transferring (every 1 s) the pressure
and temperature changes of the sample to the computer.
Dehydrogenation was done under 7 mbar H, pressure by
heating the sample from room temperature to 350 °C (3.5 °C/
min) via a furnace controlled by a PID temperature controller.
For rehydrogenation, the dehydrogenated sample was pres-
surized under 80 bar H, (purity = 99.999%) at 350 °C for 12 h.
Once the pressure reading was constant, gravimetric
hydrogen storage capacity (wt. % H,) was calculated from the
pressure change (Ap) and Egs. (1) and (2).

(Ap)V = nRT (1)

H,desorbed(wt. %) = [(n x 2.0158)/sample weight| x 100 (2)

where p, V, and T are hydrogen pressure (atm), volume of the
system (L), and temperature (K), respectively, n is the number
of hydrogen moles (mol), and R is gas constant
(0.0821 L atm K~ mol™?).

Solid state B magic angle spinning (MAS) nuclear mag-
netic resonance (NMR) spectra were recorded on a Bruker
ASCEND™ 500 spectrometer. All solid state MAS NMR exper-
iments were performed by using a BL4 VTN probe of 4 mm
outer diameter rotors. An operating frequency of 160.5 MHz
was used for '’B MAS NMR. The powder sample was tightly
packed in a zirconia end-capped tube in the glove box. ''B
MAS NMR experiments were recorded by using a spinning
speed of 8 kHz. The ''B chemical shift was detected in part per
million (ppm) relative to neat H,BOs.

Curve fitting of *B MAS NMR and H,-MS results were car-
ried out by using a Magic Plot program [25,26].

Results and discussion

Texture parameters based on specific surface area, pore size,

and total pore volume are characterized by N,
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adsorption—desorption. From Table 1, specific surface area of
509, 1626, and 2752 mz/g and total pore volumes of 0.38, 1.44,
and 2.17 ml/g are obtained from ACNF45, ACNF75, and
ACNF15, respectively (Table 1). All ACNF reveal comparable
pore size of 3.0—-3.6 nm. During the initial state of activation,
significant formation of micropores and/or mesopores due to
the reaction between KOH and carbon results in the
enhancement of specific surface area and total pore volume.
However, long activation time can lead to enlarging and
probably merging the pores developed in the initial state,
yielding the reduction of specific surface area and total pore
volume [19]. This is in agreement with ACNF15 and ACNF75,
which the increment of activation time from 15 to 75 min
decreases specific surface area and total pore volume. In the
case of ACNF45, PAN-based nanofibers are prepared in the
different batch. Although similar electrospinning condition is
applied, different temperature and humidity during electro-
spinning and activation can affect the properties of the PAN-
based nanofibers and ACNF. Nevertheless, ACNF45, having
comparable pore size with ACNF15 and ACNF75 (3.0—3.6 nm)
is used in this study to represent the effects of ACNF with
small specific surface area and pore volume on nanoconfine-
ment. After nanoconfinement, significant reduction of specific
surface area and total pore volume are observed from all
nanoconfined samples. For example, specific surface area of
nano LiBH,;-ACNF45, nano LiBH4-ACNF75, and nano LiBH,4-
ACNF15 decrease to 0.90, 1.76, and 9.95 m?%g, respectively.
Also, total pore volumes reduce to 0.00, 0.01, and 0.03 mL/g,
respectively (Table 1). These suggest either successful nano-
confinement or pore blocking of LiBH,; in ACNF. Further
studies and discussion on this issue are in the section relating
to SEM-elemental mapping and simultaneous DSC-TG-MS
results.

Morphology of ACNF before and after melt infiltration with
LiBH, is investigated by SEM technique. Fig. 1 (A), (C), and (E)
show fibrous structure with rough surface morphology on the
surface and cross-section area of ACNF45, ACNF75, and
ACNF15. Due to the limitation of SEM technique, nanoporous
structure of ACNF cannot be clearly observed. However, high
specific surface area and total pore volume (up to 2752 m?%/g
and 2.17 ml/g, respectively) of ACNF as well as rough surface
morphology can imply porosity of ACNF. After melt infiltra-
tion with LiBH4, SEM images of nano LiBH,-ACNF45 reveals
agglomeration of LiBH, all over the woven fibers (Fig. 1 (B)). For
nano LiBH4-ACNF75 and nano LiBH,-ACNF15, homogeneous
morphology of fibrous structure is exhibited as similar as
ACNF without nanoconfinement (Fig. 1 (D) and (F)). Greater
specific surface area and porosity of ACNF75 and ACNF15

Table 1 — Texture parameters of all ACNF and
nanoconfined samples.

Samples SBET Vmicro Vmeso Dmax Vtot

(m*%g) (ml/g) (ml/g) (nm) (mlL/g)
ACNF45 509 0.32 0.08 3.0 0.38
ACNEF75 1626 111 0.65 3.6 1.44
ACNF15 2752 1.92 0.88 3.2 2.17
Nano LiBH,-ACNF45  0.90 0.00 0.00 19.4 0.00
Nano LiBH4-ACNF75 1.76 0.00 0.01 20.8 0.01
Nano LiBH4-ACNF15  9.95 0.00 0.03 13.6 0.03

(1626—2752 m?%g and 1.44—2.17 ml/g, respectively) favor
nanoconfinement of LiBH, into porous structure of ACNF.
Nevertheless, the inferior values of ACNF45 (509 m?%g and
0.38 mL/g, respectively) results in excess of LiBH, on ACNF
surface. Further confirmation of superior nanoconfinement of
LiBH, into ACNF75 and ACNF15 is shown by SEM and
elemental mapping technique. Fibrous structures of ACNF in
all nanoconfined samples revealed in SEM images (Fig. 2) are
the positions, where boron (B) and carbon (C) mapping is
carried out. By using the same period of mapping time (200 s),
relative content of B to C from elemental mapping represents
the amount of LiBH, on ACNF surface. From B- and C-mapping
results (Fig. 2), the more the specific surface area and porosity
of ACNEF, the lower the relative content of B to C or the lower
the amount of LiBH, on ACNF surface. For example, the order
of LiBH4 content occupying on the surface of ACNF is nano
LiBH,-ACNF45 > nano LiBH,-ACNF75 > nano LiBH,-ACNF15.
Thus, ACNF with high specific surface area and porosity
(ACNF15 and ACNF75) promotes effective nanoconfinement of
LiBH,. This corresponds to significant reduction of specific
surface area (Sper) and total pore volume (Vi) after melt
infiltration of nano LiBH,-ACNF15 and nano LiBH4-ACNF75
(Table 1).

Afterwards, effects of nanoconfinement on dehydrogena-
tion temperature and hydrogen content released during
dehydrogenation of all nanoconfined samples are investi-
gated by simultaneous DSC-TG-MS technique. Regarding
dehydrogenation of LiBH, (Eq. (3)), theoretical hydrogen stor-
age capacity of 13.6 wt. % H, is obtained. Therefore, theoretical
capacities of all nanoconfined samples, prepared under 2:1
(ACNF:LiBH,) weight ratio are comparable of 4.53 wt. % Ho.
Dehydrogenation profiles and temperatures of all nano-
confined samples are revealed in Fig. 3 and Table 3.

LiBH, —LiH + B + 3/2H, 3)

From DSC thermogram in Fig. 3 (A), nano LiBH,-ACNF45
shows three endothermic peaks of o- to h-LiBH, phase trans-
formation, melting of h-LiBH,4, and dehydrogenation of LiBH,
at 118, 271, and 351 °C, respectively [9,18]. From H,-MS result,
dehydrogenation of LiBH, is found in two steps at 325—400 and
400—450 °C, in accordance with nanoconfined and bulk LiBHy,
respectively (Fig. 3 (A)). Onset dehydrogenation temperature
of nano LiBH,-ACNF45 is at ~300 °C and release of diborane gas
(BoHe) is observed during dehydrogenation (350—450 °C) (H,-
and B,He-MS results in Fig. 3 (A)). Thus, 3.16 wt. % of gases
liberating from nano LiBH4-ACNF45 refer to both H, and un-
desired B,H; gases. The evolution of B,Hg leads to the reduc-
tion of fuel cell performance (up to 39%) because it is
poisonous to the electrodes of fuel cell [27]. In addition, the
formation of B,Hg results in loss of reactive boron for revers-
ibility, yielding deficient hydrogen capacity in the next cycles
[28]. Release of B,Hg during dehydrogenation was observed
from bulk LiBH, and physically mixed LiBH, with nanoporous
carbon at ~300 and 400 °C, respectively [29]. It was reported
that via nanoconfinement suppression of B,Hg release during
dehydrogenation of LiBH; could be obtained [18,29,30].
Regarding similar phenomena of B,Hg release observed during
dehydrogenation of nano LiBH4-ACNF45 and bulk LiBH, [29],
ineffective nanoconfinement of LiBH, into ACNF45 is indi-
cated. Ineffective nanoconfinement can be due to deficient
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Fig. 1 — SEM images of ACNF45, ACNF75, and ACNF15 (A, G, and E, respectively) and as-prepared samples of nano LiBH,-
ACNF45, nano LiBH,;-ACNF75, and nano LiBH,-ACNF15 (B, D, and F, respectively).

specific surface area and porosity of ACNF45 and this is in
agreement with N, adsorption—desorption and SEM results
(Table 1 and Figs. 1,2). In the cases of nano LiBH,;-ACNF75 and
nano LiBH4-ACNF15, endothermic peaks of o- to h-LiBH4 phase
transformation, melting of h-LiBH,4, and main dehydrogena-
tion are detected at comparable temperatures as nano LiBHy-
ACNF45 at 115-116, 273—278, and 347—351 °C, respectively
(DSC thermograms in Fig. 3 (B) and (C)). Partial dehydrogena-
tion of bulk LiBH, is detected in H,-MS of nano LiBH,-ACNF15
at 400—450 °C. It should be remarked that all nanoconfined
samples show approximate temperature for the main
hydrogen desorption (347—352 °C) (AT = up to 128 °C with
respect to bulk LiBH, [18]) (Fig. 3). Thus, it can be assumed that
the improvement of dehydrogenation kinetics is greatly from
surface chemistry of ACNF, probably providing catalytic effect
as in the case of carbon aerogel previously reported [31]. Based
on MS results (Fig. 3 (B) and (C)), no sign of BoHg gas is detected.
Thus, nano LiBH;-ACNF75 and nano LiBH4-ACNF15 liberate

total hydrogen contents of 3.29 and 3.65 wt. %, respectively (73
and 81% of theoretical capacity, respectively). Considering H,-
MS results (Fig. 3 (B) and (C)), nano LiBH4-ACNF75 and nano
LiBH4-ACNF15 reveal comparable onset dehydrogenation
temperature at 275 °C (AT = 125 °C with respect to bulk LiBH,
[18]) and two-step dehydrogenation at 305 and 347-352 °C
(AT = 170 and 128 °C, respectively, as compared with bulk
LiBH, [18]). The relative H,-MS peak area at 305 to 347—352 °C
corresponds to the fraction of hydrogen released at low tem-
perature (T = 305 °C) with respect to the main dehydrogena-
tion (T = 347-352 °C). From Fig. 3 (B) and (C), nano LiBH,4-
ACNF15 reveals the greater fraction of LiBH, decomposing at
low temperature than nano LiBH4-ACNF75. Thus, the more
the specific surface area and porosity (ACNF15 > ACNF75), the
higher the relative content of hydrogen liberating at low
temperature (T = 305 °C). Due to effective nanoconfinement of
LiBH, (nano LiBH,-ACNF15), not only suppression of B,Hg
release during dehydrogenation is accomplished, but also
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Fig. 2 — SEM images and elemental (boron and carbon) mapping results of as-prepared samples of nano LiBH;-ACNF45,

nano LiBH,-ACNF75, and nano LiBH,-ACNF15.

improvement of dehydrogenation kinetics based on high
hydrogen content desorbed (81% of theoretical capacity). In
addition, the fraction of hydrogen liberated at low tempera-
ture increases.

Phases containing in all nanoconfined samples and defi-
cient hydrogen content desorbed as compared with theoret-
ical capacity (Fig. 3) are clarified by FTIR and XPS techniques.
From Fig. 4 (A), all nanoconfined samples exhibit comparable
vibrational peaks of B—H stretching and bending of LiBH, at
2388—2224 and 1124 cm™?, respectively [18,32] together with
O—H vibration of air and/or moisture contamination during
experiment at 1635 cm™? [25]. Besides, vibrational peaks of B—
O bond relating to stretching vibration of [BOs] in borate
groups are slightly observed in the wavenumber range of
1600—1385 cm ' [25,33,34]. To further investigate other phases
in as-prepared state of all nanoconfined samples, XPS tech-
nique is also applied. Li 1s XPS spectrum of nano LiBHy4-

ACNF45 shows characteristic peaks of LiH, Li,O (and/or LiOH),
and LiBH,4 at 54.10, 55.00 and 56.10 eV, respectively [35—37]
(Fig. 4 (B) (a) and Table 2). For Li 1s XPS spectrum of nano
LiBH,-ACNF75 and nano LiBH4-ACNF15, characteristic peaks
of LiH and LiBH, are observed at 54.10 and 55.80 eV, respec-
tively (Fig. 4 (B) (b)—(c) and Table 2) [37,38]. Since the greater
amount of LiBH, occupies on the surface of ACNF45 (B- and C-
mappingin Fig. 2), deterioration of LiBH, due to oxidation with
oxygen during experiments, represented as the formation of
Li,O (and/or LiOH), is significantly observed (Fig. 4 (B) (a)). LiH
found in all nanoconfined samples is in agreement with par-
tial dehydrogenation during melt infiltration, resulting in
inferior hydrogen content released with respect to theoretical
capacity (Fig. 3). In the case of B 1s spectra, all nanoconfined
samples reveal comparable peaks of LiBH,, ByOy (1.5 < x/y < 3),
and B,0; at 188.60, 190.40—190.44, and 192.35—-192.40 eV,
respectively (Fig. 4 (B) and Table 2) [25,37]. The formations of
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Fig. 3 — Simultaneous DSC-TG-MS during dehydrogenation
of as-prepared samples of nano LiBH,-ACNF45 (A), nano

LiBH,-ACNF75 (B), and nano LiBH;-ACNF15 (C).

B,Oy (1.5 < x/y < 3) and B,03 correspond to the B—O vibration
detected in FTIR spectra of all nanoconfined samples (Fig. 4
(A)). This suggests oxidation of LiBH, and/or amorphous
boron (a-B), obtained from partial dehydrogenation of LiBH,
during melt infiltration.

Dehydrogenation kinetics and reversibility of all nano-
confined samples are characterized by titration measure-
ments. Dehydrogenation is carried out at 350 °C under 7 mbar
H,, while rehydrogenation is done at 350 °C under 80 bar H, for
12 h. From Fig. 5 (A), during the 1st dehydrogenation 10.6 and
11.7 wt. % H, liberate from nano LiBH,-ACNF75 and nano
LiBH4-ACNF15, respectively. For nano LiBH,;-ACNF45, 10.6 wt.
% refer to the combination of H, and B,Hg (H,- and B,He-MS
results in Fig. 3 (A)). For the 2nd cycle, hydrogen content of
7.1 wt. % is reversible from nano LiBH4-ACNF75 and nano
LiBH4-ACNF15. In the case of nano LiBH,-ACNF4S5, it is only

5.7 wt. %, which can be probably mixed gases of H, and B,Hg as
in the 1st cycle. Effective nanoconfinement of nano LiBH,4-
ACNF75 and nano LiBH;-ACNF15 leads to the improvement of
dehydrogenation kinetics, in agreement with simultaneous
DSC-TG-MS results (Fig. 3). Considering the most effective
nanoconfinement of nano LiBH,-ACNF15, its de/rehydroge-
nation cycles and reaction mechanisms during melt infiltra-
tion and dehydrogenation are focused. From Fig. 5 (B), nano
LiBH4-ACNF15 releases comparable hydrogen contents of
5.8 wt. % H, during the 3rd and 4th cycles. Hydrogen contents
released from all nanoconfined samples during cycling are
summarized in Table 3.

To study the mechanisms during melt infiltration and
dehydrogenation, as-prepared and dehydrogenated samples
of nano LiBH,-ACNF15 are characterized by solid state ''B
MAS NMR technique. Regarding H,-MS result of nano LiBH,-
ACNF15 (Fig. 3 (C)), two-step decomposition of nanoconfined
LiBH, at 275—325 and 325—400 °C is mainly observed together
with that of bulk LiBH, at higher temperature of 400—450 °C.
Therefore, dehydrogenated samples at 300 and 400 °C are
prepared and used to study the reaction mechanisms. From
Fig. 6 (A) (a), ''B MAS NMR spectrum of pristine LiBH, shows a
main resonance of boron nucleus in [BH,]™ unit of LiBH,
centered at —41.7 ppm, in accordance with the previous
studies [17,32,39,40]. For as-prepared sample of nano LiBH,-
ACNF15 (Fig. 6 (A) (b)), resonance peak of LiBH, shifting to
—42.3 ppm is detected together with slight signal of broad
resonance of a-B in the ranges of 40 to —20 ppm [41]. The latter
suggests partial dehydrogenation of LiBH, during melt infil-
tration and corresponds to FTIR and XPS results as well as
inferior hydrogen content to theoretical capacity (Figs. 3 and
5). In the case of dehydrogenated sample of nano LiBH,-
ACNF15 (T = 300 °C), two resonance peaks of LiBH, at —42.2
and —44 ppm are obtained as well as increment of a-B broad
resonance (40 to —20 ppm) with respect to as-prepared sample
(Fig. 6 (A) (). The formation of a-B in dehydrogenated sample
(T =300 °C) hints at the first step dehydrogenation of LiBH, at
low temperature of 275—-325 °C (H,-MS result in Fig. 3 (C)). In
the case of dehydrogenated sample (T =400 °C), the resonance
peaks at —0.5, —16.2, and 40 to —20 ppm, in agreement with B—
O bonds (oxidation of a-B), Li,B1,H12, and a-B, respectively, are
obtained together with very slight signal of LiBH, (Fig. 6 (A) (d))
[41]. This suggests successful dehydrogenation of LiBH, with
two different pathways according to Egs. (3) and (4) [42—45].
The suppression of B,Hg release and the formation of Li;B1,H;»
during dehydrogenation of nano LiBH4-ACNF15 are in accor-
dance with the previous report, mentioning the fast reaction
of B,Hg and LiBH, to form Li,B;,H;5 in the tight pores of carbon
due to nanoconfinement [13,14]. The formation of thermally
stable Li,Bj,Hj, after dehydrogenation yields the inferior
hydrogen content released in the further cycles (the 2nd — 4th
cycles). The other possibility of deficient reversibility is the
ejection of LiH out of the porous structure of ACNF during
dehydrogenation, resulting in segregation of LiH and B as well
as poor reversibility of LiBH, [46].

LiBH, —1/6Li,B1,Hy, + 5/3LiH + 13/6H, 4)

Furthermore, the investigation of detailed mechanisms
during melt infiltration and dehydrogenation, especially at the
low temperature range (275—325 °C), are carried out by the
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deconvolution of [BH,]™ resonances (—32.5 to —60 ppm) of
pristine LiBH, and nano LiBH,-ACNF15 (as-prepared and
dehydrogenated (T = 300 °C) samples). Pristine LiBH, reveals
main resonance at —41 ppm (with slight peak at —40 ppm),

corresponding to [BH4|~ group in bulk LiBH, (Fig. 6 (B) (a)). For
as-prepared sample of nano LiBH4-ACNF15, the main reso-
nance peak at —42.3 ppm is observed with two small peaks at
—41 and —44 ppm (Fig. 6 (B) (b)). The peak at —41 ppm is in
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Fig. 4 — FTIR spectra (A) and Li 1s and B 1s XPS spectra (B) of as-prepared samples of nano LiBH;-ACNF4S5 (a), nano LiBH,-

ACNF75 (b), and nano LiBH4-ACNF15 (c).



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 6189—6201

6197

Table 2 — Binding energy of Li 1s and B 1s from XPS spectra of the phase compositions in as-prepared state of all

nanoconfined samples.

As-prepared Li 1s XPS (eV)

B 1s XPS (eV)

samples LiBH, LiH Li,0 and/or LiOH LiBH, B,O, B,0;
(1.5 <x/y < 3)

Nano LiBH,-ACNF45 56.10 54.10 55.00 188.60 190.44 192.35

Nano LiBH,-ACNF75 55.80 54.10 - 188.60 190.40 192.40

Nano LiBH,-ACNF15 55.80 54.10 188.60 190.40 192.40
A 46 . . . . . reorientational motions of [BH4]~ anions nearer the carbon
Jemperature pore wall were much more rapid as compared with those at
° ey 1300 the pore center [47]. Moreover, by using density functional
B 121 theory (DFT) calculation, the observed *'B NMR spectrum of
§ E 104 ////////////////{(/((((\(\LZ(( --------- i 106 - o nanoconfined LiBH, s.hoxf\/ed dense pulk—llk? region in the pore
=R - @ 3 center and loosely distributed chains of Li-BH, closed to the

£ 8 8- 2Y=71wt. % 4200 3 .
2t - W%W‘WWW” s porfa surface [48.]. It was glso four}d thaF the mor'e the cl_lstrl-
% o 61 T s bution of the Li-BH, chains (3-dimensional chains < linear
g = 4l ZRSHAES. | 1003 Tibbons < single linear chains), the higher the upfield shift of
2 2 5] —0 nano LiBH,-ACNF45 = 1B NMR peaks (from —42 to —52 ppm) [48]. Regarding H,-MS
e —O— nano LiBH,-ACNF75 result of as-prepared sample of nano LiBH,-ACNF15 (Fig. 3 (C)),
0= —4— nano LiBH,-ACNF15 o dehydrogenation of non-confined LiBH, is slightly observed at
0 2 4 6 8 10 12 T > 400 °C. Nevertheless, from B- and C-mapping results
Time (h) (Fig. 2), low relative content of LiBH, on the surface of ACNF15
B) 16 : : . 7o leads to significant infiltration of LiBH, into nanoporous
o 14 structure of carbon host. Thus, in our studies the resonance
5 s 7wt % 4300 peak at —41 ppm slightly detected in as-prepared sample of
“g’. £ 121 . nano LiBH,-ACNF15 (Fig. 6 (B) (b)) can be accounted for bulk
E = 101 g LiBH4 occupying on the surface of ACNF15 and/or bulk-like
3 £ 8 1200 E LiBH, in the pore center [47,48]. According to both bulk LiBH,4
E g = states (on the surface and inside the pores of ACNF15), melting
§ 2 6 f'% peak in DSC thermogram for crystalline LiBH, is detected
5 E- 4 1100 & (Fig. 3 (C)). For the resonances at —42.3 and —44 ppm (Fig. 6 (B)
a 2] (b)), they can be attributed to nanoconfined LiBH,; with me-
—O—1"cycle ——3"cycle dium loose distribution of linear ribbons (—42 to —45 ppm [48]).
i ol i Besides, this upfield shift from —41 ppm (bulk LiBH,) to —42.3

0 2 4 6 8 10 12

Time (h)

Fig. 5 — Dehydrogenation kinetics and reversibility of all
nanoconfined samples (2 cycles) (A) and nano LiBH,-
ACNF15 (4 cycles) (B).

accordance with bulk LiBH4, while those shifting upfield to
—42.3 and —44 ppm represent nanoconfined LiBH,. From the
previous report, nanoconfined LiBH, in highly ordered nano-
porous carbon (4 nm pore size) consisted of two different
structures including bulk-like LiBH, in the pore center and less
bulk-like LiBH; near the pore wall [47]. Transitional and

and —44 ppm corresponds to shielding effect of carbon on the
boron nucleus due to close proximity and interaction of [BH4]~
units and carbon surface [49]. In conclusion, via melt infil-
tration, LiBH, confined into ACNF15 is in the forms of medium
loose distributed chains (linear ribbons) and bulk-like struc-
ture in the pore center. Besides, slight content of LiBH, is still
found on the surface of ACNF15.

After dehydrogenation at 300 °C, nano LiBH,-ACNF15
shows broader resonances centered at —42.2, —44, and
—46.6 ppm (Fig. 6 (B) (c)). Broader peaks suggest higher disor-
der degree of LiBH, due to nanoconfinement [50—52]. The
upfield shift to —46.6 ppm implies further loose distribution of
Li-BH, chains to the single linear chains (*'B NMR resonances

Table 3 — Dehydrogenation temperature and hydrogen content released of all nanoconfined samples.

Nanoconfined Dehydrogenation temperature (°C) Hydrogen content released (wt. %)
SmpLEs Onset 1st step 2nd step 3rd step 1st cycle 2nd cycle 3rd-4th cycles
Nano LiBH,;-ACNF45 300 — 351 >400 10.6* 5.7 —

Nano LiBH4-ACNF75 275 305 352 = 10.6 71 =

Nano LiBH,;-ACNF15 275 305 347 >400 11.7 7.1 5.8

& Combination of H, and B,Hg gases.




6198

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 6189—6201

(A) B-O (-0.5)
Li B, H., (-16.2)

27127 12

*

80 60 40 20 O

Chemical shift (ppm)
(B)
— Original plot
—— Fits
422/ \*  ___ fitsum
-46.6
R2=0.9991
-42.3
-41 -44
(b) R?=0.9994
-41.7
40
(a) R?=0.9990
| L | 1 | 1 | ! | L

-35 -40 -45 -50 -55 -60
Chemical shift (ppm)

Fig. 6 — "B MAS NMR spectra (A) and the deconvolution of
[BH4]~ resonance peaks (B) of pristine LiBH, (a), and as-
prepared (b), dehydrogenated (T = 300 °C) (c), and
dehydrogenated (T = 400 °C) (d) samples of nano LiBH,-
ACNF15.

in the range of —45 to —52 ppm) [48]. Also, this remarkable
upfield shift as compared with pristine LiBH, (from —41.7 to
—46.6 ppm) refers to significant shielding effect on the boron
nucleus by carbon surface. The latter reflects not only close
proximity and interaction of [BH4]~ with carbon, but also
probably structural changes of LiBH,, including bond angle (—
HBH-), B—H bond length, and positions of Li* ions [49]. In

addition, the relative peak area of the resonance at —44 ppm to
—42.3 ppm from dehydrogenated sample (T = 300 °C) (Fig. 6 (B)
(c)) is superior to that from as-prepared sample (Fig. 6 (B) (b)).
This hints at the enhancement of Li-BH, chain distribution
and closer contact with carbon surface [48,49]. Therefore,
broadened peaks, new peak at considerable upfield shift (at
—46.6 ppm), and enhancement of the upfield-shift resonance
(at —44 ppm) can be likely indicated to the increase of LiBH,
chain diffusion due to further melt infiltration into the voids
and/or small pores inside the ACNF15. According to the H,-MS
result during dehydrogenation of nano LiBH,-ACNF15 (Fig. 3
(C)), onset dehydrogenation temperature of the first step (at
275 °C) is approximately at melting point of h-LiBH, (at 278 °C).
It can be claimed that molten LiBH4 not only diffuses or in-
filtrates into small pores or voids of ACNF15, but also has
closer contact with carbon surface, shown as significant up-
field shift to —46.6 ppm (Fig. 6 (B) (c)). Because of this close
contact, catalytic effect of carbon surface inside the porous
structure of ACNF15 may play an important role for this
dehydrogenation step (275—325 °C). Considering H,-MS sig-
nals of all nanoconfined samples, the more the specific sur-
face area and pore volume, the higher the relative content of
hydrogen released in the low-temperature step (275—-325 °C).
Thus, ACNF with high specific surface area and pore volume
not only benefits effective nanoconfinement during sample
preparation, but also provides greater free volume for further
melt infiltration of LiBH4, which during this process dehy-
drogenation also takes place.

To further confirm that melt infiltration can be enhanced
by heating as-prepared sample to melting point of LiBH,,
dehydrogenated sample at 300 °C is characterized by simul-
taneous DSC-TG-MS. From DSC thermogram in Fig. 7 (A), three
endothermic peaks of o- to h-LiBH, phase transformation,
melting of h-LiBH,, and dehydrogenation of LiBH, are at 115,
263, and 352 °C, respectively. It should be noted that DSC peak
corresponding to melting of h-LiBH, in this sample is broader
and smaller as compared with as-prepared sample (Fig. 3 (C)).
Broader and smaller melting peak of LiBH, implies the incre-
ment of amorphous state of LiBH, due to further infiltration of
LiBH, into ACNF15, corresponding to *'B NMR results (Fig. 6 (B)
(c)). In addition, due to further melt infiltration onset dehy-
drogenation temperature reduces from 275 to 268 °C (Figs. 3 (C)
and 7 (A)) and it is again detected at about melting point of h-
LiBH,. Moreover, the relative content of hydrogen released at
each step was determined by curve fitting of H,-MS plots of as-
prepared and dehydrogenated (T = 300 °C) samples. From
Fig. 7 (B), as-prepared sample reveals three decomposition
steps of nanoconfined LiBH, (peaks A and B) and bulk LiBH, on
ACNF surface (peak C). For dehydrogenated sample
(T = 300 °C), there are only two decomposition peaks of
nanoconfined LiBH, (peaks A and B). Therefore, it should be
noted that by further meltinfiltration, the relative area of peak
A (low dehydrogenation temperature) to other peaks of B or
(B + C) increases (Fig. 7 (B)). The increment of relative area of
peak A and the disappearance of peak C observed from
dehydrogenated sample (T = 300 °C) confirm further melt
infiltration of LiBH, inside the pores and on the surface of
ACNF. In consequence, the main reason for kinetic improve-
ment of nanoconfined LiBH, is from catalytic effects of carbon
surface as shown as the major dehydrogenation of all
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Fig. 7 — Simultaneous DSC-TG-MS of dehydrogenated

(T = 300 °C) sample of nano LiBH,-ACNF15 (A) and curve
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dehydrogenated (T = 300 °C) samples of nano LiBH,-
ACNF15.

Conclusion

Activated carbon nanofibers (ACNF) with various specific
surface area (Sggr) and total pore volume (Vi) Were synthe-
sized by varying activation time during heating (15—75 min).
The highest Sppr and Vi (2752 m%/g and 2.17 mlL/g, respec-
tively) were obtained by activation at 800 °C for 15 min. It was
found that the higher the Sger and Vi, the more the effec-
tiveness of LiBH; melt infiltration. Due to effective nano-
confinement of LiBH; in ACNF, not only high hydrogen
content up to 81% of theoretical capacity was achieved, but
also suppression of B,Hg release. Hydrogen contents desorbed
(the 1st cycle) and reproduced (the 2nd cycle) of the most
effective nanoconfined LiBH, were up to 11.7 and 7.1 wt. % H,.
This inferior hydrogen content with respect to theoretical
capacity was due to partial dehydrogenation during melt
infiltration and the formation of thermally stable phase of
Li,B1,H1,. Since all nanoconfined samples showed the main
dehydrogenation at comparable temperature of 347—352 °C
(AT = 128 °C with respect to bulk LiBH,), the explanation for
this kinetic improvement was catalytic properties of ACNF
surface. However, due to effective nanoconfinement, loosely
distributed Li-BH, chain and close contact of LiBH, with car-
bon surface were observed. This resulted in lower dehydro-
genation at 305 °C (AT = 170 °C with respect to bulk LiBH,). It
was also found that during dehydrogenation of nanoconfined
sample, further melt infiltration of LiBH, was detected
together with dehydrogenation. This dehydrogenation step
could be benefited by the interaction between molten LiBH,
and carbon surface. To confirm the improvement of nano-
confinement by re-melting, dehydrogenation profile of as-
prepared sample, which was heated and quenched at
slightly above melting point of LiBH, (T = 300 °C), was inves-
tigated. More significant nanoconfinement of LiBH, was
observed. This led to lower onset dehydrogenation tempera-
ture of 268 °C and greater relative content of hydrogen
released at low temperature (305 °C).

nanoconfined samples at 347—352 °C (Fig. 3). However, effec-
tive nanoconfinement of LiBH, obtained by using ACNF with
high specific surface area and pore volume (ACNF15) benefits
significant reduction of onset and main dehydrogenation
temperatures to 275 and 305 °C, respectively (Fig. 3 (C)).
Moreover, when LiBH,; melts, close contact between molten
LiBH, and carbon surface inside the porous structure of ACNF
results in simultaneous dehydrogenation of LiBH, at melting
point. Also, multiple times or probably long length of time for
melt infiltration improves nanoconfinement of LiBH, via
further infiltrating into voids and/or small pores as well as
more chance to have closer contact with carbon surface inside
the pores of ACNF. This leads to further reduction of onset
dehydrogenation temperature toward 268 °C. Thus, to obtain
the best performance, not only ACNF with high specific sur-
face area and pore volume is required, but also multiple times
or probably long length of time for melt infiltration should be
carried out under hydrogen back pressure to prevent
dehydrogenation.
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According to catalytic effects of TiO, on kinetic properties of hydrides and thermal con-
ductivity of multiwall carbon nanotubes (MWCNTSs) favoring heat transfer during de/
rehydrogenation, improvement of dehydrogenation kinetics of compacted 2LiBH,-MgH, by
doping with MWCNTs decorated with TiO, (MWCNTs-TiO,) is proposed. Via solution
impregnation of Ti-isopropoxide on MWCNTs and hydrothermal reaction to produce TiO,,
high surface area and good dispersion of TiO, on MWCNTs surface are obtained. Composite
of 2LiBH,-MgH, is doped with 5-15 wt. % MWCNTs-TiO, and compacted into the pellet
shape (diameter and thickness of 8 and 1.00—1.22 mm, respectively). By doping with 15 wt.
% MWCNTSs-TiO,, not only fast dehydrogenation kinetics is obtained, but also reduction of
onset dehydrogenation temperature (AT = 25 °C). Besides, gravimetric and volumetric
hydrogen storage capacities of compacted 2LiBH4-MgH, increase to 6.8 wt. % and 68 gH,/L,
respectively, by doping with 15 wt. % MWCNTSs-TiO, (~twice as high as undoped sample).
The more the MWCNTSs-TiO, contents, the higher the apparent density (up to ~1.0 g/cm? by
doping with 15 wt. % MWCNTSs-TiO,). The latter implies good compaction, resulting in the
development of volumetric hydrogen capacity. In the case of mechanical stability during
cycling, compacted 2LiBH4-MgH, doped with at least 10 wt. % MWCNTs-TiO, maintains the
pellet shape after rehydrogenation. Although increase of porosity (up to 30%), leading to
the reduction of thermal conductivity, is detected after rehydrogenation of compacted
2LiBH4-MgH, doped with 15 wt. % MWCNTs-TiO,, comparable kinetics during cycling is
obtained. This benefit can be achieved from thermal conductivity of MWCNTs.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

For on-board fuel cell application, loose powder bed of hy-
dride materials cannot fulfill the requirements due to low
volumetric hydrogen storage capacity from void volume

hydrides has been proposed to not only enhance volumetric
capacity, but also improve thermal conductivity [1,2]. How-
ever, heat transport during hydrogen exchange reaction was
hampered in the case of larger bed size of hydride, limiting
the overall reaction rate. In addition, large strain changes
upon de/rehydrogenation cycles lead to the decrepitation

inside the bed. Powder densification via compaction of
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and disaggregation of compacted hydride, resulting in loose
powder bed with poor thermal conductivity (0.1 W/m K) [3].
Two well-known methods of doping thermal conductive
materials (e.g.,, expanded natural graphite, ENG) and
increasing compaction pressure were carried out to solve
these problems of compacted hydrides. Several hydride
materials (e.g., MgH, [4], intermetallic hydrides of LaNis [3]
and MgyoNiyo [5], and Mg(NH,),-2LiH [6]) were doped with
ENG and compacted to disk and/or cylindrical shapes.
Thermal conductivity of compacted hydrides increased with
ENG content. For example, thermal conductivity of MgH,-
10 wt. % ENG compacted under 100 MPa enhanced in the
radial direction up to 7.5 W/m K, while that in the axial di-
rection was comparable to compacted MgH, without ENG
[4]. For MggoNijo alloys doped with 5-25.5 wt. % ENG and
compacted under different pressures (150—600 MPa), the
more the compaction pressure and ENG content, the lower
the porosity in the compacted samples. This indicated good
compaction due to the role of ENG as a lubricant [5]. Sig-
nificant enhancement of thermal conductivity (up to 46.7 W/
m K) in the radial direction was observed from MggooNijo-
25.5 wt. % ENG. The compaction in the axial direction pro-
vided two benefits in the radial direction, i.e., good align-
ment of large particles and predominant elongation of
single-phase particle, yielding the improvement of thermal
conductivity in radial direction [1]. However, high compac-
tion pressure and ENG content obstructed hydrogen
permeability during de/rehydrogenation, especially in the
same direction as compaction [4].

Furthermore, effects of compaction pressures
(75—600 MPa) on thermal conductivity, dehydrogenation ki-
netics, and morphology of the compacted LiBH,-MgH, com-
posite were investigated [1]. Although improvement of
thermal conductivity and reduction of porosity were obtained
with increase of compaction pressure, dehydrogenation ki-
netics was sluggish due to the reduction of hydrogen perme-
ability. For example, hydrogen content released during the 4th
cycle of loose powder sample of LiBHs-MgH, was ~9 wt. % H,,
while that of the compacted sample under 600 MPa was only
2 wt. % H,. However, cracks detected upon cycling due to high
stress and expansion resulted in the improvement of
hydrogen diffusion and kinetics [1,7]. Despite crack formation,
decrepitation of the pellet was not found due to the stable
framework of Mg-containing compounds (e.g., MgH, and
MgB»).

In the present work, we would like to propose a new
method to improve dehydrogenation kinetics and mechanical
stability during cycling of compacted 2LiBH,-MgH, by doping
with multiwall carbon nanotubes (MWCNTSs) decorated with
titanium (IV) oxide (TiO,). It was reported that the curvatures
and good thermal conductivity of MWCNTs could benefit
hydrogen diffusion and heat transfer during de/rehydroge-
nation [8—10]. MWCNTs have been doped into several hy-
drides and intermetallic compound, such as MgH,, LiAlH,,
MgH,-NaAlH,, and Zr(yo.9sNig0s)> to improve de/rehydroge-
nation kinetics [11-16]. In the case of Ti-based oxides (TiO,
and Ti-isopropoxide), hydride (TiH,), and halides (TiCl; and
TiF;), they are known catalysts or additives for kinetic
improvement of metal and composite hydrides (e.g., LiBHy,
LiAlH;, MgH,, Mg(BH,), LiAlH,-MgH,, and LiAlH,-LiBH,

[17—29]). Furthermore, combination of transition metal based
catalysts and MWCNTs has been proposed to develop dehy-
drogenation and reversibility of hydride materials [30—33].
However, all previous reports of hydride materials doped with
MW(CNTs, Ti-based catalysts, or combined MWCNTSs with Ti-
based catalysts were carried out in the form of loose powder
samples. The present study is for the first time dealing with
compacted sample of 2LiBH4;-MgH, doped with MWCNTs
decorated with TiO, (MWCNTs-TiO,). This work provides the
preliminary results of de/rehydrogenation performance and
mechanical stability during cycling of this material when it is
packed in hydrogen storage tank. Successful decoration and
good dispersion of TiO, on the surface of MWCNTSs are
confirmed. The powder samples of 2LiBH,-MgH, doped with 5,
10, and 15 wt. % MWCNTs-TiO, are compacted under the same
pressure by using a pellet die set (8 mm diameter) to obtain the
pellet samples. The effects of MWCNTSs-TiO, on compaction
performance and mechanical stability during cycling are
determined. The compositions of as-prepared, dehydro-
genated, and rehydrogenated samples as well as dehydroge-
nation temperature and kinetics are investigated.

Experimental details
Sample preparation

Multiwall carbon nanotubes (MWCNTSs) decorated with tita-
nium (IV) oxide (TiO,) were prepared by a hydrothermal
method [34]. MWCNTs from Nano Materials Research Unit,
Chiangmai University, Chiangmai, Thailand [35] of 20 g were
immersed into 2.00 mL of titanium (IV) isopropoxide solution
(98+ %, Acros Organics) and sonicated at ambient temperature
for 20 min. The mixture was hydrolyzed by adding 10.00 mL of
deionized (DI) water and transferred to a Teflon-lined auto-
clave vessel along with 3.00 mL of H,SO4 (1.0 M). The autoclave
vessel was kept at 175 °C for 24 h. The product was washed
thoroughly with DI water and dried at 50 °C for 24 h in a dust-
proof environment to obtain grayish powder of MWCNTs
decorated with TiO,, denoted as MWCNTSs-TiO,.

The powder samples of MgH, (95%, Acros Organics) and
LiBH4 (>90%, hydrogen storage grade, Acros Organics) under
2:1 (LiBH4MgH,) mole ratio were packed into a sealed vial
(8004 Tungsten carbide vial set, a SPEX SamplePrep, USA)
under a nitrogen (N,) atmosphere in a glove box and milled by
using a SPEX SamplePrep 8000D DUAL Mixer/Mill® to obtain
milled 2LiBH4-MgH,, denoted as 2Li-Mg. A ball-to-powder
weight ratio and a milling time were 15:1 and 5 h, respec-
tively. The powder sample of 2Li-Mg was ground with 5, 10,
and 15 wt. % MWCNTSs-TiO, in a mortar under N, atmosphere
in the glove box to obtain 2Li-Mg-5% MWCNTs-TiO,, 2Li-Mg-
10% MWCNTs-TiO,, and 2Li-Mg-15% MWGCNTs-TiO,, respec-
tively, denoted as 2Li-Mg-5%, 2Li-Mg-10%, and 2Li-Mg-15%,
respectively. Regarding the peak area obtained from an energy
dispersive X-ray spectroscopy (EDS) result, corresponding to
the relative content of elements in MWCNTs-TiO,, i.e., carbon
(C), titanium (Ti), and oxygen (O) (Fig. 2(E)), ~42% MWCNTs
surface was decorated with TiO,. For comparison, 0.0106 and
0.0253 g of TiO, (98.0-100.5% TiO,, Acros Organics) and
MW(CNTs, respectively, were mixed and denoted as MWCNTSs-
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M-TiO,. The powder sample of 2Li-Mg containing 15 wt. %
MWCNTs-M-TiO,, denoted as 2Li-Mg-M-15%, was prepared by
grinding MWCNTs-M-TiO, with 0.2396 g of 2Li-Mg. All pow-
ders samples of ~50—60 mg were compacted under the same
pressure of 5 tons for 2 min by using the pellet die set (8 mm
diameter from Msscientific Chromatographie-Handel GmbH,
Germany) to achieve the pellet samples with the thickness of
1.00—-1.22 mm. Considering the surface area of the pellet
(mr? = 3.14 x (4 x 1073 m)? = 5.02 x 10~° m?), compaction
pressure of 976 MPa was calculated.

Characterizations

Powder X-ray diffraction (PXD) of pristine TiO, and MWCNTs-
TiO, as well as as-prepared, dehydrogenated, and rehydro-
genated pellets were carried out by using a Bruker D2 PHASER
with Cu K, radiation (A = 0.15406 nm). To protect the sample
from oxygen and humidity, it was packed in an airtight sam-
ple holder, covered by a poly(methyl methacrylate) (PMMA)
dome, under N, atmosphere in the glove box. The diffraction
patterns were collected in a 26 range of 10—80° with a scan-
ning step of 0.02 °/s. Fourier transform infrared spectroscopy

33.;
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Fig. 2 — SEM images of MWCNTSs (A) and MWCNTSs-TiO, (B) as well as elemental mapping of titanium (C) and oxygen (D), and
EDS results (E) of MWCNTs-TiO,.
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(FTIR) was carried out by using a Bruker Tensor 27-Hyperion
2000. The powder sample was ground with anhydrous KBr in
the mortar under a weight ratio of ~10:1 (KBr:powder sample).
The mixture was pressed under 15 tons for 1 min to obtain KBr
pellet. The KBr pellet containing the sample was assembled in
the sample holder located in the direction of infrared radia-
tion. The FTIR spectra were collected at room temperature in
the wavenumber range of 4000—400 cm™* with 64 scans for
both sample and background.

Morphology and elemental analysis of MWCNTs and
MWCNTs-TiO, were studied by scanning electron microscopy
(SEM) using an Auriga from Zeiss, Germany. The powder
sample was deposited on the sample holder by using silver
glue (in n-butyl acetate) and the evaporation of n-butyl acetate
was done in the glove box at room temperature for 2 h.
Regarding the electrical conductivity of MWCNTs, coating of
electron conductive elements (e.g., Au, Pd, or Pt) was not
necessary, which the native morphology of the sample was
clearly observed. Energy dispersive X-ray spectroscopy (EDS)
and elemental mapping were managed by an apparatus from
EDAX Inc., USA. Smart SEM and EDS Genesis programs were
used for morphological studies and elemental analyses,
respectively.

Thermogravimetry (TG) during dehydrogenation of com-
pacted samples were carried out by using a Netzsch STA 449F3
Jupiter. The powder sample of ~10—15 mg was heated from
room temperature to 500 °C (5 °C/min) under a N, flow of
50 mL/min. The relative compositions of hydrogen (H,) and
diborane (B,Hg) gases in the exhaust gas during dehydroge-
nation were continuously determined by mass spectrometry
(MS) using a Netzsch QMS 403C mass spectrometer.

Dehydrogenation kinetics and reversibility of compacted
samples were studied by using a laboratory scale setup of a
carefully calibrated Sievert type apparatus [36,37]. The powder
sample of ~50—100 mg was packed in a high pressure stainless
steel sample holder (316SS, Swagelok) under N, atmosphere in
the glove box and transferred to the Sievert-type apparatus.
Two K-type thermocouples (—250 to 1300 °C, SL heater) were
attached to the sample holder and to the furnace for
measuring the temperature changes during de/rehydrogena-
tion. Pressure transducers (C206, Cole Parmer) in the pressure
range of 0—500 and 0—3000 psig were used to measure the
pressure changes due to hydrogen desorption and absorption,
respectively. Thermocouples and pressure transducers were
connected to an AI210I module convertor data logger (from
Wisco), measuring and transferring (every 1 s) the pressure
and temperature changes to the computer. Dehydrogenation
was done under 3—4 bar H, (purity = 99.999%) by heating the
sample from room temperature to 400 °C via a furnace
controlled by a PID temperature controller. For rehydrogena-
tion, the dehydrogenated sample was pressurized under
80 bar H, (purity = 99.999%) at 400 °C for 12 h. Once the
pressure reading was constant, gravimetric hydrogen storage
capacity (wt. % H,) was calculated from pressure change (Ap)
and Equations (1) and (2). For volumetric hydrogen storage
capacity (gH./L), it was calculated from full gravimetric
hydrogen storage capacity as well as weight and volume of the
compacted sample.

(Ap)V = nRT (1)

H, desorbed (wt. %) = [(n x 2.0158)/sample weight] x 100 (2)

where p, V, and T are hydrogen pressure (atm), volume of
the system (L), and temperature (K), respectively, n is the
number of hydrogen moles (mol), and R is gas constant
(0.0821 L atm K~* mol~?).

Apparent density of the compacted samples was calcu-
lated from volume and weight of the pellets. The pellet di-
mensions (diameter and height) were measured by using a
micrometer caliper with an error of +0.01 mm, while the
weight was obtained from a four-digit analytical balance. All
measurements were carried out five times to achieve the
average values of pellet dimensions and weight used for the
calculation of apparent density. To study the mechanical
stability of compacted samples during cycling, physical
appearance of as-prepared and absorbed pellets was taken
into account.

Results and discussion

To confirm the transformation of Ti-isopropoxide to TiO, via
hydrothermal method, pristine TiO, and MWCNTs-TiO, were
characterized by PXD technique. From Fig. 1, diffraction peaks
of pristine TiO, are sharp and in agreement with anatase TiO,
[38], while those of MWCNTSs-TiO,, also in agreement with
anatase TiO,, are significantly broader. The latter suggests
successful transformation of Ti-isopropoxide to TiO, on
MWCNTSs surface. Broad diffraction peaks (increase of full
width at half-maximum (FWHM)) of TiO, found in MWCNTs-
TiO, hint at the increment of amorphous degree and the
reduction of TiO, particle size based on the Scherrer equation
of d = 0.9%/Bcosd, where d is the average crystallite size, A is the
wavelength of the incident X-ray, 8 is FWHM, and ¢ is Bragg
angle [38—40]. Regarding particle size reduction of TiO,, the
enhancement of surface area is achieved.

Furthermore, morphology of MWCNTs and MWCNTSs-TiO,
as well as the distribution of TiO, on the surface of MWCNTs
were characterized by SEM-EDS-elemental mapping tech-
nique. From Fig. 2(A) and (B), both MWCNTs and MWCNTSs-TiO,
show the mixture of tubular structure and agglomeration of
nanotubes, implying maintained morphology of MWCNTs
after TiO, decoration. For elemental mapping and analysis,
MWCNTSs-TiO, as morphology shown in Fig. 2(B) is further
studied. Fig. 2(C) and (D) exhibit good dispersion of titanium (Ti)
and oxygen (O) from TiO, all over MWCNTs surface. The
elemental analysis of MWCNTSs-TiO, represents mainly carbon
(C) from MWCNTs together with Ti and O from TiO, (Fig. 2(E)).
Due to good dispersion and high surface area of TiO, on
MWCNTs, de/rehydrogenation performance of compacted
hydride doped with MWCNTSs-TiO, can be improved. Besides,
curvatures and good thermal conductivity of MWCNTs,
benefiting hydrogen diffusion and heat transfer during de/
rehydrogenation [8—10], promote hydrogen exchange reaction.

Afterward, the compositions of as-prepared samples of
compacted 2Li-Mg-5%, 2Li-Mg-10%, and 2Li-Mg-15% were
investigated by PXD technique. All compacted samples
reveal diffraction patterns of o-LiBH4, MgH,, and TiO,, sug-
gesting no reaction between either hydrides or hydrides
and MWCNTs-TiO, during sample preparation (Fig. 3).
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Fig. 3 — PXD spectra of as-prepared samples of compacted
2Li-Mg-5% (a), 2Li-Mg-10% (b), and 2Li-Mg-15% (c).

Furthermore, hydrogen content released, dehydrogenation
temperature, and kinetics were studied by TG and MS
techniques. According to the dehydrogenation of 2LiBHy4-
MgH, composite (Equation (3)), theoretical hydrogen storage
capacity of 11.4 wt. % is obtained.

2LiBH4(1) + MgHz(S) - 2LiH(S) + Mng(s) + 4H2(g) (3)

Therefore, theoretical storage capacity of compacted 2Li-
Mg-5%, 2Li-Mg-10%, 2Li-Mg-15%, and 2Li-Mg-M-15% are 10.8,
10.3, 9.7, and 9.7 wt. % H,, respectively. From Fig. 4(A),
compacted 2Li-Mg liberates 7.7 wt. % H, (67.5% of theoretical
capacity) in two steps at onset dehydrogenation tempera-
tures of 370 and 425 °C for MgH, and LiBHy, respectively (H,-
MS result in Fig. 4(B)). In the case of compacted 2Li-Mg-5%,
2Li-Mg-10%, and 2Li-Mg-15%, hydrogen content released of
8.3, 7.0, and 7.3 wt. % H,, respectively (77, 68, and 75% of
theoretical capacity, respectively) are obtained together
with reduction of onset dehydrogenation temperatures for
MgH, and LiBH,4 to 345—355 and 400 °C, respectively (AT = up
to 25 °C) (Fig. 4(A) and (B)). For compacted 2Li-Mg-M-15%,
totally 6.6 wt. % H, (68% of theoretical capacity) desorb
with onset dehydrogenation temperatures of MgH, and
LiBH, at 355 and 400 °C, respectively. Thus, by doping
with MWCNTSs-TiO, dehydrogenation kinetics is signifi-
cantly improved. For example, up to 75—77% of theoretical
hydrogen capacity is obtained after doping with MWCNTSs-
TiO,, while those of compacted 2Li-Mg and 2Li-Mg-M-15%
are comparable of ~68% (Fig. 4(A)). Moreover, it should be
noted that hydrogen signal in the temperature range of
400—425 °C (red frame in Fig. 4(B)), corresponding to the
onset decomposition range of thermodynamically stable
phase (LiBH,), gradually enhances with MWCNTs-TiO, con-
tents, especially compacted 2Li-Mg-10% and 2Li-Mg-15%,
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Fig. 4 — Simultaneous TG-MS results of all compacted
samples. Onset decomposition of thermodynamically
stable LiBH, in the temperature range of 400-425 °C is
shown in red frame (B).

while those of compacted 2Li-Mg and 2Li-Mg-M-15% are
less significant. Although 2LiBH,-MgH, composite doped
with either MWCNTs-M-TiO, or MWCNTSs-TiO, results in
comparable (onset) dehydrogenation temperature, good
dispersion and high surface area of TiO, found in MWCNTs-
TiO, favor faster dehydrogenation kinetics, especially for
thermodynamically stable LiBH,. Besides, signal of diborane
gas (B,He) is not detected during dehydrogenation of all
compacted samples (Fig. 4(B)).

Furthermore, dehydrogenation kinetics as well as gravi-
metric and volumetric hydrogen storage capacities of all
compacted samples were investigated by titration mea-
surements. During the 1st dehydrogenation at 400 °C under
3—4 bar H,, compacted 2Li-Mg and 2Li-Mg-M-15% liberate 4.0
and 4.1 wt. % H,, respectively, while compacted 2Li-Mg-5%,
2Li-Mg-10%, and 2Li-Mg-15% desorb up to 5.0, 6.1, and 6.8 wt.
% H,, respectively (Fig. 5(A)). All compacted samples show
comparable kinetics in the first dehydrogenation step of
MgH,. For the second decomposition step of LiBH4, com-
pacted 2Li-Mg-5% (or 2Li-Mg-10%) and 2Li-Mg-15% start to
release hydrogen at 8 and 4 h, respectively, and increase
steeply, whereas compacted 2Li-Mg requires up to 12 h and
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Fig. 5 — Dehydrogenation kinetics (A) and calculated
hydrogen storage capacities (B) of all compacted samples.

very sluggish. In the case of compacted 2Li-Mg-M-15%, it
seems that partial dehydrogenation of MgH, delays as shown
as slight increase of hydrogen signal at ~7 h, while the
decomposition of LiBH4 begins at ~10 h (Fig. 5(A)). The su-
perior kinetics especially of LiBH, observed from compacted
samples doped with MWCNTs-TiO, as compared with com-
pacted 2Li-Mg and 2Li-Mg-M-15% is in agreement with MS
results (Fig. 4(B)). The deficient hydrogen content released
with respect to theoretical capacity of all compacted samples
during the 1st dehydrogenation can be due to less effective
diffusion of hydrogen through the compacted samples as
previous reports of compacted hydrides doped with ENG [4].
However, by doping with MWCNTs-TiO, improvement of
hydrogen diffusion can be obtained, resulting in higher
content of hydrogen desorbed. Moreover, volumetric
hydrogen storage capacity (gH,/L) calculated from full
gravimetric capacity (Fig. 5(A)) and physical properties
(weight and volume) of compacted sample is reported. The
volumetric capacity of 35.6 and 40 gH,/L are achieved from
compacted 2Li-Mg and 2Li-Mg-M-15%, respectively, while
those of 2Li-Mg-5%, 2Li-Mg-10%, and 2Li-Mg-15% are
47—-68 gH,/L (Fig. 5(B)). Interestingly, due to kinetic
improvement and good compaction (results and discussion
in Fig. 6(B)) of compacted 2LiBH4-MgH, doped with MWCNTs-
TiO,, significant enhancement of volumetric hydrogen stor-
age capacity up to 91% is obtained (from 35.6 to 68 gH,/L after
doping with 15 wt. % MWCNTSs-TiO,).

To study the effects of the additives (MWCNTs-TiO, and
MWCNTs-M-TiO,) on mechanical stability during cycling
and compaction performance, physical appearance and
apparent density of as-prepared and the 1st absorbed pellets
were studied. From Fig. 6(A), all as-prepared pellets (diam-
eter and thickness of 8 and 1.00—1.22 mm, respectively) are
in good shape after compaction. After the 1st absorption,
compacted 2Li-Mg and 2Li-Mg-5% cannot maintain their
shapes shown as broken and swollen pellets, while com-
pacted 2Li-Mg-10% and 2Li-Mg-15% are still in the disk form
as comparable to as-prepared pellets (Fig. 6(A)). In the case of
2Li-Mg-M-15%, its disk shape remains with some cracks on
top of the pellet after the 1st absorption. The swelling and
crack formation of the pellets can be due to high stress and
expansion during cycling under high pressure and temper-
ature condition [7]. It can be seen that by doping with at least
10 wt. % MWCNTSs-TiO, mechanical stability during cycling
of the compacted sample can be obtained. In the case of
compaction performance represented by apparent density of
the pellets, compacted 2Li-Mg shows 0.89 g/cm?® (Fig. 6(B)).
For compacted samples doped with additives, their apparent
densities enhance with increased additive contents (up to
~1.0 g/cm® for 2Li-Mg-15%). The latter suggests good
compaction performance due to the fact that MWCNTSs-TiO,
and MWCNTs-M-TiO, act as lubricant similar to ENG [5]. Due
to the deterioration of compacted 2Li-Mg and 2Li-Mg-5% as
well as some cracks found in 2Li-Mg-M-15%, their apparent
densities after the 1st absorption were neglected. From
Fig. 6(B), significant reduction of apparent density as
compared with as-prepared samples is detected after the 1st
absorption, for example, from 0.99 to 0.65 g/cm® and from
1.00 to 0.70 g/cm® for compacted 2Li-Mg-10% and 2Li-Mg-
15%, respectively. The latter suggests 34 and 30% enhance-
ment of porosity for compacted 2Li-Mg-10% and 2Li-Mg-15%,
respectively. Although enhancement of porosity favors
hydrogen diffusion during cycling, thermal conductivity is
reduced concurrently. In our work, good thermal conduc-
tivity of MWCNTs can probably help to maintain heat
transfer during cycling of compacted hydride despite in-
crease of porosity.

Regarding the best performance based on dehydrogenation
temperature and kinetics as well as the mechanical stability
during cycling of compacted 2Li-Mg-15%, four hydrogen
release and uptake cycles were carried out on this sample.
Fig. 7 shows comparable hydrogen contents release during the
1st and 2nd cycles of 6.4—6.8 wt. % within 7 h. For the 3rd and
4th cycles, slight decrease to about 5.8 wt. % H, is obtained
with comparable kinetics. It should be noted that compacted
2Li-Mg-15% liberates considerable amount of hydrogen with
fast kinetics in the 1st cycle and maintains its kinetics in the
further cycles (the 2nd-4th cycles). This can be due to not only
the effective catalytic activity of TiO, with high surface area
on MWCNTs surface, but also good thermal conductivity of
MWCNTSs. However, the pellet of compacted 2Li-Mg-15% in
this study is quite thin (~1.00 mm) due to small amount of
material. Thus, to approach the practical application of
hydrogen storage tank, greater content of material is used to
prepare the thicker pellets and the investigations based on
kinetics, reversibility, and mechanical stability during cycling
are in progress.
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To study the reaction mechanisms and explain the defi-
cient hydrogen content released during cycling of compacted
2Li-Mg-15%, rehydrogenated (the 4th cycle) and dehydro-
genated (the 5th cycle) samples were characterized by PXD
and FTIR techniques. From Fig. 8(A), the 4th absorbed sample
reveals diffraction patterns of LiBH, and MgH,, suggesting
successful reversibility of 2LiBH,-MgH, composite. For further
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Fig. 7 — Dehydrogenation kinetics of compacted 2Li-Mg-
15%.

dehydrogenation (the 5th cycle), diffraction peaks of MgB, and
LiH are observed, hinting at complete dehydrogenation of this
hydride composite. The formation of MgO can be due to the
oxidation with air and/or the reaction with TiO, (from
MWCNTSs-TiO,) of Mg-containing phases, which corresponds
to the disappearance of TiO, diffraction peaks (Fig. 8(A)). For
further investigation on boron (B)-containing phases, FTIR
technique was used. From Fig. 8(B) (a-b), as-prepared samples
of compacted 2Li-Mg and 2Li-Mg-15% show vibrational peaks
of B—H stretching and bending of LiBH, at 2388—2226 and
1126 cm ™Y, respectively [40,41], together with that of O—H at
1635 cm ' due to air and/or moisture contamination [37]. For
compacted 2Li-Mg-15% after the 4th absorption, vibrational
peaks of B—H and O—H bonds, corresponding to LiBH, and air
(and/or moisture) contamination, respectively, are found as in
cases of as-prepared sample, hinting at successful rehy-
drogenation (Fig. 8(B) (c)). In addition, the characteristic vi-
brations of B—H and B—O bonds from Li,Bi,H1, and boron
oxide, respectively, are detected at 2486 and 1429—1387 cm ™ *
[42], respectively. The appearance of boron oxide confirms
irreversibility of amorphous boron (a-B), which is one of the
dehydrogenation products of LiBH;. The formations of
Li,B1,H;, and boron oxide during cycling of compacted 2Li-
Mg-15% result in loss of boron for reversibility. Thus, the
deficient hydrogen content released from compacted 2Li-Mg-
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15% is due to not only the slow hydrogen diffusion from
compaction, but also the formation of irreversible phases
(Li;B1,H;, and boron oxide) during cycling.

Conclusion

Via compaction, volumetric hydrogen storage capacity and
thermal conductivity of hydride materials could be improved
due to the reduction of void volume. However, the more the
compaction pressure, the lower the hydrogen permeability.
This led to slow dehydrogenation kinetics. In addition, insta-
bility of the compacted hydride upon cycling under high
operating pressure and temperature was another concern.
Improvement of dehydrogenation kinetics and mechanical

stability during cycling of compacted 2LiBH,-MgH, by doping
with 5-15 wt. % multiwall carbon nanotubes (MWCNTS)
decorated with TiO, (MWCNTSs-TiO,) was proposed. According
to catalytic effect of TiO, on kinetics of hydride materials and
good thermal conductivity of MWCNTSs, benefiting heat
transfer during de/rehydrogenation, kinetic improvement of
compacted 2LiBH4-MgH, could be obtained. Onset dehydro-
genation temperature of compacted 2LiBH,-MgH, decreased
(AT = 25 °C) after doping with 15 wt. % MWCNTSs-TiO,. For
hydrogen content released, 75—77% of theoretical hydrogen
capacity were obtained from compacted 2LiBH,-MgH, doped
with MWCNTs-TiO,, while that of undoped hydride was only
68%. Dehydrogenation kinetics, especially of thermodynami-
cally stable LiBH, was significantly improved and maintained
during cycling by doping with 15 wt. % MWCNTSs-TiO,. Due to
kinetic improvement and good compaction, volumetric
hydrogen storage of compacted 2LiBH,-MgH, enhanced from
35.6 to 68 gH,/L (up to 91%) after doping with 15 wt. %
MWCNTs-TiO,. Besides, mechanical stability under high
stress and expansion during cycling of compacted 2LiBH,-
MgH, was achieved by doping with at least 10 wt. % MWCNTs-
TiO,. Although, enhancement of porosity was observed after
rehydrogenation of compacted 2LiBH,-MgH, doped with
15 wt. % MWCNTSs-TiO,, leading to reduction of thermal con-
ductivity, dehydrogenation kinetics of this sample was pre-
served during cycling due to probably good thermal
conductivity of MWCNTSs.

Acknowledgements

The authors would like to acknowledge The Thailand
Research Fund (RSA5880002), The Development and Promo-
tion of Science and Technology Talents Project (DPST) (012/
2557), National Research Council of Thailand and Suranaree
University of Technology (SUT1-102-60-12-08), and Office of
the Higher Education Commission under National Research
University Project of Thailand for financial support. We also
would like to thank Professor Dr. Jatuporn Wittayakun for
his comments, suggestions, and discussion on this research
work.

REFERENCES

[1] Jepsen ], Milanese C, Girella A, Lozano GA, Pistidda C, Bellosta
von Colbe J, et al. Compaction pressure influence on material
properties and sorption behavior of LiBH,-MgH, composite.
Int J Hydrogen Energy 2013;38:8357—66.

Lozano GA, Bellosta von Colbe J, Bormann R, Klassen T,
Dornheim M. Enhanced volumetric hydrogen density in
sodium alanate by compaction. ] Power Sources
2011;196:9254—9.

Kim KJ, Montoya B, Razani A, Lee KH. Metal hydride
compacts of improved thermal conductivity. Int ] Hydrogen
Energy 2001;26:609—13.

Chaise A, de Rango P, Ph Marty, Fruchart D, Miraglia S,
Olives R, et al. Enhancement of hydrogen sorption in
magnesium hydride using expanded natural graphite. Int ]
Hydrogen Energy 2009;34:8589—96.

[2

3

4



986

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 978—986

[3]

(6]

[7

[8

9]

(10]

(11]

(12]

(23]

(14]

(15]

[16]

(17]

(18]

(29]

(20]

(21]

(22]

(23]

(24]

Pohlmann C, Rontzsch L, Kalinichenka S, Hutsch T,
Kieback B. Magnesium alloy-graphite composites with
tailored heat conduction properties for hydrogen storage
applications. Int ] Hydrogen Energy 2010;35:12829—36.

Yan MY, Sun F, Liu XP, Ye JH. Effects of compaction pressure
and graphite content on hydrogen storage properties of
Mg(NH,),-2LiH hydride. Int ] Hydrogen Energy
2014;39:19656—61.

Bosenberg U. LiBH,-MgH, composites for hydrogen storage.
Hamburg/Germany: Technische Universitat Hamburg-
Harburg; 2009. Institute of Materials Physics and Technology,
vol. PhD.

Ruffieux P, Groning O, Bielmann M, Groning P. Hydrogen
chemisorption on sp?-bonded carbon: influence of the local
curvature and local electronic effects. Appl Phys A Mater Sci
Process 2004;78:975—80.

Wu C, Cheng HM. Effects of carbon on hydrogen storage
performances of hydrides. ] Mater Chem 2010;20:5390—400.
Thiangviriya S, Utke R. Improvement of dehydrogenation
kinetics of 2LiBH,-MgH, composite by doping with activated
carbon nanofibers. Int ] Hydrogen Energy 2016;41:2797—806.
Lillo-Rédenas MA, Guo ZX, Aguey-Zinsou KF, Cazorla-
Amoros D, Linare-Solano A. Effects of different carbon
materials on MgH, decomposition. Carbon 2008;46:126—37.
Ranjbar A, Ismail M, Guo ZP, Yu XB, Liu HK. Effects of CNTs
on the hydrogen storage properties of MgH, and MgH,-BCC
composite. Int ] Hydrogen Energy 2010;35:7821—6.

Rather SU, Taimoor AA, Muhammad A, Alhamed YA,
Zaman SF, Ali AM. Kinetics of hydrogen adsorption on MgH,/
CNT composite. Mater Res Bull 2016;77:23—8.

Bhatnagar A, Pandey SK, Dixit V, Shukla V, Shahi RR,

Shaz MA, et al. Catalytic effect of carbon nanostructure on
the hydrogen storage properties of MgH,-NaAlH, composite.
Int ] Hydrogen Energy 2014;39:14240—6.

Hsu WC, Yang CH, Tsai WT. Catalytic effect of MWCNT on
the dehydrogenation behavior of LiAlH,. Int ] Hydrogen
Energy 2014;39:927-33.

Wu T, Xue X, Zhang T, Hu R, Kou H, Li]J. Effects of MWCNT on
hydrogen storage properties of a Zr-based Laves phase alloy.
Int ] Hydrogen Energy 2016;41:4168—-76.

Ismail M, Zhao Y, Yu XB, Nevirkovets IP, Dou SX.
Significantly improved dehydrogenation of LiAlH, catalysed
with TiO, nanopowder. Int ] Hydrogen Energy
2011,36:8327—34.

Mao JF, Yu XB, Guo ZP, Liu HK, Wu Z, Ni J. Enhanced
hydrogen storage performances of NaBH4-MgH, system. ]
Alloys Compd 2009;479:619—23.

Meggouh M, Grant DM, Walker DS. Optimizing the
destabilization of LiBH, for hydrogen storage and the effect
of different Al sources. ] Phys Chem C 2011;115:22054—61.
Choi YJ, LuJ, Sohn HY, Fang ZZ. Reaction mechanisms in the
Li3AlHg/LiBH, and Al/LiBH, systems for reversible hydrogen
storage. Part 1: H capacity and role of Al J Phys Chem C
2011;115:6040—7.

LiY, Xiao X, Chen L, Han L, Shao J, Fan X, et al. Effects of
fluoride additives on the hydrogen storage performance of
2LiBH,4-LizAlHg destabilized system. ] Phys Chem C
2012;116:22226-30.

Mao JF, Guo ZP, Liu HK, Yu XB. Reversible hydrogen storage
in titanium-catalyzed LiAlH4-LiBH, system. J Alloys Compd
2009;487:434—8.

Blanchard D, Shi Q, Boothroyd CB, Vegge T. Reversibility of
Al/Ti modified LiBH,. ] Phys Chem C 2009;113:14059—66.
Zhang L, Cai J, Zhao L, Gao W, Liu J, Wang Y. Improved
hydrogen storage properties of LiAlH, by mechanical milling
with TiFs. J Alloys Compd 2015;647:756—62.

(23]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(33]

(36]

(37]

(38]

(39]

40]

(41]

(42]

Paduani C, Jena P. Role of Ti-based catalysts in the
dehydrogenation mechanism of magnesium borohydride: a
cluster approach. Int ] Hydrogen Energy 2013;38:2357—62.
Yu XB, Grant DM, Walker GS. Low-temperature
dehydrogenation of LiBH,4 through destabilization with TiO,.
J Phys Chem C 2008;112:11059—62.

Mao J, Guo Z, Yu X, Ismaol M, Liu H. Enhanced hydrogen
storage performance of LiAlH,-MgH,-TiF; composite. Int J
Hydrogen Energy 2011;36:5369—74.

Daryani M, Simchi A, Sadati M, Hosseini HM,
Targholizadeh H, Khakbiz M. Effects of Ti-based catalysts on
hydrogen desorption kinetics of nanostructured magnesium
hydride. Int ] Hydrogen Energy 2014;39:21007—14.
Thaweelap N, Utke R. Dehydrogenation kinetics and
reversibility of LiAlH,-LiBH, doped with Ti-based additives
and MWCNT. ] Phys Chem Solids 2016;98:149—55.

Tan CY, Tsai WT. Effects of TiCl;-decorated MWCNTSs
addition on the dehydrogenation behavior and stability of
LiAlH,. Int ] Hydrogen Energy 2014;39:20038—44.

Yuan ], Zhu Y, Li Y, Zhang L, Li L. Effect of multi-wall carbon
nanotubes supported palladium addition on hydrogen
storage properties of magnesium hydride. Int ] Hydrogen
Energy 2014;39:10184—94.

Su W, ZhuY, Zhang J, Liu Y, Yang Y, Mao Q, et al. Effect of
multi-wall carbon nanotubes supported nano-nickel and
TiF; addition on hydrogen storage properties of magnesium
hydride. J Alloys Compd 2016;669:8—18.

Rather SU, Hwang SW. Comparative hydrogen uptake study
on titanium-MWCNTSs composite prepared by two different
methods. Int ] Hydrogen Energy 2016;41:18114—20.

Muduli S, Lee W, Dhas V, Mujawar S, Dubey M,
Vijayamohanan K, et al. Enhanced conversion efficiency in
dye-sensitized solar cells based on hydrothermally
synthesized TiO,-MWCNT nanocomposites. ACS Appl Mater
Interfaces 2009;1:2030-5.

Singjai P, Changsarn S, Thongtem S. Electrical resistivity of
bulk multi-walled carbon nanotubes synthesized by an
infusion chemical vapor deposition method. Mater Sci Eng A
2007;443:42—6.

Plerdsranoy P, Wiset N, Milanese C, Laipple D, Marini A,
Klassen T, et al. Improvement of thermal stability and
reduction of LiBH,/polymer host interaction of nanoconfined
LiBH, for reversible hydrogen storage. Int ] Hydrogen Energy
2014,40:392—402.

Gosalawit-Utke R, Meethom S, Pistidda C, Milanese C,
Laipple D, Saisopa T, et al. Destabilization of LiBH, by
nanoconfinement in PMMA-co-BM polymer matrix for
reversible hydrogen storage. Int ] Hydrogen Energy
2014;39:5019—-29.

LiuJ, Luo J, Yang W, Wang Y, Zhu L, Xu Y, et al. Synthesis of
single-crystalline anatase TiO, nanorods with high-
performance dye-sensitized solar cell. ] Mater Sci Technol
2015;31:106—-9.

Nielsen TK, Bosenberg U, Gosalawit R, Dornheim M,
Cerenius Y, Basenbacher F, et al. A reversible nanoconfined
chemical reaction. ACS Nano 2010;4:3903—8.

Thiangyviriya S, Utke R. LiBH4 nanoconfined in activated
carbon nanofiber for reversible hydrogen storage. Int J
Hydrogen Energy 2015;40:4167—74.

Plerdsranoy P. Utke R.Confined LiBH,4-LiAlH, in nanopores of
activated carbon nanofibers. Int ] Hydrogen Energy
2015;40:7083—-92.

Mohlala PJ, Strydom CA. FTIR and XPS study of the
adsorption of probe molecule used to model alkyd resin
adhesion to low carbon aluminium killed steel. Int ] Adhes
Adhes 2009;29:240—7.



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 1036—1047

journal homepage: www.elsevier.com/locate/he

Available online at www.sciencedirect.com

ScienceDirect

International Journal of

Compaction of LiBH,-LiAlH, nanoconfined in

@ CrossMark

activated carbon nanofibers: Dehydrogenation
kinetics, reversibility, and mechanical stability

during cycling

Praphatsorn Plerdsranoy °, Payam Javadian °, Nicholai Daugaard Jensen 4
Ulla Gro Nielsen %, Torben René Jensen ©, Rapee Utke “"

& School of Chemistry, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima, 30000,

Thailand

b Center of Excellent on Advanced Functional Materials (CoE-AFM), Suranaree University of Technology, Nakhon

Ratchasima, 30000, Thailand

¢ Center for Materials Crystallography, Interdisciplinary Nanoscience Center and Department of Chemistry, Aarhus
University, Langelandsgade 140, 8000, Aarhus C, Denmark
4 Department of Physics, Chemistry, and Pharmacy, University of Southern Denmark, 5230, Odense M, Denmark

ARTICLE INFO

ABSTRACT

Article history:

Received 15 July 2016

Received in revised form

7 September 2016

Accepted 9 September 2016
Available online 14 November 2016

Keywords:

Hydride composite
Volumetric hydrogen capacity
Carbon-based materials

Melt infiltration

Solution impregnation
Hydrogen storage

To enhance volumetric hydrogen capacity for on-board fuel cells, compaction of LiAlH,-LiBH,
nanoconfined in activated carbon nanofibers (ACNF) is for the first time proposed. Loose
powders of milled and nanoconfined LiAlH,-LiBH, samples are compacted under 976 MPa to
obtain the pellet samples with thickness and diameter of ~1.20—1.30 and 8.0 mm, respectively.
Dehydrogenation temperature of milled LiAlH,-LiBH, increases from 415 to 434 °C due to
compaction, while those of both compacted and loose powder samples of nanoconfined
LiAlH,-LiBH, are lower at comparable temperature of 330—335 °C. Hydrogen content liberated
from milled LiAlH,4-LiBH, pellet is 65% of theoretical capacity in the temperature range of 80
—475°C, while that of nanoconfined LiAlH,-LiBH, pellet is up to 80% atlower temperature of 100
—400 °C. Besides, nanoconfined LiAlH,-LiBH, pellet shows significant reduction of activation
energy (AE, up to 69 kJ/mol H,) as compared with milled sample. Significant enhancement of
volumetric hydrogen storage capacity up to 64% (from 32.5 to 53.3 gH,/L) is obtained from
nanoconfined LiAlH,-LiBH, pellet. Hydrogen content released and reproduced of nanoconfined
LiAlH,-LiBH, pellet are 67 and 50% of theoretical capacity, respectively, while those of milled
LiAlH,-LiBH, pellet are only 30 and 10%, respectively. Moreover, upon four hydrogen release
and uptake cycles, nanoconfined LiAlH,-LiBH, pellet can preserve its shape with slight cracks,
suggesting good mechanical stability during cycling. Curvatures and fibrous structure woven
on one another of ACNF in nanoconfined LiAlH,-LiBH, pellet not only favor hydrogen perme-
ability through pellet sample during de/rehydrogenation, resulting fast kinetics, but also
reinforce the pellet shape during cycling under high temperature and pressure condition.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

Although lithium borohydride (LiBH,) is very thermody-
namically stable (successful dehydrogenation to LiH and B at
600 °C under 10 bar H,) and can be reversible under harsh
condition (T = 600 °C and p(H,) = 350 bar), its high gravimetric
and volumetric hydrogen densities of 18.5 wt. % and 121 kg
H,/m3, respectively, are attractive for hydrogen storage
application [1,2]. One of the most recent methods to solve
this problem is compositing LiBH, with lithium aluminium
hydride (LiAlH4) [3—5]. Composite of LiAlH4-LiBH,4 (1:1 and
1:2 mole ratios) showed three decomposition steps of LiAlH,,
LizAlHg, and LiBH, in the temperature ranges of 100—200 °C
(for LiAlH, and LizAlH¢) and 350-500 °C (for LiBH,). The
amount of hydrogen released from bulk LiAlH,-LiBH, com-
posite with 1:2 mole ratio was 10 wt. % H, (~81% of theoretical
values of 12.3 wt. % H,), while that with 1:1 mole ratio was
7 wt. % H, (~70% of theoretical values of 10.12 wt. % H,) [4—6].
Furthermore, to improve dehydrogenation kinetics, some
additives of transition metal based halides and oxides (e.g.,
TiCl; [3,4], TiFs [6,7], CeFs [7], NiF; [7], TiO, [6], and Ti-
isopropoxide [8]) as well as carbon based materials (e.g.,
MWCNT [8]) have been added to LiAlH4-LiBH, composites. By
doping 3—4 mol% TiCl; into LiAlH4-LiBH, composite,
decomposition of LiAlH, was observed during ball milling
[3,4]. It was found that longer milling time (4 h) and more
energetic milling condition, e.g., frequency of rotation
(300 rpm) and ball-to-powder weight ratio (80:1), led to
effective decomposition of LiAlH, to LiH and Al. Although the
latter resulted in deficient hydrogen content desorbed in the
1st dehydrogenation (only 6.5 wt. % or 53% of theoretical
capacity), improved reversibility up to 5.0 wt. % H, (53% of
theoretical capacity) from decomposition of LiBH, was ach-
ieved in the 2nd cycle [4]. This was explained by the fact that
highly dispersed Al through LiBH,4 due to ball milling resulted
in effective formation of AlB, and improvement of revers-
ibility. For milled LiAlH4-LiBH4 (1:2 mole ratio) composite
doped with 5 mol % TiF; and TiO, (milling time, frequency of
rotation, and ball-to-powder weight ratio of 0.1 h, 387 rpm,
and 30:1, respectively), decomposition of LiAlH, during ball
milling was deficient, resulting in 8.5—-9 wt. % H, (69—73% of
theoretical capacity) released in the temperature range of
50—550 °C [6]. However, hydrogen capacity in the 2nd cycle of
LiAlH4-LiBH, doped with 5 mol % TiF; decreased to only
~4.0 wt. % H, (33% of theoretical capacity). In the case of
LiAlH4-LiBH, composite doped with CeFs; and NiFs, slight
reduction of dehydrogenation temperature (AT =4 and 9 °C
for decomposition of LiAlH, and LiBH,, respectively) was
obtained by doping with NiF;, whereas hydride composite
doping with CeF; revealed comparable performance with
undoped composite [7]. For LiAlH4-LiBH, doped with
MW(CNT, decomposition of LiAlH, to Li;AlH¢ was observed at
room temperature by only grinding LiAlH,-LiBH, composite
with MWCNT in the mortar and decomposition temperature
of LiBH, reduced from 394 to 366 °C [8].

Besides doping with transition metal based additives and
MWCNT, nanoconfinement into carbon materials is another
promising strategy to improve dehydrogenation and revers-
ibility performance of hydride materials. Nanoconfinement

provides several advantages of (i) increasing surface area and
grain boundaries, which facilitate absorption and desorption
of hydrogen and improve reaction kinetics, (ii) shortening
diffusion distances, (iii) avoiding particle agglomeration and
sintering during cycling [9—13]. Many hydride composites
of LiBHy4, such as LiBH,-MgH, [13—16], LiBH4-NaAlH, [17],
LiBH4-LiAlH, [18,19], LiBH,-NaBH, [20], and LiBH,-MgH,-
NaAlH, [21], have been nanoconfined into carbon aerogel
scaffold (CAS) and activated carbon nanofibers (ACNF).
Recently, nanoconfinement of LiAlH,-LiBH, in ACNF pro-
posed by our group showed significant reduction of dehy-
drogenation temperature of LiBH, (AT = 94 and 149 °C as
compared with milled LiAlH4-LiBH, and pristine LiBH,,
respectively) [19]. Moreover, hydrogen contents desorbed
during the 1st and 2nd cycles of nanoconfined LiAlH,4-LiBH,
were 4.57 and 3.79 wt. % H,, respectively (up to 90 and 75% of
theoretical capacity, respectively). As compared with milled
LiAlH,-LiBHy4, hydrogen contents released and reproduced of
nanoconfined sample increased to 30 and 63%, respectively.

To increase volumetric hydrogen storage capacity for on-
board fuel cell applications, to minimize risk of contamina-
tion (oxygen or moisture), and to improve thermal conduc-
tivity, compaction of hydride materials into pellet, disk, or
cylindrical shapes has been proposed [22—25]. However, under
high compaction pressure hydrogen permeability through
compacted hydride was hampered, yielding sluggish de/
rehydrogenation kinetics [26]. In addition, large strain
changes upon de/rehydrogenation cycles lead to the decrepi-
tation and disaggregation of compacted hydride [27]. By
doping with carbon-based materials, such as expanded nat-
ural graphite (ENG), mechanical stability, thermal conductiv-
ity, and gas diffusion of the compacted hydride could be
improved [24,26,28]. Due to superior kinetic properties of
nanoconfined LiAlH,-LiBH, in ACNF previously reported [19],
in the present work, compaction of this sample is for the first
time proposed. Since fibrous structure of ACNF woven in
many layers results in the formation of connected pores
through compacted sample of nanoconfined LiAlH,-LiBH, in
ACNF, improvement of hydrogen permeability through pellet
sample can be obtained. In addition, because ACNF is carbon-
based material as similar to ENG, good thermal conductivity
and mechanical stability during cycling under high tempera-
ture and pressure condition can be accomplished.

Experimental details
Sample preparation

Polyacrylonitrile (PAN)-based activated carbon nanofiber was
prepared by electrospinning technique, carbonization, and
chemical activation with concentrated potassium hydroxide
(KOH) solution [29]. PAN (M, = 150,000 g/mol, Sigma-Aldrich)
was dissolved in N, N-dimetylformamide (DMF, Carlo Erba
Reagents) and stirred for 12 h to prepare 10 wt. % PAN solution
for electrospinning. PAN solution was loaded into a 10 mL
polypropylene syringe equipped with a stainless steel needle
connected to an anode of a DC power supply. Electrospinning
was carried out at 35 °C and at a voltage of 10 kV. A tip-to-
collector distance and a flow rate were 15 cm and 1.0 mL/h,
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respectively. A grounded stainless steel roll wrapped with
aluminum foil was employed as a collector. The obtained
PAN-based nanofibers were stabilized in air at 280 °C for
45 min and carbonized under nitrogen (N,) atmosphere at
1000 °C for 1 h to obtain carbon nanofibers, denoted as CNF.
Activation of CNF was done by immersing in concentrated
KOH solution (30% w/v) at 80 °C for 2 h and dried at room
temperature for 24 h. CNF treated with KOH solution was
activated by heating from room temperature to 800 °C (5 °C/
min) under N, atmosphere, dwelling at 800 °C for 45 min, and
cooling to room temperature to obtain activated carbon
nanofibers, denoted as ACNF. To neutralize residual KOH,
ACNF was immersed in 0.5 M hydrochloric acid for 30 min at
room temperature. ACNF was filtered and washed with dis-
tillated water until the pH of filtrate reached pH 6. The ob-
tained ACNF was dried at 120 °C for 24 h. Prior to confinement,
ACNF was treated at 500 °C under vacuum for 6 h.

Confinement of LiBH4-LiAlH, composite (1:1 mole ratio)
into nanoporous structure of ACNF was carried out by solution
impregnation of LiAlH, and melt infiltration of LiBH,. Treated
ACNF of 0.3000 g was soaked with 2.50 mL of LiAlH, (1 M in
diethyl ether, Sigma Aldrich). Diethyl ether was evaporated at
room temperature under N, atmosphere in a glove box for
several days to obtain LiAlH4-ACNF. The powder sample of
LiAlH,-ACNF was ground with 0.055 g of LiBH; (>90%,
hydrogen storage grade, Across Organics) in a mortar. Nano-
confinement was carried out by heating the mixture of LiBH,
and LiAlH4-ACNF to 310 °C (5 °C/min) under 110 bar H,,
dwelling at 310 °C for 45 min, and cooling to room temperature
to achieve nanoconfined sample of LiBH,-LiAlH, in ACNF (2:1
weight ratio of ACNF: LiBH,-LiAlH, composite), denoted as
nano LA-LB-ACNF. For comparison, milling sample of LiAlH,-
LiBH, composite under 1:1 mole ratio, denoted as LA-LB, was
prepared by using a SPEX Sample Prep 8000D DUAL Mixer/Mill.
A milling time and a ball-to-powder weight ratio were 5 h and
15:1, respectively. The powder samples of LA-LB and nano LA-
LB-ACNF (0.0660 and 0.0506 g, respectively) were compacted
under 5 ton for 2 min by using an 8 mm diameter pellet die set
(Msscientific Chromatographie-Handel GmbH, Germany) to
achieve the pellet samples with the thickness of
~1.20—1.30 mm. Considering the surface area of the pellet
(mr? = 3.14 x (4 x 1072 m)? = 5.02 x 107> m?) and compaction
pressure (5 tons), 976 MPa was calculated.

Characterizations

Texture parameters based on surface area, pore size, and pore
volume of ACNF and nano LA-LB-ACNF were determined by
N, adsorption—desorption technique using a BELSORP-mini II
surface area and pore size analyzer, Bel-Japan. Prior to the
measurements, known amounts of ACNF and nano LA-LB-
ACNF samples were degassed under vacuum at 300 °C and
room temperature, respectively, for 12 h. Both samples were
studied with a full adsorption and desorption isotherm in the
pressure range of 0—1 (p/po) at liquid nitrogen temperature
with nitrogen gas as an adsorbent. The measurement was
programed to continuously change the pressure ratio to 1 for
adsorption, and to 0 for desorption. Data was analyzed by t-
plot method [30,31], the Brunner Emmet Teller (BET) method
[32], and the Barret Joyner Halenda (BJH) method [33], and the

highest point of the isotherm measurements (where p/po ~ 1)
was used to calculate the total pore volume of the sample.

Differential scanning calorimetry (DSC) was carried out by
using a Netzsch DSC204F1 Phoenix®. The loose powder and
compacted samples of LA-LB and nano LA-LB-ACNF (less than
10 mg) were heated from room temperature to 500 °C (5 °C/
min) under N, flow of 50 mL/min. Simultaneous thermal
analysis (DSC-thermogravimetry (TG)-mass spectrometry
(MS)) during dehydrogenation was carried out by using a
Netzsch STA449F3 Jupiter. Compacted samples of LA-LB and
nano LA-LB-ACNF (10—15 mg) were heated from room tem-
perature to 500 °C (5 °C/min) under N, flow of 50 mL/min.
Hydrogen content released was represented by TG thermo-
gram, while the relative composition of hydrogen (H,) and
diborane (B,Hg) gases in the exhaust gas was simultaneously
detected by a Netzsch QMS 403C mass spectrometer (MS).
Activation energy (Ea) during dehydrogenation was deter-
mined by using simultaneous DSC-TG-MS (a Netzsch
STA449F3 Jupiter). Compacted samples of LA-LB and nano LA-
LB-ACNF were heated from room temperature to 500 °C with
the heating rates of 3, 5, and 10 °C/min. E, for dehydrogena-
tion of compacted samples could be calculated by using the
Kissinger method [34] as in Equation (1).

In (5 /Tg) = 7% + In(koR/En) (1)

where @ is the heating rate, T, indicates peak temperature of
dehydrogenation in DSC curves, R is gas constant
(8.314J K~* mol %), and k is frequency factor.

Dehydrogenation kinetics and reversibility of compacted
samples of LA-LB and nano LA-LB-ACNF were studied by using
a laboratory scale setup of a carefully calibrated Sievert type
apparatus [35,36]. The compacted sample was packed in a
high pressure stainless steel sample holder (316SS, Swagelok)
under N, atmosphere in the glove box, and transferred to the
Sievert-type apparatus. Two K-type thermocouples (—250 to
1300 °C, SL heater) were attached to the sample holder and to
the furnace for measuring the temperature changes during
de-/rehydrogenation. Pressure transducers (C206, Cole
Parmer) in the pressure range of 0—500 and 0—3000 psig were
used to measure the pressure changes due to hydrogen
desorption and absorption, respectively. Thermocouples and
pressure transducers were connected to an AI210I module
convertor data logger (from Wisco), measuring and trans-
ferring (every 1 s) the pressure and temperature changes of
the sample to the computer. Dehydrogenation was done
under 7 mbar H, pressure by heating the sample from room
temperature to 325 °C via a furnace controlled by a PID tem-
perature controller. For rehydrogenation, the dehydrogenated
sample was pressurized under 80 bar H, (purity = 99.999%) at
325 °C for 12 h. Once the pressure reading was constant,
gravimetric hydrogen storage capacity (wt. % H,) was calcu-
lated from pressure change (Ap) and Equations (2) and (3). For
volumetric hydrogen storage capacity (gH,/L), it was calcu-
lated from full gravimetric hydrogen storage capacity as well
as mass and volume of the compacted sample.

(Ap)V = nRT @

H, desorbed(wt.%) = [(n x 2.0158)/sample weight] x 100  (3)
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where p, V, and T are hydrogen pressure (atm), volume of the
system (L), and temperature (K), respectively, n is the number
of hydrogen moles (mol), and R is gas constant
(0.0821 L atm K~ mol™?).

Solid-state Al and *'B magic angle spinning (MAS) nuclear
magnetic resonance (NMR) spectra were recorded on an Agi-
lent INOVA 600 MHz NMR spectrometer (14.1 T) using an
3.2 mm triple resonance MAS NMR probe tuned to *H, *'B, and
27Al The ''B and Al MAS NMR experiments were recorded by
using spinning speeds of 17 and 15 kHz, respectively, and 'H
decoupling was applied for the B MAS NMR spectra. Solid-
state B and Al MAS NMR measurements were referenced
to 0.5 M H3BO; (3is0(*'B) = 19.6 ppm [37]) and 1 M AlCl,
(diso(**Al) = 0 ppm), respectively.

Apparent densities of the compacted samples (pellet
shape) were calculated from volume and mass of the pellets.
The pellet dimensions (diameter and height) were measured
by using a micrometer caliper (+0.01 mm), while the mass was
obtained from a four-digit analytical balance (+0.0002 g). All
measurements were carried out five times to achieve the
average values of pellet dimensions and mass used for
calculation of apparent density. To determine the mechanical
stability of compacted samples during cycling, physical
appearance of as-prepared and the 4th absorbed pellets of
both compacted LA-LB and nano LA-LB-ACNF was taken into
account.

Scanning electron microscopy was performed by using an
Auriga from Zeiss, Germany. As-prepared and the 4th absor-
bed samples of compacted nano LA-LB-ACNF were deposited
on the sample holders by using silver glue (in n-butyl acetate).
Evaporation of n-butyl acetate was done in the glove box at
room temperature for 2 h. Due to the electrical conductivity of
ACNF, coating of electron conductive elements (e.g., Au, Pd, or
Pt) was not necessary, resulting in good observation on the
native morphology of compacted samples.

As-prepared and the 4th absorbed samples of compacted
nano LA-LB-ACNF were characterized by Fourier transform
infrared spectroscopy (FTIR) using a Bruker Tensor 27-Hype-
rion 2000. The compacted sample was ground with anhydrous
KBr in the mortar under a weight ratio of approximately 10:1
(KBr:powder sample). The mixture was pressed under 15 tons
for 1 min to obtain KBr pellet. The KBr pellet containing the
sample was assembled in the sample holder located in the
direction of infrared radiation. The FTIR spectra were
collected at room temperature in the wavenumber range of
4000-400 cm™' with 64 scans for both samples and
background.

Results and discussion

With respect to the previous study of nanoconfined LiAlH,-
LiBH, into ACNF prepared by solution impregnation of LiAlH,
(in diethyl ether) and LiBH, (in tetrahydrofuran (THF)) solu-
tions, diethyl ether could evaporate completely during drying
under N, atmosphere in the glove box, whereas to remove THF
heat treatment (T = 320 °C under vacuum for 5 h) was required
[19]. Although rehydrogenation (T = 320 °C and p(H,) = 80 bar
for 20 h) was carried out after heat treatment, considerable
reduction of hydrogen content released from LiAlH, (~0.25 wt.

% H, or 5% of theoretical capacity) was observed. Moreover,
high relative content of hydride composite to ACNF (1:1
weight ratio) from the previous work led to ineffective nano-
confinement especially of LiBH,, revealed as partial dehydro-
genation at high temperature of 390—400 °C (H,-TPD
thermograms) [19]. Thus, in the present work, nanoconfine-
ment of LiAlH, in ACNF was prepared by solution impregna-
tion, while that of LiBH, was done by melt infiltration (under
110 bar H,) to avoid heat treatment and preserve hydrogen
capacity of LiAlH,. In addition, to obtain effective nano-
confinement, relative content of LiAlH,-LiBH, composite to
ACNF was reduced by changing ACNF:hydride composite
weight ratio to 2:1.

To confirm successful nanoconfinement of LiAlH, and
LiBH, into ACNF, N, adsorption—desorption experiments were
carried out. Table 1 shows surface area, pore size, and total
pore volume of ACNF as 1447 m?/g, 3.0 nm, and 1.20 cc/g,
respectively. For nano LA-LB-ACNF (Table 1), significant
reduction of surface area and total pore volume with respect
to ACNF (to 45 m%g and 0.10 cc/g, respectively) is observed,
suggesting successful confinement of LiAlH,-LiBH, composite
into nanoporous structure of ACNF as in the previous report
[19]. Afterwards, to study the effects of compaction on dehy-
drogenation temperature, loose powder and compacted
samples of LA-LB and nano LA-LB-ACNF were characterized
by DCS technique. From Fig. 1 (a), loose powder of LA-LB
shows the first endothermic peak at 115 °C, leading to o- to
h-LiBH, phase transformation [5]. Next exothermic (at 161 °C)
and endothermic (at 180 °C) peaks correspond to decomposi-
tion of LiAlH, and Li;AlHg, respectively (Equation (4) and (5))
[5]. The endothermic events at 275 and 415 °C are in agree-
ment with melting and dehydrogenation of h-LiBH,, respec-
tively (Fig. 1 (a)).

3LiA1H4(1) i LigAle(S) + 2A1(S) + 3H2(g) (4)

Li3A1H5(S) — 3LiH(s) + Al(s) + 3/2H2(g) (5)

For compacted LA-LB, endothermic peaks of o- to h-LiBH,
phase transformation, dehydrogenation of LizAlHg (Equation
(5)), and melting of h-LiBH, are observed at comparable tem-
peratures with loose powder of LA-LB, i.e., at 114, 180, and
277 °C, respectively (Fig. 1 (b)). However, exothermic peak at
about 161 °C is not clearly seen in compacted LA-LB, implying
dehydrogenation of LiAlH, (Equation (4)) during compaction
under high pressure of 976 MPa. Regarding dehydrogenation
of LiBH,, sharp endothermic peak at higher temperature of
434 °C is detected from compacted LA-LB (Fig. 1 (b)). This can
be explained by the reduction of hydrogen permeability and

Table 1 — Texture parameters of ACNF and nano LA-LB-
ACNF.

Samples SgET Vmicro Vieso Dmax Viot
(m*/g) (cc/g)  (cc/g)  (nm)  (cc/g)
ACNF 1447 0.90 0.30 3.0 1.20
Nano LA-LB- 45 0.00 0.10 9.0 0.10
ACNF
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Fig. 1 — DSC thermograms during dehydrogenation of
loose powder and compacted samples of LA-LB ((a) and (b),
respectively) and nano LA-LB-ACNF ((c) and (d),
respectively).

sluggish kinetics due to high compaction pressure as previous
work of compacted hydrides [22,26]. Besides, closer packing
and/or increase of crystallinity of hydride phase (e.g., LiBH, in
this case) can be obtained after compaction, resulting in sharp
endothermic peak of dehydrogenation. In the case of loose
powder and compacted samples of nano LA-LB-ACNF (Fig. 1 (c)
and (d)), broad endothermic peaks at comparable temperature
of 330 and 335 °C, respectively, are observed, approaching to
dehydrogenation of LiAlH,-LiBH, nanoconfined into ACNF in
the previous work [19]. Regarding other thermal events of o- to
h-LiBH, phase transformation, melting of h-LiBH,4, and dehy-
drogenation of LiAlH,, neither endothermic nor exothermic
signal is exposed in DSC thermograms of loose powder and
compacted samples of nano LA-LB-ACNF (Fig. 1 (c) and (d)).
This can be due to either amorphous state of hydride com-
posite after nanoconfinement into ACNF [19,38] or complete
dehydrogenation of LiAlH, during melt infiltration of LiBH,
(T = 310 °C and p(H,) = 110 bar).

Further studies based on dehydrogenation temperature
and hydrogen content released of compacted samples of LA-
LB and nano LA-LB-ACNF were carried out by using simulta-
neous DSC-TG-MS. According to dehydrogenation reaction of
LiAlH,-LiBH, composite (Equation (6)), theoretical hydrogen
storage capacity of 10.12 wt. % is obtained [5].

LiA1H4(1) + LiBH4(1) — 2LiH(S) + 1/2A1B2(s) + 1/2A1(s) + 3Hy(g (6)

Thus, theoretical hydrogen capacity of nano LA-LB-ACNF
prepared under 2:1 weight ratio of ACNF:hydride composite
is 3.37 wt. %. From Fig. 2 (A), compacted LA-LB reveals four
endothermic peaks at 116, 180, 274, and 436 °C, approaching to
all events found in DSC thermogram in Fig. 1 (b). Moreover, TG
and H,-MS results of compacted LA-LB exhibit mainly two-
step decomposition of Li;AlHg and LiBH, at onset tempera-
ture of 150 and 360 °C, respectively (Fig. 2 (A)). Besides, slight

TG and H,-MS signals, corresponding to dehydrogenation of
LiAlH, at onset temperature of 80 °C, imply dehydrogenation
of LiAlH, during sample preparation under high compaction
pressure as shown in DSC results (Fig. 1 (b)). Total hydrogen
content released of 6.6 wt. % (65% of theoretical capacity) is
obtained from compacted LA-LB (Fig. 2 (A)). Deficient
hydrogen content with respect to loose powder of LiAlH,-
LiBH4 composite previously reported (7—8 wt. % Hy) [5,19] can
be explained by not only partial dehydrogenation of LiAlH,
during compaction, but also inferior hydrogen diffusion
and sluggish kinetics due to high compaction pressure as
observed in other compacted hydrides [22,26]. In the case of
compacted nano LA-LB-ACNF, three endothermic peaks of o-
to h-LiBH, phase transformation, melting of h-LiBH,, and
dehydrogenation of h-LiBH, are detected at 113, 277, and
351 °C, respectively (DSC thermogram in Fig. 2 (B)). Two-step
dehydrogenation of LiAlH, and LiBH, at onset temperature
of 113 and 275 °C, respectively, is observed together with
2.7 wt. % H, (80% of theoretical storage capacity) (TG and H,-
MS results in Fig. 2 (B)). Small and broad endothermic peaks of
phase transformation and melting of LiBH, as well as disap-
pearance of DSC peaks relating to dehydrogenation of LiAlH,
indicate amorphous state of LiBH, and LiAlH, due to nano-
cofinement into ACNF, in agreement with N, adsorp-
tion—desorption results (Table 1). Both compacted samples of
LA-LB and nano LA-LB-ACNF show no sign of diborane (B,Hg)
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Fig. 2 — Simultaneous DSC-TG-MS during dehydrogenation
of compacted samples of LA-LB (A) and nano LA-LB-ACNF

(B)-
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gas during dehydrogenation. The different DSC thermograms
of compacted nano LA-LB-ACNF found in Fig. 1 (d) and 2 (B)
can be due to inhomogeneous nanoconfinement, possibly
obtained during sample preparation. In addition, since the
amount of sample used in simultaneous DSC-TG-MS experi-
ment (10—15 mg) is greater than that in DSC experiment (less
than 10 mg), it can be possible that the different characters of
nanoconfinement can be detected by simultaneous DSC-TG-
MS. For example, amorphous phase with slight crystalline
reveals broad and small peaks in DSC thermogram. Moreover,
it should be noted that although the powder samples are
compacted under high pressure (976 MPa), considerable
reduction of dehydrogenation temperature especially of LiBH,
is obtained due to nanoconfinement, i.e., AT = 85 °C for both
onset and main dehydrogenation temperatures (Fig. 2).
Moreover, via combination of solution impregnation (for
LiAlH,) and melt infiltration (for LiBH,) techniques for nano-
confinement, hydrogen content released during decomposi-
tion of LiAlH, increases from ~0.25 wt. % H, (5% of theoretical
capacity) [19] to 0.74 wt. %H,; (22% of theoretical capacity). In
addition, reduction of relative content of LiAlH,-LiBH, com-
posite to ACNF by altering ACNF:hydride weight ratio from 1:1
[19] to 2:1 (this work) results in the disappearance of dehy-
drogenation step at high temperature (390—400 °C) belonging
to non-confined LiBHy, implying effective nanoconfinement of
hydride materials into ACNF. Due compaction under high
pressure, hydrogen permeability and dehydrogenation ki-
netics are obstructed as shown as deficient hydrogen content
released from compacted LA-LB (Fig. 2 (A)), however, com-
pacted sample of nano LA-LB-ACNF can preserve superior
dehydrogenation performance based on temperature and
hydrogen content released as in case of loose powder. For
example, dehydrogenation temperatures of loose powder and
compacted sample of nano LA-LB-ACNF are comparable at
~330—335 °C (DSC thermograms in Fig. 1 (c) and (d)), while
hydrogen content released is up to 80% of theoretical capacity
(Fig. 2 (B)), approaching to that of the loose powder of nano-
confined LiAlH,-LiBH, in ACNF (83—95% of theoretical value)
from the previous work [19]. It was reported that hydrogen
adsorption energy barrier decreased with increasing curva-
tures of carbon materials, i.e., hydrogen atoms could easily
adsorb and diffuse on curved carbon surfaces, such as single
wall carbon nanotube (SWCNT) and Cg [39]. In our case, these
advantages can be probably obtained from fibrous structure of
ACNF [19,38], yielding preserved dehydrogenation perfor-
mance after compaction. In addition, connected porous
structure (SEM image in Fig. 7), achieved from woven fibers of
ACNF can facilitate hydrogen permeability through com-
pacted nano LA-LB-ACNF. Moreover, good thermal conduc-
tivity of ACNF can favor heat transfer during de/
rehydrogenation of the compacted sample.

To further confirm kinetic improvement after nano-
confinement, activation energy (E,) during dehydrogenation
of compacted samples of LA-LB and nano LA-LB-ACNF was
evaluated by the Kissinger method (Equation (1)) and DSC
technique). The compacted samples were heated from room
temperature to 500 °C under different heating rates of 3, 5,
and 10 °C/min. Since there are no exothermic and endo-
thermic peaks at 100—200 °C, in agreement with dehydro-
genation of LiAlH, and LisAlHs, respectively, found in DSC

(A) Compacted nano LA-LB-ACNF
116 °C
10 °C/min
T
o
X
w
=]
£
s
~E’ 118 °C
O |5°C/min 190°C  278°C
(2]
o 118 °C 183 °¢
°C/min
114°C 174°C o
277 °C 450 °C
411 °C
T 1 1 T
100 200 300 400 500
Temperature (°C)
(B)
A Compacted LA-LB (nanoconfined LiBH,)
-10.01 |5 Compacted LA-LB (non-confined LiBH,)
O Compacted nano LA-LB-ACNF
-10.5 1
E, = 186 kJ/mol E, =117 kJ/mol
< R’ = 0.9991 R’ =0.9933
=
§-1 1.0 1
£
-11.5 1
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R?=0.9915
-12.0
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0.0013 0.0014 0.0015 0.0016 0.0017
1T, (K™

Fig. 3 — DSC thermograms during dehydrogenation under
the heating rates of 3, 5, and 10 °C/min (A) and Kissinger
plot (B) of compacted samples of LA-LB and nano LA-LB-
ACNF.

thermograms of compacted nano LA-LB-ACNF, only Ea
values during dehydrogenation of LiBH, (the second-step
dehydrogenation) of compacted LA-LB and nano LA-LB-
ACNF are characterized and compared. From Fig. 3 (A),
compacted LA-LB shows two-step dehydrogenation of LiBH,
at 411—441 and 450—480 °C, possibly corresponding to de-
compositions of LiBH, and LiH, respectively. In the case of
compacted nano LA-LB-ACNF, single-step dehydrogenation
in the range of 332—-362 °C is observed. By using Kissinger
method (Equation (1)), Ex during dehydrogenation of LiBH, of
compacted LA-LB are 152 and 186 kJ/mol H, for LiBH, and LiH,
respectively, while that of compacted nano LA-LB-ACNF is
117 kJ/mol H, (Fig. 3 (B)). Regarding the reaction between
metals and hydrogen, five distinct steps of (i) physisorption,
(ii) chemisorption (recombination), (iii) surface penetration,
(iv) diffusion, and (v) hydride formation (decomposition) are



1042

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 1036—1047

(A) 10 T T T r T : 350
° Tempertaure 1300
B X 8
§ S —O0—1%cycle || 250 o
e 6 —O— 2" cycle ‘3’
< 6
£ J200 B
3 5 8
' O €
T o 41 1150 3
gz =
= O (2]
o > 4100 ~
g 2,
[=]
450
0
k T T T T T T 0
(B) 10 ' ' . T . . 350
L —_ Tempertaure 4300
- 3
§ %o
%
3 z 250
c £ b
£ g 6 g
;N S ) 200 3
? T 41 4851 wt. % {150 &
£ 3 il
8 2 =
A 21 —o—1%cycle[] 1000
—O— 2" cycle
—— 3" cycle[] 50
0 58 —7— 4" cycle
I T T T T T T 0

0 2 4 6 8 10 12 14
Time (h)

Fig. 4 — Dehydrogenation kinetics and reversibility of
compacted samples of LA-LB (A) and nano LA-LB-ACNF (B).

included [40]. Considerably lower E5 of compacted nano LA-
LB-ACNF as compared with compacted LA-LB (AEx up to
69 kJ/mol H,) suggests the reduction of kinetic barriers upon
metal-hydrogen reaction. Thus, the latter barriers can be
overcome at lower temperature and rapidly, in accordance
with reduction of dehydrogenation temperature and fast
dehydrogenation kinetics (Figs. 2 and 4).

Afterwards, dehydrogenation kinetics and reversibility of
compacted samples were studied by titration measurements
at 325 °C under hydrogen pressure of 7 mbar and 80 bar for
dehydrogenation and rehydrogenation, respectively. From
Fig. 4 (A), compacted LA-LB liberates 3.0 and 1.0 wt. % H, (~30
and 10% of theoretical capacity, respectively) during the 1st
and 2nd cycles, respectively. Regarding the 1st cycle, 3.0 wt. %
H, detected in the temperature range of 100—200 °C implies
dehydrogenation of LiAlH,, whereas decomposition of ther-
modynamically stable phase of LiBH; does not occur even
after 12 h and at elevated temperature of 325 °C. This can be
due to high onset and main dehydrogenation temperatures of
LiBH, at 360 and 436 °C, respectively (Fig. 2 (A)). In the case of
compacted nano LA-LB-ACNF, hydrogen content released of
6.8 wt. % H, (~67% of theoretical capacity) is observed during
the 1st dehydrogenation, while those of the 2nd—4th cycles
are comparable of 4.8—-5.1 wt. % H, (~47—50% of theoretical
capacity) (Fig. 4 (B)). Despite compaction under high pressure,
it should be remarked that via nanoconfinement of LiAlH,-
LiBH, composite into ACNF dehydrogenation kinetics and
reversibility are significantly improved up to 37 and 40%,
respectively. This kinetic improvement is in agreement with
the reduction of E5 previously discussed (Fig. 3).

Reduction of hydrogen content desorbed during the
2nd—4th dehydrogenations as compared with the 1st cycle of
compacted LA-LB-ACNF can be due to the irreversibility of
hydride phases, further examined by solid-state MAS NMR
technique. From Fig. 5, 1B MAS NMR spectrum of as-prepared
sample of compacted nano LA-LB-ACNF reveals a single
resonance of [BH,] group in LiBH4 centered at —41 ppm, in
agreement with the previous studies [5,17,19]. After dehy-
drogenation, broader resonance center at —42 ppm of LiBHy, is
observed. In addition, a new resonance with a distinct second-
order quadrupolar line shape in the range of 0-20 ppm,
assigned to the signal of B,O3 units [41] is found along with
broad resonance centered at ~20 ppm from amorphous boron
(B) [17,42] (*'B MAS NMR spectrum in Fig. 5). The formation of
amorphous B in dehydrogenated sample of compacted nano
LA-LB-ACNF suggests dehydrogenation of LiBH,, while that of
B,0s3 is due to the oxidation of amorphous B in ambient con-
dition during experiment. For rehydrogenated sample of
compacted nano LA-LB-ACNF, 'B MAS NMR resonances of
LiBH,, amorphous B, and B,03 are detected, which are similar
to dehydrogenated sample (Fig. 5). Considering the relative
intensities of B MAS NMR resonance peaks of dehydro-
genated and rehydrogenated samples, the content of LiBH,4
with respect to amorphous B (or B,05) increases after rehy-
drogenation, suggesting reversibility of LiBH, (Fig. 5). More-
over, 2 Al MAS NMR spectra of as-prepared, dehydrogenated,
and rehydrogenated samples are taken into account to study
the reaction mechanisms of Al-containing phases in com-
pacted nano LA-LB-ACNF. The %Al MAS NMR spectrum of as-
prepared sample reveals major phase of metallic Al at
1639 ppm together with smaller amount of LiAlH, and B-
LiAlO, (and/or Al,03) at 100 and 79 ppm, respectively [17,43]
(Fig. 5). The formation of Al suggests partial dehydrogena-
tion of LiAlH, during sample preparation, while that of B-
LiAlO, is from oxidation in ambient condition during experi-
ment of LiAl, achieved by the reaction between LiH and Al
(Equation (7)) [17,42].

Al(s) + LiH(S) i LiAl(s) + 1/2H2(g) (7)

Partial dehydrogenation of LiAlH, during sample prepa-
ration and incomplete dehydrogenation of LiBH, lead to
lower hydrogen content released with respect to theoretical
capacity of compacted nano LA-LB-ACNF during the 1st cycle
(Fig. 4 (B)). After dehydrogenation, 2 Al MAS NMR spectrum of
compacted nano LA-LB-ACNF shows characteristic reso-
nances centered at 1639 and 77 ppm, in agreement with
metallic Al and B-LiAlO, (and/or Al,03), respectively [17,43] as
well as the resonances at 34 and 15 ppm for Al in pentahedral
and octahedral environments, respectively (Fig. 5) [44,45].
The disappearance of LiAlH, implies complete dehydroge-
nation. In the case of rehydrogenated sample, resonance of
metallic Al is significantly detected at 1639 ppm along with
that of B-LiAlO, (and/or Al,Os3) at 77 ppm. The absence of
LiAlH, and the considerable amount of metallic Al after
rehydrogenation hint at irreversibility of LiAlH; in com-
pacted nano LA-LB-ACNF (Fig. 5 (B)). This is in accordance
with the inferior hydrogen content desorbed during the
2nd—4th cycles (Fig. 4).
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Fig. 5 — Solid-state *'B MAS NMR and ?’Al MAS NMR spectra of as-prepared, dehydrogenated, and rehydrogenated samples

of compacted nano LA-LB-ACNF.

Furthermore, physical appearance, apparent density,
volumetric hydrogen storage capacity, and morphology of as-
prepared and the 4th rehydrogenated samples of compacted
LA-LB and nano LA-LB-ACNF were characterized. From Fig. 6
(A), all as-prepared pellets (diameter and thickness of 8 and
~1.20-1.30 mm, respectively) are in good shape after
compaction, especially dense pellet of compacted LA-LB.
Apparent densities of as-prepared pellets calculated from
mass (0.0660 and 0.0506 g for compacted LA-LB and nano LA-
LB-ACNF, respectively) and dimensions (diameter and thick-
ness) are 1.08 and 0.78 g/cm?® for compacted samples of LA-LB
and nano LA-LB-ACNF, respectively. The superior apparent

density of compacted LA-LB to compacted nano LA-LB-ACNF
can be due to the fact that the powder sample can be more
densified under pressure than fibrous structure of ACNF. After
four de/rehydrogenation cycles, some cracks are found from
both compacted samples due to the high stress and expansion
during cycling under high pressure and temperature condi-
tion [46]. Nevertheless, both compacted samples remain their
disk shape after four de/rehydrogenation cycles and it should
be noted that the pellet of compacted LA-LB is still very dense.
From the previous work of compacted 2LiBH,-MgH,, some
cracks and reduction of apparent density observed during
cycling benefited hydrogen diffusion and dehydrogenation
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Fig. 6 — Physical appearance and apparent density (A) and volumetric hydrogen storage capacity (B) of compacted samples of

LA-LB and nano LA-LB-ACNF.

kinetics [22]. Thus, sluggish kinetics during cycling of com-
pacted LA-LB can due to very poor hydrogen permeability of
its dense pellet. Since there are some cracks found after four
hydrogen release and uptake cycles, apparent densities of the
4th absorbed pellets were not considered. Moreover, volu-
metric hydrogen storage capacity (gH,/L) calculated from full
gravimetric capacity during the 1st dehydrogenation (Fig. 4)
and physical properties (mass and volume) of compacted
samples is determined. Fig. 6 (B) shows volumetric hydrogen
capacities of 32.5 and 53.3 gH,/L for compacted LA-LB and
nano LA-LB-ACNF, respectively. Although apparent density of
compacted LA-LB is greater than that of compacted nano LA-
LB-ACNF, significant improvement of kinetics and reduction
of dehydrogenation temperature lead to considerable
enhancement of volumetric hydrogen capacity (up to 64%).

Furthermore, morphology of as-prepared and the 4th absor-
bed samples of compacted nano LA-LB-ACNF were charac-
terized. From Fig. 7(A) and (B), as-prepared sample of
compacted nano LA-LB-ACNF reveal densely and homoge-
neously fibrous structure of ACNF as well as porous structure
in between the woven fibers. For the 4th absorbed sample,
morphology of compacted nano LA-LB-ACNF is comparable to
that of as-prepared sample (Fig. 7 (C) and (D)). This suggests
the mechanical stability of compacted nano LA-LB-ACNF
upon cycling under high pressure and temperature condi-
tion. Woven fibers of ACNF not only provide connected pores,
facilitating hydrogen diffusion through compacted sample
and improving kinetic properties during de/rehydrogenation,
but also probably act as a structural framework, promoting
mechanical stability during cycling of compacted sample.
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sample ((C) and (D), respectively) of compacted nano LA-LB-ACNF.

In addition, the reversibility during cycling of compacted
nano LA-LB-ACNF was characterized by FTIR technique. From
Fig. 8, as-prepared sample of compacted nano LA-LB-ACNF
shows vibrational peaks of B-H stretching and bending of
LiBH, at 2387-2226 and 1126 cm™?, respectively [19,38],
together with that of O-H bond at 1635 cm ™" due to air and/or
moisture contamination [36]. In addition, characteristic peaks
of B-O bond relating to stretching vibration of [BOs] in borate
groups are slightly observed in the wavenumber range of

1600-1385
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Fig. 8 — FTIR spectra of as-prepared and the 4th absorbed
samples of compacted nano LA-LB-ACNF.

1600—1385 cm™! [21,36,47]. The latter can be due to the
oxidation of LiBH; under ambient condition during FTIR
experiment. After four hydrogen release and uptake cycles,
compacted nano LA-LB-ACNF reveals comparable vibrational
peaks as observed in as-prepared sample, i.e., B-H (LiBHy), O-
H, and B-O bonds, together with slight signal of [Bi,Hio]*
stretching from Li,B;,H1, at 2485 cm™?t (Fig. 8) [38,48,49]. The
formation of LiBH4 confirms the reversibility of compacted
nano LA-LB-ACNF. Enhancement of the B-O vibrational in-
tensity in the 4th absorbed sample as compared with as-
prepared sample implies irreversibility of partial amorphous
B during cycling. This is in agreement with the B MAS NMR
resonance of B-O bond detected after rehydrogenation (Fig. 5).
Thus, lower amount of hydrogen released during the 2nd—4th
cycles can be due to the irreversibility of LiAlH, (and/or
Li3AlHg) and the formations of amorphous B and thermally
stable Li,B1oH1,.

Conclusion

According to significant improvement of kinetic properties
and reduction of dehydrogenation temperature of LiAlH,4-
LiBH, composite after nanoconfinement into activated carbon
nanofibers (ACNF), further development to practical applica-
tion for on-board fuel cells by powder densification was car-
ried out in the present work. With respect to milled LiAlH,4-
LiBH,, compacted sample of nanocofined LiAlH4-LiBH,
revealed significant reduction of dehydrogenation tempera-
ture (AT = 85 °C) and enhancement of hydrogen content
released from 65 to 80% of theoretical storage capacity.
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Besides, reduction of activation energy (E,) during dehydro-
genation of thermodynamically stable phase of LiBH, from 152
and 186 kJ/mol H, (milled LiAlH4-LiBH,4) to 117 kJ/mol H,
(nanoconfined LiAlH,-LiBH,) was obtained. Hydrogen content
released and reproduced from compacted sample of nano-
cofined LiAlH,4-LiBH, were 6.8 and up to 5.1 wt. % H,, respec-
tively, while those of milled sample were only 3 and 1 wt. % H,,
respectively. Fast kinetics and reduction of dehydrogenation
temperature was in agreement with the reduction of kinetic
barrier upon metal-hydrogen reaction, confirmed by lowered
Ex during dehydrogenation. However, due to partial decom-
position of LiAlH, during sample preparation and compaction
as well as irreversibility of LiAlH, (and/or LizAlHg) and for-
mation of Li,B1,H;1,, deficient hydrogen content released and
reproduced with respect to theoretical capacity were detected.
Considerable improvement of kinetic properties of compacted
LiAlH,-LiBH, nanocofined in ACNF could be obtained from
superior hydrogen permeability due to curvature and con-
nected porous structure from woven fibers of ACNF through
compacted sample. Moreover, this fibrous structure could also
act as reinforced framework for compacted sample of nano-
confined LiAlH,-LiBH,, leading to mechanical stability during
cycling.
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Dehydrogenation kinetics and reversibility of LiAlH4~LiBH4 doped with Ti-based additives (TiCl; and Ti-
isopropoxide), multiwall carbon nanotubes (MWCNT), and MWCNT impregnated with Ti-based additives
are proposed. Reduction of dehydrogenation temperature as well as improvements of kinetics and re-
versibility, especially decomposition of thermodynamically stable hydride (LiBH,) is obtained from the
samples doped with Ti-isopropoxide and MWCNT. This can be due to the fact that the formations of
LixAl¢1 _x)B2 and LiH-Al containing phase during dehydrogenation favor decomposition of LiH, leading to
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1. Introduction

Although lithium borohydride (LiBH4) has high reversible hy-
drogen storage capacity of 13.6 wt% according to the reaction
LiBH,— LiH+B+3/2H, [1-3], high onset dehydrogenation tem-
perature of 380 °C and only half of hydrogen release before 600 °C
as well as severe rehydrogenation condition (T=650°C and p
(H2)=150-350 bar) obstruct its practical uses as hydrogen storage
material [2,4,5]. One of several approaches to solve these problems
of LiBH, is compositing with Al [6,7] or alumohydrides (e.g., LiAlH,4
[7-9], LisAlHg [10], and NaAlH, [11,12]). LiBH4-Al (2:3 mole ratio)
and LiBH4-AI-TiB, (2:3:0.1 mole ratio) liberated 4.5 and 4.0 wt%
H,, respectively, at onset dehydrogenation temperature of
~300 °C, i.e., ~80 °C lower than pristine LiBH, [4,6,7]. However,
significant reduction of hydrogen capacity during cycling was
observed, for example, the remaining hydrogen contents of LiBH4—
Al composites with and without TiB, were comparable of 45% and
15% during the 4th and 10th cycles, respectively. This was due to
the formation of stable phase (Li;B12Hy2) during cycling.

Furthermore, alumohydrides of LiAlH,4, LisAlHg, and NaAlH4
have been composited with LiBH4 not only to improve kinetic
properties of LiBH,4, but also to increase hydrogen storage capacity.

* Corresponding author at: School of Chemistry, Institute of Science, Suranaree
University of Technology, Nakhon Ratchasima 30000, Thailand.
E-mail address: rapee.g@sut.ac.th (R. Utke).
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It was found that 2LiBH4~LiAlH4—3 mol% TiCl; (or 5 mol% of TiFs)
and 2LiBH4-LizAlHg—4 wt% TiCl; released ~8 wt% H, with onset
dehydrogenation temperature of LiBH, at about 300 °C [7,8,10].
However, reversibility of these samples were not effective, for
instant, the rehydrogenated samples of 2LiBH4-LiAlH4—3 mol%
TiCls (T=350°C and p(H,)=85 bar) and 2LiBH4-LisAlHg—4 wt%
TiCl3 (T=450 °C and p(H,)=240 bar) provided only ~40% of hy-
drogen content desorbed in the next cycle [7,8]. This was mainly
due to the irreversibility of LiAlH, and/or LizAlHg shown as the
considerable content of Al and/or LiH after rehydrogenation. In the
case of LiBH4—NaAlH, composite, samples with different molar
ratios of LiBH4:NaAlH4 (2:1 and 2:3) were prepared and the for-
mations of LiAIH; and NaBH, were observed during ball milling
based on the reaction LiBH4+NaAlH4— LiAlH4+NaBH,4 [11]. Since
LiBH, and NaAlH,4 reacted completely by 1:1 M ratio, different
molar ratios resulted in excess of either LiBH, or NaAlH,. For ex-
ample, the products after milling LiBH, with NaAlH,4 (2:1 molar
ratio) were LiAlH,4, NaBH,4, and excess of LiBH4. Both LiBH,~NaAIH,4
systems (2:1 and 2:3 molar ratios) desorbed hydrogen into two
steps, corresponding to the decomposition of LiAlH, (and/or
NaAlH,4) and NaBH4 (and/or LiBH,) in the temperature ranges of
105-450 °C and 110-450 °C, respectively, with hydrogen capacity
of 11.9 and 9.8 wt¥%, respectively [11]. During dehydrogenation at
T>400°C, the formations of AlB, and LiAl via the reaction
2LiH+2B+3Al - AlB, +2LiAl+H, resulted in the stabilization of
boron in the solid state, suppression of diborane (B,Hg) release,
and enhancement of hydrogen content. However, incomplete
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rehydrogenation was found in LiBH4,~NaAIH4 composite due to the
evaporation of metallic Na (T;,=98 °C and T,=883 °C) under re-
lative high temperature and low pressure used for dehydrogena-
tion (T=room temperature — 500 °C under dynamic vacuum) [11].
In addition, by doping LiBH,~NaAlH, (2:3 molar ratio) with TiCls,
significant reduction of onset dehydrogenation temperature to
~50 °C was obtained with 3.5 wt% H, in the temperature range of
50-300 °C [12]. Nevertheless, poor reversibility of only ~0.5 wt%
H, was obtained after rehydrogenation at 180 °C under 80 bar H,.

In the present studies, improvement of dehydrogenation ki-
netics and reversibility as well as reduction of dehydrogenation
temperature of LiAlH4,-LiBH4 (1:1 molar ratio) by doping with
(i) titanium (IIT) chloride (TiCl3) and titanium (IV) isopropoxide (Ti-
iso), (ii) multiwall carbon nanotube (MWCNT), and (iii) MWCNT
impregnated with Ti-based additives (MWCNT-TiCl; and MWCNT-
Ti-iso) is proposed. It was reported that the curvatures of carbon
materials, such as MWCNT, Cgo, and probably activated carbon
nanofibers (ACNFs), decreased hydrogen adsorption energy bar-
rier, i.e.,, hydrogen atoms could easily adsorbed and diffused on
curved carbon surfaces [13,14]. In addition, good thermal con-
ductivity of MWCNT could facilitate heat transfer during de/rehy-
drogenation of hydride materials [15]. In the case of Ti-based ad-
ditives, its positive effects on de/rehydrogeantion kinetics of metal
and complex hydrides are well-known [16,17]. Temperature pro-
files during dehydrogenation were characterized by hydrogen
temperature-programmed desorption (H,-TPD) technique, while
kinetics and reversibility were studied by titration measurements.
Reaction mechanisms during de/rehydrogeantion were in-
vestigated by X-ray powder diffraction (XRD) and FTIR techniques.

2. Experimental details
2.1. Sample preparation

All sample handling was carried out under a nitrogen atmosphere
in a glove box (99.9% N, and ~50-70 ppm 0O5). LiBH4 (90%, Sigma-
Aldrich) and LiAlH,4 (95%, Sigma-Aldrich) were milled under 1:1 M
ratio by using a SPEX SamplePrep 8000D DUAL Mixer/Mill. A milling
time and a ball-to-powder weight ratio were 5 h and 10:1, respec-
tively. Hydride composite of LiAlH4-LiBH; obtained from milling
process was denoted as LA-LB. The powder samples of titanium (Ti)-
based additives of titanium (III) chloride (TiCl;, 10 wt% in 20-30%
hydrochloric acid, Sigma-Aldrich) and titanium (IV) isopropoxide (Ti-
iso, >98%, ACROS Organics) were obtained by leaving at room
temperature under N, atmosphere in the glove box for several days.
Multiwall carbon nanotube (MWCNT) purchased from Nano Mate-
rials Research Unit, Chiangmai University, Chiangmai, Thailand [18]
was treated at 100 °C under vacuum for 1 h. Two samples of treated
MWCNT (0.0500 g) were immersed in 0.084 ml of TiCls solution and
0.01 ml of Ti-iso. The mixtures were left under N, atmosphere in the
glove box for 2 days and treated at 100 °C under vacuum for 1 h to
obtain 0.0552 and 0.0559 g of MWCNT impregnated with TiCl; and
Ti-iso, respectively. The content of TiCl; and Ti-iso on MWCNT were
calculated to be 104 and 11.8 wt%, respectively. MWCNT im-
pregnated with TiCl; and Ti-iso were denoted as MWCNT-TiCl; and
MWCNT-Ti-iso, respectively. Hydride composite of LA-LB was ground
with 5 wt% of additives, i.e., TiCls, Ti-iso, MWCNT, MWCNT-TiCls, and
MWCNT-Ti-iso by using a mortar to achieve as-prepared samples of
LA-LB-TiCl3, LA-LB-Ti-iso, LA-LB-MWCNT, LA-LB-MWCNT-TiCl;, and
LA-LB-MWCNT-Ti-iso, respectively.

2.2. Characterizations

X-ray powder diffraction (XRD) patterns of as-prepared, dehy-
drogenated, and rehydrogenated samples were obtained by using

a Bruker D2 PHASER with a Cu K, radiation (1=0.15406 nm). To
protect the powder sample from oxygen and humidity, it was
packed in an airtight sample holder, covered by a poly(methyl
methacrylate) (PMMA) dome under N, atmosphere in the glove
box. The diffraction patterns were collected in the 26 range of 10-
80° with the scanning steps of 0.02°/s.

Temperature profiles during dehydrogenation of as-prepared
and rehydrogenated samples were studied by hydrogen tem-
perature programmed desorption (H,-TPD) technique using a
Chemisorption Analyzer, BelCatB, Bel-Japan. The powder sample of
~50 mg was packed in the sample holder under N, atmosphere in
the glove box. The measurements were carried out by heating the
powder sample from room temperature to 500 °C (5 °C/min) un-
der an argon (Ar) flow of 30 ml/min, dwelling at 500 °C for 20 min,
and cooling to room temperature. The signal of hydrogen release
was detected by thermal conductivity detector (TCD). For quanti-
tative analyses, calibration was done by flowing mixed gases of 5%
H,/95% Ar (50 ml/min) to the TCD and using Ar (30 ml/min) as a
carrier gas. The correlation between the hydrogen content and the
peak area of TPD signal produced a constant named conversion
factor (CF, counts/mmol). In this work, average value of CF was
obtained from 10 pulses of mixed gases of 5% H,/95% Ar flow. The
CF was further used to calculate the content of hydrogen released
from each sample based on the peak area of its TPD signal.

Fourier transform infrared (FTIR) spectra of rehydrogenated
samples were obtained by using a Bruker IR spectrometer (Tensor
27). The sample was ground with anhydrous KBr (1:10 weight
ratio of sample:anhydrous KBr) and pressed under 10 t for 2 min
to obtain KBr pellet. KBr pellet containing the sample was as-
sembled in the FTIR machine on the direction of infrared radiation.
The spectrum was recorded in the range of 4000-400 cm~! with
64 scans.

Dehydrogenation kinetics and reversibility were studied by
using a laboratory scale setup of a carefully calibrated Sievert-type
apparatus [19,20]. The powder sample of ~50-100 mg was packed
in a high pressure stainless steel sample holder (316SS, Swagelok)
under N, atmosphere in the glove box, and transferred to the
Sievert-type apparatus. Two K-type thermocouples (—250 to
1300 °C, SL heater) were attached to the sample holder and to the
furnace for measuring the temperature changes during de/rehy-
drogenation. Pressure transducers (C206, Cole Parmer) in the
pressure range of 0-500 psig (0-34.5 bar) and 0-3000 psig (0-
207 bar) were used to measure the pressure changes due to hy-
drogen desorption and absorption, respectively. Thermocouples
and pressure transducers were connected to an AI2101 module
convertor data logger (from Wisco), measuring and transferring
(every 1 s) the pressure and temperature changes of the sample to
the computer. Dehydrogenation was done under 7 mbar H,
(purity=99.999%) by heating the powder sample from room
temperature to 400 °C via a furnace controlled by a PID tempera-
ture controller. In the case of rehydrogenation, the dehy-
drogenated sample was pressurized under 80bar H
(purity=99.999%) at 400 °C for 8 h. Once the pressure reading was
constant over a period of time, the amount of hydrogen released
was calculated by the pressure change (Ap) and the following
equations:

(Ap)V = nRT 1

H, desorbed (wt%) = [ (n x 2.0158)/sample weight | x 100 @)

where p, V, and T are hydrogen pressure (atm), volume of the system
(L), and temperature (K), respectively, n is the number of hydrogen
moles (mol), and R is gas constant (0.0821 L atm K~ ! mol~1).
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Fig. 1. XRD patterns of as-prepared samples of LA-LB (a), LA-LB-TiCl; (b), LA-LB-Ti-
iso (c), LA-LB-MWCNT (d), LA-LB-MWCNT-TiCl; (e), and LA-LB-MWCNT-Ti-iso (f).

3. Results and discussion

To determine the chemical compositions after grinding LA-LB
composite with additives, as-prepared samples were characterized
by XRD technique. As-prepared samples of LA-LB, LA-LB-TiCls, LA-
LB-Ti-iso, LA-LB-MWCNT-TiCl3, and LA-LB-MWCNT-Ti-iso reveal
diffraction patterns of LiAlH4 and LiBH4 together with LisAlHg and
Al and/or LiH, hinting at partial dehydrogenation of LiAlH,4 (Eq. (3))
during sample preparation (Fig. 1(a)-(c) and (e), (f)).

LiAIH, — 1/3Li;AlHg +2/3Al + H, 3)

Regarding relative peak area of Al and/or LiH (or LisAlHg) to
LiAlH4, dehydrogenation of LiAlH, is significantly found in LA-LB-
TiCl; and LA-LB-Ti-iso as compared with those of LA-LB, LA-LB-
MWCNT-TiCl5, and LA-LB-MWCNT-Ti-iso. For LA-LB-MWCNT, the
diffraction peaks of LiBH, are observed, while those of LiAlH,4
completely disappear together with sharp diffraction peaks of
LizAlHg and Al and/or LiH (Fig. 1(d)). This suggests that MWCNT
effectively induces dehydrogenation of LiAlH; during sample
preparation at room temperature. This can be explained by the
improvement of hydrogen adsorption and diffusion on the cur-
vatures of MWCNT surface as previously reported [13,14]. Thus, by
doping with either Ti-based additives (TiCls and Ti-iso) or MWCNT,
dehydrogenation of LiAlH4 can be carried out by only grinding at
room temperature. However, catalytic effects of both materials are
delayed when they are combined as in cases of LA-LB-MWCNT-
TiCl; and LA-LB-MWCNT-Ti-iso. By impregnation of Ti-based ad-
ditives on MWCNT, their catalytic effects are probably interfered,
while simply milling them into hydride composite can be more
helpful as in case of the previous studies of MgH, milled with
MWCNT and transition metal alloys and compounds (e.g., VTi, FeTi,
and FeCls) [21,22].

Temperature profiles during dehydrogenation and hydrogen
content released were characterized by H,-TPD technique. Re-
garding the theory of thermal conductivity detector (TCD) used in
our TPD analyses, temperature of tungsten-rhenium TCD filament
is kept constant. During the experiment, due to thermal con-
ductivity of flowing gases, temperature of the filament is changed.

Intensity (a.u.)
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Fig. 2. H,-TPD thermograms during dehydrogenation of as-prepared samples of
LA-LB with and without additives.

The power supplied to maintain the filament temperature relates
to the gas content. In this work, different thermal conductivity of
pure carrier gas (Ar) and carrier gas plus sample component, in
accordance with the power differences is measured and recorded
as the content of sample gas. On the basis of high thermal con-
ductivity of hydrogen as compared with the carrier gas (Ar), the
signal of hydrogen is revealed as negative peaks in TPD thermo-
gram [14,23,24]. With respect to theoretical hydrogen storage ca-
pacity of LiAlH,~LiBH4 composite of 10.12 wt% (Eq. (4)) [9], theo-
retical capacity of all LA-LB composites doped with 5 wt% additives
is 9.61 wt% H,.

LiBH, + LiAlH, — 1/2AIB, +2LiH + 1/2Al+3H, )

For LA-LB, decomposition of LiAlH, is detected at 145 and
165 °C ((Egs. (3) and 5)), while that of LiBHy4 is at 394 and 428 °C
(Fig. 2). The latter releases total hydrogen content of 8.7 wt% (86%
of theoretical capacity), approaching to the previous reports [9,23].
In the case of LA-LB doped with additives, similar reaction me-
chanisms as found in LA-LB (i.e., two-step decomposition of LiAlH,4
and LiBH,) are observed at comparable temperatures of 110-167
and 386-429 °C (for LA-LB-TiCl3, LA-LB-MWCNT-TiCls, and LA-LB-
MWCNT-Ti-iso) and at lower temperature of 105-150 and 355-
423 °C (for LA-LB-Ti-iso and LA-LB-MWCNT). With respect to LA-
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LB, considerable reduction of dehydrogenation temperatures is
obtained from LA-LB-Ti-iso, for example, AT are up to 40 and 39 °C
for the decompositions of LiAlH, and LiBH,, respectively (Fig. 2).
For LA-LB-MWCNT, due to complete dehydrogenation of LiAlH, to
LizAlHg and Al and/or LiH as shown in XRD result (Fig. 1(d)), only
single-step decomposition at 149 °C according to the reaction in
Eq. (5) is detected.

Li;AlHg — 3LiH+AI + 3/2H, 5)

For dehydrogenation of LiBHy, it should be noted that by dop-
ing MWCNT into LA-LB not only dehydrogenation temperature of
LiBH,4 significantly reduces from 394 to 366 °C, but also the frac-
tion of phase decomposing at high temperature (T=423 °C) con-
siderably decreases as compared with other samples. Thus, al-
though MWCNT is very reactive leading to fast decomposition of
LiAIH4 during sample preparation, it remarkably improves dehy-
drogenation kinetics of LA-LB composite. In the case of hydrogen
content released, 7.1-8.7 wt% H, (74-90% of theoretical capacity)
are observed from LA-LB-TiCls, LA-LB-Ti-iso, LA-LB-MWCNT-TiCls,
and LA-LB-MWCNT-Ti-iso, while that of LA-LB-MWCNT is only
5.3 wt% (55% of theoretical capacity) due to the decomposition of
LiAIH,4 during sample preparation.

Afterwards, dehydrogenated samples obtained from titration
measurements at 400 °C under 7 mbar H, were characterized by
XRD technique. From Fig. 3(a), dehydrogenated sample of LA-LB
reveals diffraction patterns of Al and/or LiH, Li,O, and Li,Al; _xB;
[6]. The formation of Al and/or LiH is due to the dehydrogenation
of LiAlH4 and LiBH,4, while that of LiyAl; _B, can be from the re-
action between LiH and AlB, during dehydrogenation at 400 °C as
in case of LiBH4—Al (2:3 molar ratio) composite [6]. For LiO,, it can
be explained by oxidation of Li-containing compounds under
ambient condition during XRD experiments. In the cases LA-LB
doped with additives, similar phases as in case of LA-LB (i.e., Al
and/or LiH, Li,O, and Li,Al, _,B,) are observed. However, LA-LB-Ti-
iso reveals no sign of LiyAl; _,B,. Moreover, additional phases of
compound A, LiCl (LA-LB-TiCl3) and TiH, (LA-LB-Ti-iso) are de-
tected (Fig. 3(b)~(f)). It was reported that compound A, forming
during dehydrogenation of LiBH4-Al (2:3 molar ratio) contained
LiH and Al and possibly transformed to a solid solution of

T
+ LiBH, ® LiAIO,|
x AlH;- Cmcm
v AlH,-Pnnm
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> ]

Intensity(a.u.)

Transmittance (%)

/L
10 20 30 40 50 60 70 80 24Ioo " 16I00 12I00
26 ()

Wavenumber (cm™)

Fig. 4. XRD and FTIR spectra of rehydrogenated samples of LA-LB (a), LA-LB-TiCl3
(b), LA-LB-Ti-iso (c), LA-LB-MWCNT (d), and LA-LB-MWCNT-TiCl; (e).

LiyAl, _ By [6]. Thus, the formations of Li,Al; _xB, and compound A
could benefit the stabilization of boron in the solid state and
suppression of diborane (B,Hg) release as in case of AIB, found in
several LiBH4-Al (or alumohydrides) systems. In addition, another
dehydrogenation product of LiAl alloy formed above 400 °C in
several works of LiBH4-Al and LiBH4-LiAlH, composites [6,8,10] is
not observed in our dehydrogenated samples probably due to
lower dehydrogenation temperature in this study (T=400 °C). The
disappearances of LiBH,4, LiAlH4, and LisAlHg as well as the for-
mations of Al and/or LiH, LiAl;_,B,, and compound A suggest
complete dehydrogenation of all samples. For further studies of
rehydrogenation, kinetics and reversibility, LA-LB-MWCNT-Ti-iso
is neglected due to slow kinetics, high desorption temperature,
and deficient hydrogen content (Fig. 2). However, LA-LB-MWCNT
is continuously investigated despite low hydrogen content re-
leased because MWCNT effectively improves dehydrogenation
performance in the first cycle and it may promote de/rehy-
drogenation in the subsequent cycles.

Rehydrogenated samples obtained by pressurizing dehy-
drogenated samples under 80 bar H, at 400 °C for 8 h were char-
acterized by XRD and FTIR techniques. From XRD spectra in Fig. 4,
all rehydrogenated samples contain LiBH,4 Al and/or LiH, and
LiAlO,, while LA-LB-MWCNT also has slight content of AlHs. The
formations of LiBH; and AlH3 (LA-LB-MWCNT) confirm reversi-
bility of these samples. However, LiAlH, is not recovered since the
reversible reaction of LizAlHg — LiAIH,4 requires severe temperature
and pressure condition (p(H2)=1000 bar above room tempera-
ture) [25]. The formation of LiAlO, in our rehydrogenated samples
is in agreement with the hydrogen absorption of LiH and Al at
500 °C under 150 bar H; (initial pressure at room temperature)
[26]. In order to identify other B-containing phases, all rehy-
drogenated samples were identified by FTIR technique. All samples
reveal vibrational peaks of B-H bonds, that is, LiBH,4 stretching and
bending vibrations at 2386-2225 and 1126 cm !, respectively, and
[B12H12]>~ stretching vibration of Li,B1oH1» at 2487 cm ™! (Fig. 4)
[27-29]. Besides, the O-H vibrational peak due to oxidation in
ambient condition during experiment is also observed in all re-
hydrogenated samples at 1635 cm~'. The formation of undesirable
phases of Li;Bi,Hq> and LiAl, shown as oxidized form (LiAlO;) in
ambient condition during XRD experiments, as well as irreversi-
bility of Al and/or LiH results in deficient hydrogen storage capa-
city in the next cycles.

Temperature profiles during the second dehydrogenation and
hydrogen content released of all samples were determined by Hy-
TPD, while dehydrogenation kinetics and reversibility were studied
by titration measurements. H,-TPD experiments were carried out by
heating the sample to 500 °C (5 °C/min), dwelling at 500 °C for
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20 min, and cooling to room temperature. From Fig. 5, dehy-
drogenation temperatures of rehydrogenated samples of LA-LB, LA-
LB-TiCls, and LA-LB-MWCNT-TiCl; are observed at 411-419 °C, while
those of LA-LB-Ti-iso and LA-LB-MWCNT are lower at 402-403 °C.
Hydrogen storage capacity of LA-LB is 3.9 wt% H, (~39% of theoretical
capacity), while those of LA-LB doped with additives are 3.8-4.4 wt%
H, (~44-48% of theoretical capacity). It should be remarked that LA-
LB-MWCNT and LA-LB-Ti-iso reveal not only faster dehydrogenation
kinetics in the 1st and 2nd cycles, but also reduction of dehy-
drogenation temperature, especially the decomposition of LiBH4
(AT=up to 39 and 12 °C with respect to LA-LB for the 1st and 2nd
cycles, respectively) (Figs. 2 and 5). It was reported that titanium
isoproxide significantly improved dehydrogenation Kkinetics of
2LiBH,~MgH, composite, for example, ~10 times faster dehy-
drogenation kinetics as compared with bulk material [30]. Thus, ki-
netic improvement of LA-LB-Ti-iso can be explained by catalytic ef-
fect of Ti-isoproxide, while that of LA-LB-MWCNT can be due to the
favorable properties of MWCNT providing hydrogen adsorption and
diffusion [13] as well as good thermal conductivity, benefiting heat
transfer during hydrogen exchange reaction. For further studies of
dehydrogenation kinetics and reversibility, therefore, LA-LB-Ti-iso
and LA-LB-MWCNT are of interest.
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Fig. 6. Dehydrogenation kinetics and reversibility of as-prepared samples of LA-LB
(A), LA-LB-Ti-iso (B), and LA-LB-MWCNT (C).

—0— 3" cycle

From Fig. 6, LA-LB, LA-LB-Ti-iso, and LA-LB-MWCNT reveal two-
step dehydrogenation of LiAlH4 and LiBH4 during the 1st cycle,
releasing 6.7, 7.1, and 5.9 wt% H,. Deficient hydrogen contents
desorbed in the first step of LA-LB-Ti-iso and LA-LB-MWCNT with
respect to that of LA-LB are due to the decomposition of LiAlH,4
during sample preparation as shown in XRD results (Fig. 1).
However, it should be remarked that for dehydrogenation of LiBH,
under similar temperature and time conditions, hydrogen contents
of 4.7 and 4.3 wt% H, are obtained from LA-LB-Ti-iso and LA-LB-
MWCNT, respectively (Fig. 6(B) and (C)), while that of LA-LB is only
2.7 wt% Hy (Fig. 6(A)). Thus, dehydrogenation kinetics of LA-LB
composite can be improved by catalytic effects of Ti-iso and
MWCNT. It can be probably due to the fact that greater contents of
LiyAl, _xB> and compound A formed after dehydrogenation of LA-
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LB-Ti-iso and LA-LB-MWCNT as compared with LA-LB (Fig. 3) en-
hance hydrogen content released due to the dehydrogenation of
LiH via the reaction between LiH and AIB, [6]. For the further
cycles, hydrogen contents released from LA-LB are 2.8, 2.3, and
1.6 wt% H, during the 2nd, 3rd, and 4th cycles, respectively (Fig. 6
(A)), while those of LA-LB-Ti-iso and LA-LB-MWCNT are up to 3.7,
3.1, and 2.9 wt% H,, respectively (Fig. 6(B) and (C)). The superior
reversibility of LA-LB-Ti-iso and LA-LB-MWCNT as compared with
LA-LB can be also explained by the formation of LiyAl; _,B, and
compound A during dehydrogenation instead of amorphous bor-
on, resulting in stabilization of boron in solid state and improve-
ment of reversibility. The deficient content of hydrogen released
during the 2nd cycle as compared with the 1st one can be due to
the irreversibility of LiAlH; and/or LisAlHg shown as significant
amount of Al and/or LiH (XRD patterns in Fig. 4) together with the
formation of stable Li,Bi,H;> phase after rehydrogenation (FTIR
results in Fig. 4). In the case of the further cycles (the 3rd and 4th
cycles), capacity degradation is not only due to the irreversibility
of LiAlH4 and/or LisAlHg as well as the formation of Li;B1;H13, but
also probably due to the formation of LiAl during rehydrogenation
shown as diffraction peaks of LiAlO, (XRD patterns in Fig. 4). It was
previously reported that LiAl could theoretically react with B and
H, to regenerate LiBH, during rehydrogenation, however, the in-
complete contact between the solid phases might make it difficult
[10,26].

4. Conclusion

Dehydrogenation kinetics and reversibility of LiAlH4-LiBH4
composite doped with Ti-based additives (TiClz and Ti-isoprop-
oxide), multiwall carbon nanotube (MWCNT), and MWCNT im-
pregnated with Ti-based additives were studied. Two-step dehy-
drogenation corresponding to LiAlH,4 and LiBH4 was observed in all
LiAIH4-LiBH, composites with and without additives. Among all
samples, LiAlH4-LiBH,4-Ti-isopropoxide and LiAlH4-LiBH4-MWCNT
revealed not only fast dehydrogenation kinetics, but also sig-
nificant reduction of dehydrogenation temperature, especially for
the decomposition of LiBH4 (AT=up to 40 °C as compared with
LiAIH4-LiBH,). Decomposition of LiAlH, was observed during
sample preparation of LiAlH4-LiBH4-Ti-isopropoxide and LiAlH4—
LiBH4,-MWCNT, leading to deficient hydrogen content released in
the first step of LiAlH4. However, considerable hydrogen content
during the decomposition of LiBH; was obtained from LiAlH4—
LiBH,4-Ti-isopropoxide and LiAIH4~LiBH,-MWCNT (4.7 and 4.3 wt%
H,, respectively) with respect to that of LiAlH4-LiBH,4 (2.7 wt% Hy).
In addition, reversibility of LiAIH,~LiBH4 composite was developed
after doping with additives, for example, up to 3.7 wt% H, was
obtained during the 2nd cycle of LiAlH4-LiBH,4-Ti-isopropoxide and
LiAlH4-LiBH4-MWCNT, while that of LiAlH4-LiBH; was only
2.8 wt% H,. The improvement of dehydrogenation kinetics and
reversibility of LiAIH4~LiBH, after doping with Ti-isopropoxide and
MWCNT could be due to the formation of Li,Al; _,B, and LiH-Al
containing phase (compound A). The latter phases favored not
only further dehydrogenation of LiH, resulting in the enhancement
of hydrogen content released, but also stabilization of boron in
solid state, benefiting reversibility. However, inferior hydrogen
capacity was detected during cycling due to the irreversible of
LiAlH4 and/or LizAlHg and the formation of stable Li,B,H;, phase.
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ABSTRACT

2LiBH4—MgH, composite is doped with 1, 5, 10, 20, and 30 wt. % activated carbon nanofibers
(ACNFs), prepared by heat and KOH treatment of polyacrylonitrile (PAN)-based nanofibers
for reversible hydrogen storages. Alteration of unit cell parameters and reduction of par-
ticle size of hydride materials are obtained after doping with 1-10 wt. % ACNFs, in
accordance with good dispersion of ACNFs in hydride matrices, while those of the sample
with higher ACNFs contents (20—30 wt. %) are comparable with milled 2LiBH,—MgH,
without ACNFs. Reduction of dehydrogenation temperature and faster kinetics are ob-
tained with increase of ACNFs content. For example, dehydrogenation temperatures of
MgH, and LiBH, decrease significantly from 375 to 312 °C and from 440 to 384 °C, respec-
tively, after doping with 30 wt. % ACNFs. Besides, under the same temperature and pres-
sure conditions (T = 400 °C under vacuum), the sample without ACNFs liberates 54% of
theoretical H, storage capacity within 9 h, while the samples with ACNFs release up to 74%.
Since no chemical interaction between ACNFs and hydride materials is detected, the
improvement of dehydrogenation kinetics of 2LiBH4;—MgH, composite doped with ACNFs
can be due to (i) increase of hydrogen diffusion pathway from the dispersion of ACNFs in
hydride matrices and (ii) good thermal conductivity of ACNFs, beneficial to heat transport
during de/rehydrogenation.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

LiBH,q) — LiH) + B + 3/2H,g), has been received consider-
able attention as potential hydrogen storage material. How-
ever, its stable ionic/covalent bonds result in high

Lithium borohydride (LiBH,) consists of ionic bonding be-
tween alkaline cation (Li*) and polyatomic anion ([BH4]"),
which hydrogen is covalently bonded to boron (B). Due to its
high gravimetric hydrogen storage capacity, LiBH,, liberating
theoretically 13.8 wt. % via the reaction of

decomposition temperature and slow de/rehydrogenation
kinetics. For example, LiBH, dehydrogenates to LiH, B, and H,
at temperature above 400 °C and rehydrogenation of LiH and B
to LiBH, requires severe condition of T = 600 °C and
p(Hz) = 350 bar [1—3]. One of the most promising approaches
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Suranaree, Muang, Nakhon Ratchasima, 30000, Thailand. Tel.: +66 82 149 4601.
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0360-3199/Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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for LiBH, destabilization is compositing with other metal or
complex hydrides (e.g.,, LiBH,—MgH, [4—6], LiBH4—NaAlH,
[7,8], LiBH,4—LiAlH, [9,10], LiBH,—MgH,—NaAlH, [11], and etc.),
called reactive hydride composites (RHCs). Among all RHCs,
2LiBH,—MgH, is of interest due to its high gravimetric
hydrogen storage capacity of 11.4 wt. % according to equation

(1)-

2L1BH4(1) + MgHQ(S) - ZLIH(S) + MgBQ(S) + 4H2(g) (1)

The formation of MgB, during decomposition of
2LiBH4,—MgH, composite (equation (1)) resulted in the reduc-
tion of de/rehydrogenation enthalpy by 25 kJ/mol with respect
to bulk LiBH, [4,12]. Nevertheless, dehydrogenation kinetics of
2LiBH,—MgH, composite was still sluggish, for example, up to
25 h were required to liberate 10 wt. % H, at 400 °C [4]. To
improve de/rehydrogenation performance, 2LiBH,—MgH,
composite has been doped with various transition metal-
based catalysts, such as NbFs, Nb,Os TiCls, ZrCl, VCls, Tita-
nium (IV) isopropoxide, and Pd [4,13—16]. Kinetic properties of
2LiBH4,—MgH, composite were significantly improved after
catalytic doping, for example, dehydrogenation rate was
approximately 10 times faster after doping with 5 wt. % Tita-
nium (IV) isopropoxide [4]. Besides, by doping with NbFs and
Nb,Os onset dehydrogenation temperature of this hydride
composite reduced from 350 to <150 °C. However, only slight
content of hydrogen (<1.0 wt. %) liberated at 150 °C. For the
actual onset dehydrogenation temperature, which consider-
able amount of H, released, it was up to 250 °C [13,14].

Furthermore, carbon materials have been taken into ac-
count as another outstanding additive for developing de/
rehydrogeantion performance of hydrides because they are
light, relatively inert, often abundant, and efficiently heat
conductive [17,18]. Wu et al. [19] reported that by doping 5 wt.
% single-wall carbon nanotube (SWNT) in MgH,, faster ab-
sorption kinetics (6.0 wt. % H, in 60 min at 423 K) and relative
reduction of desorption temperature (AT = 70 K) were ob-
tained. Afterwards, graphite, activated carbon, multi-wall
carbon nanotube (MWCNT), carbon nanofibers (CNFs), and
activated carbon fibers were introduced into MgH, [20]. It was
found that the best results based on reduction of dehydroge-
nation temperature and improvement of kinetics were ach-
ieved from the mixtures involving MWCNT and CNFs. The
latter was due to the catalytic effects of metallic impurity,
especially Ni and Fe, inherited from original syntheses of
MWCNT and CNFs, while carbon materials favored size
reduction and stabilization of MgH, particles [20]. Moreover, it
was reported that milled MgH, with graphene nanosheets
provided more edge sites and diffusion channels, resulting in
the prevention of sintering and agglomeration as well as
promotion of de/rehydrogenation kinetics of MgH, [21]. Thus,
the advantage of carbon materials on de/rehydrogenation ki-
netics of hydrides was mainly particle size reduction, leading
to fast hydrogen diffusion for hydride formation and defor-
mation. In the case of catalytic effects on hydrogen exchange
reaction, transition metals containing in these carbon mate-
rials played an important role [17,18].

In the present work, we would like to propose the
enhancement of dehydrogenation kinetics of 2LiBH,—MgH,

hydride by doping with activated carbon nanofibers (ACNFs).
Polyacrylonitrile (PAN)-based polymer nanofibers, prepared
from electrospinning technique were treated by heat and
concentrated potassium hydroxide (KOH) solution to obtain
ACNFs with high surface area and porosity as well as good
thermal conductivity [22]. Hydride composite of 2LiBH,—MgH,
is doped with 1, 5, 10, 20, and 30 wt. % ACNFs. Via mechanical
ball milling and heat treatment under hydrogen back pres-
sure, ACNFs with nanoscale fibrous structure are expected to
well disperse in the matrices of hydride composite, intro-
ducing the hydrogen diffusion pathway and promoting heat
transfer for hydrogen desorption and absorption. Structural
and chemical characterizations of as-prepared, dehydro-
genated, and rehydrogenated samples of 2LiBH,—MgH, doped
with ACNFs are performed by powder X-ray diffraction (PXD),
Fourier transform infrared spectroscopy (FTIR), and X-ray
photoelectron spectroscopy (XPS). Hydrogen desorption tem-
perature, content, and kinetics are studied by temperature
programmed desorption (TPD), differential scanning calo-
rimetry (DSC), and titration measurements.

Experimental details
Sample preparation

Polyacrylonitrile (PAN)-based activated carbon nanofibers
were prepared by electrospinning technique, carbonization,
and chemical activation (concentrated KOH solution) accord-
ing to the previous report [22]. PAN (M,, = 150,000 g/mol, Sig-
ma—Aldrich) was dissolved in N, N-dimetylformamide (DMF,
Carlo Erba Reagents) to prepare 10 wt. % PAN precursor solu-
tion for electrospinning. After gentle stirring at room tem-
perature for 12 h, PAN solution was loaded into a 10 ml
polypropylene syringe equipped with a stainless steel needle
connected to the anode of a DC power supply. Electrospinning
was carried out at 35 °C and at a voltage of 7 kV. A tip-to-
collector distance and a flow rate were 15 cm and 0.5 ml/h,
respectively. A grounded stainless steel roll wrapped with
aluminium foil was employed as a collector. The obtained
PAN-based polymer nanofibers were stabilized in air at 280 °C
for 90 min and carbonized under N, atmosphere at 1000 °C for
1 h to obtain carbon nanofibers (CNFs).

Activation of CNFs was done by using concentrated KOH
solution as a chemical reagent. CNFs were immersed into
concentrated KOH solution (30%w/v) at 80 °C for 2 h and dried
at room temperature for 24 h. KOH-treated CNFs were acti-
vated by heating to 800 °C (5 °C/min) under N, atmosphere,
dwelling at 800 °C for 45 min, and cooling to room temperature
to obtain activated carbon nanofibers, denoted as ACNFs. To
neutralize residual KOH, ACNFs were immersed in 0.5 M hy-
drochloric acid for 30 min at room temperature. ACNFs were
filtered and washed with distillated water until the pH of fil-
trated reached pH 6. The final ACNFs were dried at 120 °C for
24 h. Prior to milling with 2LiBH,—MgH, composite, ACNFs
were treated at 500 °C under vacuum for 3 h.

The powder samples of LiBH, (>90% hydrogen storage
grade, Sigma—Aldrich) and MgH, (95%, Acros organics) were
milled in a molar ratio of 2:1 (LiBH,:MgH,) by using a SPEX
Sample Prep 8000D Dual Mixer/Mill to obtain 2LiBH4;—MgH,



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 2797—2806

2799

composite, denoted as 2Li—Mg. A ball-to-powder (BPR) weight
ratio and a milling time were 10:1 and 5 h, respectively. The
composite of 2Li—Mg was doped with 1, 5, 10, 20, and 30 wt. %
ACNFs by ball milling for 30 min using the same BPR ratio as
2Li—Mg to achieve milled samples, denoted as 2Li—Mg-1%,
2Li-Mg-5%, 2Li—Mg-10%, 2Li—-Mg-20%, and 2Li—Mg-30%,
respectively. All milling samples of hydride composite doped
with ACNFs were heated to 310 °C under 60 bar H,, kept under
isothermal and isobaric condition for 45 min, and cooled to
room temperature.

Characterizations

Powder X-ray diffraction (PXD) was carried out by using a
Bruker D2 PHASER with a Cu K, radiation (A = 0.15406 nm). To
protect the powder sample from oxygen and humidity, it was
packed in an airtight sample holder and covered by either
poly(methyl methacrylate) (PMMA) dome or Kapton tape
under Ar atmosphere in a glove box. The diffraction patterns
were collected in a 26 range of 10—80° with a scanning step of
0.02°/s. By using a TOPAS software with a Le Bail structural
refinement method, unit cell parameters of the samples were
analyzed [23].

Dehydrogenation profiles of all samples were character-
ized by temperature programmed desorption (TPD) technique
using a Chemisorption Analyzer, BelCatB, Bel-Japan. The
powder sample of ~40.0—-50.0 mg was packed in the sample
holder under Ar atmosphere in the glove box. The measure-
ments were carried out by heating the powder sample from
room temperature to 500 °C (5 °C/min) under Ar flow of 30 ml/
min, dwelling at 500 °C for 20 min, and cooling to room tem-
perature. The signal of hydrogen release was detected by
thermal conductivity detector (TCD). For quantitative ana-
lyses, calibration was done by flowing 5% H,/Ar (50 ml/min) to
the TCD and using Ar (30 ml/min) as a carrier gas. The corre-
lation between the hydrogen content and the peak area of TPD
signal produced a constant, named conversion factor (CF,
counts/mmol). In this work, average value of CF was obtained
from 10 pulses of 5% H,/Ar flow. The CF was used to calculate
the content of hydrogen released from each sample based on
the peak area of its TPD signal [24].

Differential scanning calorimetry (DSC) during dehydro-
genation of as-prepared and rehydrogenated samples were
done by using a Netzsch STA 449F3 Jupiter. The powder
sample of ~5.0—15.0 mg was heated from room temperature to
500 °C (5 °C/min) under an argon flow of 50 ml/min.

Dehydrogenation kinetics of hydride composites with and
without ACNFs was studied by using a laboratory scale setup
of a carefully calibrated Sievert—type apparatus [24—26]. The
powder sample of ~30.0—50.0 mg was packed in a high pres-
sure stainless steel sample holder (316SS, Swagelok) under Ar
atmosphere in the glove box, and transferred to the Sie-
vert—type apparatus. Two K-type thermocouples (—250 to
1300 °C, SL heater) were attached to the sample holder and to
the furnace for measuring the temperature changes during
de/rehydrogenation. Pressure transducers (C206, Cole Parmer)
in the pressure range of 0—500 and 0—3000 psig were used to
measure the pressure changes due to hydrogen desorption
and absorption, respectively. Thermocouples and pressure
transducers were connected to an AI210I module convertor

data logger (from Wisco), measuring and transferring (every
1 s) the pressure and temperature changes of the sample to
the computer. Dehydrogenation was done under vacuum by
heating the powder sample from room temperature to 400 °C
via a furnace controlled by a PID temperature controller. In the
case of rehydrogenation, the dehydrogenated sample was
pressurized under 80 bar H, (purity = 99.999%) at 400 °C for
12 h. Once the pressure reading was constant over a period of
time, the amount of hydrogen released was calculated by the
pressure change (AP) and the following equations:

(AP)V = nRT

H, desorbed (wt. %) = [(n x 2.0158)/sample weight] x 100

where P, V, and T are hydrogen pressure (atm), volume of the
system (L), and temperature (K), respectively, n is the number
of hydrogen moles (mol), and R 1is gas constant
(0.0821 L atm K~* mol™?).

Fourier transform infrared (FTIR) spectra were collected by
using a Bruker Tensor 27-Hyperion 2000. The powder sample
was ground with anhydrous KBr in a mortar under the weight
ratio of 10:1 (KBr:powder sample). The mixture was pressed
(10 tons) for 2 min to obtain KBr pellet. The KBr pellet con-
taining the sample was assembled in the sample holder
located in the direction of infrared radiation. The FTIR spectra
were collected at room temperature in the wavenumber range
of 4000—400 cm ' with 64 scans for both samples and
background.

X-ray photoelectron spectroscopy (XPS) was carried out at
the Siam Photon Laboratory, beamline 3.2a, Synchrotron Light
Research Institute, Ministry of Science and Technology,
Thailand. The powder samples were deposited on the sample
holders by using carbon glue tape in the glove box atmo-
sphere. Prior to the measurements, all samples were placed in
an ultrahigh vacuum chamber for approximately 6 h. The
photon energy of 480 eV was used to detect the signals of Mg
1p, Li 1s, and B 1s. Each element was investigated at a kinetic
energy step of 0.1 eV for 5 scans by using a CLAM2 analyzer
(Thermo VG Scientific). The multi spectrums were analyzed by
using a macro XPS MS Excel 2007 (Windows XP) software. The
curve fitting of XPS spectra was carried out by using a Magi-
cPlot program [26,27].

Results and discussion

To determine phases formed during ball milling, milled
samples of 2Li—Mg with and without ACNFs were character-
ized by PXD. From Fig. 1(a), milled 2Li—Mg reveals diffraction
patterns of «-LiBH, and B-MgH,, implying no decomposition of
LiBH4 and MgH, during milling. For milled samples of 2Li—Mg
doped with ACNFs (1, 5, 10, 20, and 30 wt. %), they show
characteristic peaks of «-LiBH; and B-MgH, as in case of
2Li—Mg together with slight signals of MgB, and LiH, hinting at
partial dehydrogenation of LiBH, and MgH, during ball milling
(Fig. 1(b—1)). Moreover, it should be noted that some of milled
samples with ACNFs (1, 5, and 10 wt. %) reveal diffraction
peaks of LiBH, and MgH, with shoulder at lower 20 values
(Fig. 1(b—d)). For example, shoulder peaks in PXD pattern of
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®pMgH, VMgB, xLiH

Fig. 1 — PXD spectra of as-prepared samples of 2Li—Mg (a),
2Li—Mg-1% (b), 2Li—Mg-5% (c), 2Li—Mg-10% (d), 2Li—Mg-20%
(e), and 2Li—Mg-30% (f).

2Li—Mg-1% are found adjacent with both LiBH, and MgH,
phases, while those of 2Li—Mg-5% and 2Li—Mg-10% are only
with MgH,. Shoulder peaks at lower 26 values in PXD spectra
correspond to enhancement of unit cell. In the case of 2Li—Mg-
20% and 2Li—Mg-30% (Fig. 1(e) and (f)), comparable patterns of
LiBH, and MgH, as in case of 2Li—Mg are obtained with no
shoulder peaks. In addition, 2Li—Mg-1%, 2Li—Mg-5%, and
2Li—Mg-10% show slightly broader PXD peaks of LiBH, and
MgH, as compared with 2Li—Mg, while those of 2Li—Mg-20%
and 2Li—Mg-30% doesn't show any changes. To study unit cell
parameters, the Le Bail structural refinement method with
TOPAS software was used. Due to the comparable PXD pat-
terns of 2Li—Mg-5% and 2Li—Mg-10% as well as those of
2Li—Mg-20% and 2Li—Mg-30%, only refinements of 2Li—Mg-
10% and 2Li—Mg-30% are revealed. Prior to refinement, char-
acteristic peak of sample holder (at 26 ~ 51°) was subtracted
(Fig. 2). Milled sample of 2Li—Mg shows characteristic peaks of
LiBH, and MgH, (Fig. 2(A)), corresponding to their unit cell
parameters shown in Table 1. For 2Li—Mg-1%, two different
phases of LiBH, and LiBH,* as well as MgH, and MgH," are
observed, while milled samples of 2Li—Mg-5% and 2Li—Mg-
10% reveal MgH, and MgH," together with single phase of
LiBH, (Fig. 2(B—C) and Table 1). Phases with asterisk in Fig. 2
and Table 1 represent the shoulder peaks at lower 26 values
(or bigger unit cell). In the case of 2Li—Mg-20% and 2Li—Mg-
30%, refinement results (Fig. 2(D)) and unit cell parameters
(Table 1) of LiBH, and MgH, are approaching to those of
2Li—Mg. Therefore, it can be marked that unit cell parameters
of hydride materials can be altered by doping with small
amount of ACNFs, i.e., 1-10 wt. %. It can be probably due to
the fact that at low contents (1-10 wt. %) good dispersion of
ACNFs in hydride phases is achieved. The latter could result in
improvement of hydrogen diffusion pathway and de/rehy-
drogenation kinetics. Moreover, the slightly broader PXD
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Fig. 2 — Le Bail structural refinements of as-prepared
samples of 2Li—Mg (A), 2Li—Mg-1% (B), 2Li—Mg-10% (C), and
2Li—Mg-30% (D).

peaks of LiBH, and/or MgH, detected in the milled samples
doped with 1-10 wt. % ACNFs are in agreement with the
enhancement of lattice strain and reduction of particle size.
Regarding the previous reports, doping of carbon materials
(e.g., graphite, carbon nanotube, and Cg) into hydrides pro-
vided not only reduction of particle size and enhancement of
surface area, but also introduction of many defects and
amorphization, favorable for diffusion process of hydrogen for
de/rehydrogenation of hydride materials [17,18]. For high
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Table 1 — Space group and unit cell parameters of phases containing in milled samples of 2Li—Mg with and without ACNFs.

Diffraction patterns of shoulder peaks at lower 20 values (bigger unit cell) are represented by asterisk.

Milled samples Phases Space group Unit cell parameters
a (A) b (A) c (A) Volume (A%)
2Li—Mg LiBH, Pnma 7.1846 4.4355 6.8185 217.3
MgH, P42/mnm 4.5300 4.5300 3.0281 62.1
2Li—-Mg-1% LiBH, Pnma 7.1736 4.4240 6.7763 215.1
LiBH4* Pnma 7.1981 4.4742 6.9042 222.4
MgH, P42/mnm 4.5070 4.5070 3.0188 61.3
MgH,* P42/mnm 4.5458 4.5458 3.0414 62.8
2Li—Mg-5% LiBH,4 Pnma 7.2036 4.4574 6.8198 219.0
MgH, P42/mnm 4.5269 4.5269 3.0292 62.1
MgH,* P42/mnm 4.5788 4.5788 3.0610 64.2
2Li—Mg-10% LiBH4 Pnma 7.1839 4.4342 6.7974 216.5
MgH, P42/mnm 4.5064 4.5064 3.0156 61.2
MgH,* P42/mnm 4.5345 4.5345 3.0316 62.3
2Li—Mg-20% LiBH, Pnma 7.1890 4.4420 6.8252 218.0
MgH, P42/mnm 4.5245 4.5245 3.0260 61.9
2Li—Mg-30% LiBH, Pnma 7.1844 4.4391 6.8188 217.5
MgH, P42/mnm 4.5266 4.5266 3.0281 62.0

content of ACNFs (20—30 wt. %), ACNFs don't affect both unit
cell parameters and particle size of hydride composite.
Furthermore, dehydrogenation profiles based on temper-
ature and hydrogen content released were determined by H,-
TPD technique. Based on the theory of thermal conductivity
detector (TCD) used in our TPD analyses, the temperature of
tungsten-rhenium TCD filament is kept constant. During the
experiment, due to thermal conductivity of flowing gases,
temperature of the filament is changed. The power supplied to
maintain the filament temperature refers to the gas content.
In this work, different thermal conductivity of pure carrier gas
(Ar) and carrier gas plus sample component, in accordance
with the power differences is measured and recorded as the
signal and content of the sample gas. Regarding high thermal
conductivity of hydrogen as compared with the carrier gas
(Ar), the signal of hydrogen is revealed as a negative peaks in
TPD thermogram [24,28]. According to dehydrogenation of
2LiBH,—MgH, composite (equation (1)), theoretical hydrogen
storage capacity of 11.4 wt. % is obtained. From Fig. 3, milled
sample of 2Li—Mg releases 8.0 wt. % H, (70% of theoretical
storage capacity) in two steps at 375—385 and 440 °C, corre-
sponding to dehydrogenation of MgH, and LiBH,, respectively
[4]. In the case of milled samples doped with ACNFs, two-step
dehydrogenation is also observed as in case of 2Li—Mg, but
considerable reduction of dehydrogenation temperatures are
obtained with increasing ACNFs content. For example, dehy-
drogenation temperatures of MgH, and LiBH, of 2Li—-Mg-1%
and 2Li-Mg-5% are detected in the ranges of 354—357 and
425-430 °C, respectively, while those of 2Li—Mg-10%, 2Li—Mg-
20%, and 2Li—Mg-30% further decrease to 312—336 and
384—425 °C, respectively (Fig. 3). Besides, onset dehydrogena-
tion temperature of 2Li—Mg decreases from about 325 to 275 °C
by doping with 30 wt. % ACNFs. Therefore, it should be
remarked that by doping ACNFs into 2Li—Mg reduction of
main dehydrogenation temperatures are up to AT = 63—73 and
56 °C for MgH, and LiBH,, respectively, and onset dehydro-
genation temperature is up to AT = 50 °C. In the case of
hydrogen content, 2Li—Mg-1% and 2Li—Mg-5% release 8.8 and
8.0 wt. %, respectively (78 and 74% of theoretical capacity,

Desorbed Hy (wt. %)
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Fig. 3 — H,-TPD thermograms during dehydrogenation of
as-prepared samples of 2Li—Mg with and without ACNFs.

respectively), while those of 2Li—Mg-10%, 2Li—Mg-20%, and
2Li—Mg-30% are 8.3, 7.3, and 6.6 wt. %, respectively (81, 80, and
83% of theoretical capacity, respectively) (Fig. 3). Thus, by
doping with ACNFs faster dehydrogenation kinetics is
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obtained, for example, in the same temperature range of room
temperature to 500 °C, 2Li—Mg liberates 70% of theoretical
hydrogen capacity, while milled samples doped with ACNFs
give up to 83% (2Li—Mg-30%). Improvement of kinetic prop-
erties and reduction of dehydrogenation temperature ob-
tained from milled samples doped with small amount of
ACNFs (1-10 wt. %) could be due to the effect of well dispersed
ACNFs in hydride matrices as previously discussed in PXD
results (Figs. 1 and 2). The latter induces many defects,
resulting in enhancement of hydrogen diffusion pathway
through hydride materials [17]. In addition, good thermal
conductivity of ACNFs as similar as other carbon materials
(e.g., carbon nanotube) is beneficial to heat transport during
de/rehydrogenation of hydride composite [17]. Also, it was
reported that hydrogen adsorption energy barrier decreased
with increasing curvatures of carbon materials, i.e., hydrogen
atoms could easily adsorb and diffuse on curved carbon sur-
faces, such as single wall carbon nanotube (SWCNT) and Ceo,
than on graphite [29]. For ACNFs, its fibrous structure probably
also provides positive effects based on hydrogen adsorption
and diffusion as in case of SWCNT and Cgo. For 2Li—Mg-20%,
and 2Li—Mg-30%, since no evidence based on changes of cell
parameters and particle size is observed in PXD results (Figs. 1
and 2), the performance of hydride material is developed
mainly by good thermal conductivity and probably curvature
of ACNFs. Thus, it should be noted that the improvement of
de/rehydrogenation performance of 2LiBH,—~MgH, composite
in this study is achieved from the nature of ACNFs, instead of
catalytic activity obtained from transition metal impurities as
in the previous reports [18,20]. Regarding reduction of dehy-
drogenation temperature and high hydrogen content releases,
2Li—Mg doped with 1, 10, and 30 wt. % ACNFs were taken into
account for further studies.

To determine the reaction steps during dehydrogenation at
different temperatures, milled samples of 2Li—Mg with and
without ACNFs were characterized by DSC technique. From
Fig. 4, all samples show o-to h-LiBH, transformation and
melting of h-LiBH, as two endothermic peaks at approximate
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Fig. 4 — DSC thermograms during dehydrogenation of as-
prepared samples of 2Li—Mg (a), 2Li—Mg-1% (b), 2Li—Mg-
10% (c), and 2Li—Mg-30% (d).

temperatures of 112—123 and 284—289 °C, respectively [4]. For
decompositions of MgH, and LiBH,, 2Li—Mg and 2Li-Mg-1%
reveal two-separated endothermic peaks at 367—441 and
361—440 °C, respectively. For 2Li—Mg-10% and 2Li—Mg-30%,
overlapping dehydrogenation peaks are observed in lower
temperature range of 337—436 and 318—412 °C, respectively.
This hints at reduction of dehydrogenation temperature of
2Li—Mg after doping with ACNFs, in accordance with TPD
thermograms (Fig. 3). Moreover, kinetic improvement during
dehydrogenation of 2Li—Mg doped with ACNFs was confirmed
by titration measurements at 400 °C under vacuum. Hydrogen
content released from 2Li—Mg is 6.2 wt. % H, within 9 h, while
those of 2Li—Mg-1%, 2Li—Mg-10%, and 2Li—Mg-30% are in the
range of 8.0—8.4 wt. % H, (Fig. 5), i.e., up to 35% of hydrogen
content of 2Li—Mg enhances under the same temperature,
pressure, and time conditions by doping with ACNFs.
Reaction mechanisms during de/rehydrogenation and
reversibility of 2Li—Mg with and without ACNFs were further
studied by PXD, FTIR, and XPS techniques. From Fig. 6(A),
dehydrogenated samples of 2Li—Mg with and without ACNFs
exhibits PXD patterns of Mg, MgB,, and LiH, suggesting
dehydrogenation of 2LiBH,—MgH, composite (equation (1)),
together with MgO from oxidation of Mg in ambient condition.
It should be noted that the higher the ACNFs content in
2Li—Mg, the broader the diffraction patterns of dehydro-
genated products (e.g., Mg and MgB,). This refers to increase of
amorphous degree and reduction of particle size, hinting at
better dispersion of ACNFs in the hydride matrices. Besides,
FTIR was carried out to identify boron (B)-containing phases in
the sample after dehydrogenation. From Fig. 6(B), all dehy-
drogenated samples show vibrational perks of B—H bonds,
corresponding to LiBH, (stretching and bending at 2389—-2228
and 1125 cm™', respectively) and [Bj,Hip]* of LiBioHip
(stretching at 2480 cm™) [30,31]. Regarding the appearance of
LiBH; in dehydrogenated samples, the inferior hydrogen
content desorbed from 2Li—Mg to theoretical storage capacity
(Fig. 5) can be explained by incomplete dehydrogenation,
while those of 2Li—Mg-1%, 2Li—Mg-10%, and 2Li—Mg-30% are
due to not only incomplete dehydrogenation, but also partial
decomposition during sample preparation as revealed as the
PXD patterns of LiH and MgB, (Fig. 1). However, characteristic
signal of LiBH, significantly decrease in dehydrogenated
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Fig. 5 — Dehydrogenation kinetics of as-prepared samples
of 2Li—Mg with and without ACNFs.
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Fig. 6 — PXD (A) and FTIR (B) spectra of dehydrogenated samples (T = 400 °C under vacuum) of 2Li—Mg (a), 2Li—Mg-1% (b),

2Li—Mg-10% (c), and 2Li—Mg-30% (d).

samples with increasing ACNFs content. The more the resid-
ual LiBHy, the less the effective dehydrogenation. Therefore, it
can be claimed that dehydrogenation performance of
2LiBH4—MgH, composite can be developed by doping with
ACNFs as revealed as TPD thermograms, titration results and
FTIR spectra (Figs. 3, 5 and 6(B)). Moreover, the formation of
Li,B1,H1,, referring to the other dehydrogenation pathway of
LiBH, according to equation (2) is observed [32].

Afterwards, all dehydrogenated samples with and without
ACNFs were further rehydrogenated at 400 °C under 80 bar H,
for 12 h. From Fig. 7(A) (a-b), milled samples of 2Li—Mg and
2Li—Mg-1% reveal diffraction peaks of LiBH4, MgH,, and un-
known phases, hinting at reversibility of LiBH, and MgH,, as

well as MgO and LiH from oxidation in ambient condition and
incomplete rehydrogenation, respectively. In the case of
2Li—Mg-10% and 2Li—Mg-30%, slight diffractions of MgH, are
observed together with those of MgO and unknown phases
(Fig. 7(A) (c-d)). The reversibility of LiBH, and the formation of
other B-containing phases after rehydrogenation are further
confirmed by FTIR technique. From Fig. 7(B), the vibrational
peaks of LiBH, (stretching and bending at 2387—2225 and
1126 cm ™, respectively) detected in FTIR spectra of all rehy-
drogenated samples lead to reversibility of LiBH,. Neverthe-
less, the appearance of Li,B1,H;, (stretching at 2484 cm™)
refers to incomplete rehydrogenation of LiBH,, in accordance
with the diffraction peaks of LiH found in PXD spectra
(Fig. 7(A)). Besides, since the formation of MgH, in rehydro-
genated samples of 2Li—Mg-10% and 2Li—Mg-30% is unclear
due to its weak diffraction pattern (Fig. 7(A) (c-d)), XPS

Intensity (a.u.)

(%) @ouepiwsues]

0 20 30 40 50 60
2009

U a-LiBH, ®B-MgH, XLiH @ MgO % Kapton tape

(A)

T llll T
2400 1200
Wavenumber (cm™)

1000

? unknown

)]

Fig. 7 — PXD (A) and FTIR (B) spectra of rehydrogenated samples (T = 400 °C and p(H,) = 80 bar for 12 h) of 2Li—Mg (a),

2Li—Mg-1% (b), 2Li—Mg-10% (c), and 2Li—Mg-30% (d).
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technique was further used to study the bonding state of Mg,
Li, and B. The reverences for standard chemicals can refer to
XPS database in Ref. [33]. From Fig. 8, the signal peak at
binding energy of 50.3 eV, corresponding to MgH, and/or MgO,
is detected in Mg 2p XPS spectrum of bulk MgH, [33,34].
Rehydrogenated samples of 2Li—Mg-10% and 2Li—Mg-30%
present the Mg 2p and Li 1s signal peaks at 49.5-49.6 and
55.4-55.6 eV, respectively, approaching to MgH, (and/or MgO)
and LiO,, respectively [26,33]. For B 1s XPS spectra, bulk LiBH,
shows the characteristic peaks at 188.1 and 192.8 eV, in
agreement with LiBH, and B,0s, respectively [33,34]. In the
case of rehydrogenated 2Li—Mg-10% and 2Li—Mg-30%, B 1s
XPS peak at about 188 eV represents LiBH,, while those at
189.4-191.7 eV refer to B,Oy (1.5 < x/y < 3) and B,03 [33]. The
signals of both MgH, and LiBH, found in Mg 2p and B 1s XPS
spectra, respectively, confirm the reversibility of 2Li—Mg-10%
and 2Li—Mg-30%. The oxides of Mg, Li, and B refer to the
oxidation of these elements in air during the experiments.
To further study the dehydrogenation in the next cycle,
rehydrogenated samples of 2Li—Mg with and without ACNFs
were characterized by DSC technique. All rehydrogenated
samples show o-to h-LiBH, transformation and melting of h-
LiBH, as two endothermic peaks at 114—118 and 257—-266 °C,
respectively (Fig. 9). For dehydrogenation, two-step reaction is
mainly observed from 2Li—-Mg and 2Li—-Mg-1% in the tem-
perature range of 369—381 and 417—435 °C, leading to the
decomposition of MgH, and LiBH,, respectively (Fig. 9(a) and
(b)). In the case of 2Li—Mg-10% and 2Li—Mg-30% (Fig. 9(c) and
(d)), decompositions of MgH, and LiBH, are overlapped,
resulting in almost single-step reaction, especially 2Li—Mg-
30%. Besides, dehydrogenation temperatures of MgH, and
LiBH, significantly decrease to 298—345 and 352—398 °C,
respectively. It should be noted that by doping with ACNFs
dehydrogenation temperature during the 2nd cycle can be
reduced up to AT = 83 °C. According to PXD results of 2Li—Mg-
10% and 2Li—Mg-30% after rehydrogenation (Fig. 7(A) (c-d)),
the diffraction patterns of LiBH, and MgH, cannot be clearly
detected, hinting at the enhancement of lattice strain and
reduction of particle size. This can be due to the better
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Fig. 8 — Mg 2p, Li 1s, and B 1s XPS spectra of bulk MgH, and

LiBH, as well as rehydrogenated samples (T = 400 °C and

p(H,) = 80 bar for 12 h) of 2Li—Mg-10% (a) and 2Li—Mg-30%
(b).

T
B 259 °C
i
°
£
=
£
o
0
o
118 °C 266 °C 381°C
435°
T T T T
100 200 300 400

Temperature (°C)

Fig. 9 — DSC thermograms of rehydrogenated samples
(T = 400 °C and p(H,) = 80 bar for 12 h) of 2Li—Mg (a),
2Li—Mg-1% (b), 2Li—Mg-10% (c), and 2Li—Mg-30% (d).

dispersion of ACNFs in the matrices of hydride composite
upon cycling. Good dispersion of ACNFs is favorable for not
only heat transfer for de/rehydrogeantion due to good thermal
conductivity of ACNFs, but also hydrogen diffusion channels.
This results in considerable reduction of dehydrogenation
temperature of milled samples doped with ACNFs as shown in
DSC thermograms of the sample after rehydrogenation
(Fig. 9). Moreover, no evidence based on chemical reaction
between ACNFs and hydride composite is found, thus, the
mentioned development is mainly obtained from physical
properties of ACNFs (e.g.,, fibrous structure, high thermal
conductivity, and good dispersion in hydride matrices).

Conclusions

Improvement of dehydrogenation kinetics of 2LiBH,—MgH,
composite by doping with activated carbon nanofibers
(ACNFs) for reversible hydrogen storage was proposed. ACNFs
was prepared from heat and basic (KOH) treatments of poly-
acrylonitrile (PAN)-based electrospun nanofibers. Due to heat
and KOH treatment, ACNFs had not only high porosity and
surface area, but also good thermal conductivity. At low
doping contents of ACNFs (1-10 wt. %) into milled
2LiBH4—MgH,, alteration of unit cell parameters and reduction
of particle size were observed, hinting at good dispersion of
ACNFs in hydride matrices. For higher ACNFs content
(20—30 wt. %), no signs of those changes were detected.
However, upon cycling better dispersion of ACNFs could be
obtained also from milled samples with high ANCFs contents.
It was found that reduction of dehydrogenation temperature
and faster kinetics were achieved with increase of ACNFs
content. For example, when milled 2LiBH,—MgH, was doped
with 30 wt. % ACNFs, dehydrogenation temperatures reduced
up to AT = 73 and 83 °C during the 1st and 2nd cycles,
respectively, and hydrogen content released during the 1st
cycle increased from 70 to 83% of theoretical hydrogen storage
capacity. Improvement of kinetic properties of hydride
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composite doped with ACNFs could be due to not only good
thermal conductivity of ACNFs beneficial to heat transport
during hydrogen exchange reaction, but also introduction of
many defects and reduction of particle size, enhancing
hydrogen diffusion pathway.
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ABSTRACT

Polyacrylonitrile (PAN)-based polymer fiber prepared from electrospinning technique is
carbonized and activated (with concentrated KOH solution) to obtain activated carbon
nanofiber (ACNF). ACNF is used in this work as a host material for nanocofinement of LiBH,
—LiAlH, composite via solution impregnation. Successful nanoconfinement and homoge-
neous distribution of hydride composite on ACNF are confirmed by N, adsorption-
desorption and SEM-EDS-mapping techniques, respectively. Nanoconfined LiBH,—LiAlH,
in ACNF performs almost single-step decomposition whereas that of milled sample is
clearly two-step reaction. Onset dehydrogenation temperature of LiAlH, from nano-
confined and milled samples is comparable at 100 °C, while that of LiBH, obtained from
nanoconfined sample is up to 80 °C lower than that of milled sample. In addition, signifi-
cant reduction in main dehydrogenation temperature, especially of LiBH, in nanoconfined
LiBH,—LiAlH, as compared with milled LiBH,—LiAlH, (AT = up to 94 °C) and with pristine
LiBH,4 (AT = up to 149 °C) is achieved. Hydrogen contents released and reproduced in the 1st
and 2nd dehydrogenations of nanoconfined LiBH,—LiAlH, are 30 and 63% superior to those
of milled sample. Reversibility of LiBH,, LiAlH4, and/or LisAlHg was accomplished from
nanoconfined LiBH;—LiAlH, under mild temperature and pressure condition (T = 320 °C
and P(H,) = 80 bar) as compared with other LiBH,—LiAlH, (or Al) systems.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

two-step decomposition of LiBH, based on equations (1) and
(2) are found at ~400—500 and up to 720 °C, respectively [9—-11].

Complex hydrides of lithium cation (Li*), e.g., lithium boro-
hydride (LiBHy) and lithium aluminium hydride (LiAlH,), are of
interest as materials for solid-state hydrogen storages due to
their high theoretical hydrogen storage capacities of 18.5
and 10.6 wt.% H,, respectively [1-8|. By heating LiBH, under an
inert atmosphere of argon, orthorhombic (o-LiBH,) to hexag-
onal (h-LiBH4) phase transformation and melting of h-LiBH,
are detected at 117 and 289 °C, respectively. After melting,

* Corresponding author.

E-mail address: rapee.g@sut.ac.th (R. Utke).
http://dx.doi.org/10.1016/j.ijjhydene.2015.04.021

LiBH, — LiH + B + 3/2H, (13.8 wt.% H,) 1)

LiH — Li + 1/2H, (4.7 wt.% Hy) ©)

Since the second step decomposition of LiBH, (equation (2))
requires very high temperature, only the first step (equation

0360-3199/Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.



7084

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 40 (2015) 7083—7092

(1)) is considered for practical use of LiBH, as onboard
hydrogen storage material. The reverse reaction of equation
(1) was observed at 600 °C under 150—350 bar H, [1,12,13]. For
LiAlH,, it decomposes into LisAlHg, Al, and H, at about ~160 °C
and Li3AlHg further liberates H, and produces LiH and Al at
210 °C (equations (3) and (4)) [8,14,15]. Hydrogen content ob-
tained from dehydrogenation of LiH is also neglected as in
case of LiBH, due to its high thermal stability, thus, practical
storage capacity of LiAlH, is 7.9 wt.% H..

3LiAIH, — LizAlHg + 2Al + 3H, (5.3 wt.% H)) 3)

Li3AlH6 — 3LiH + Al + 3/2H2 (2‘6 wt.% Hz) (4)

To induce rehydrogenation of LizAlHs — LiAlH,4, consider-
able high hydrogen pressure of more than 1000 bar above
room temperature is required. Thus, reversibility of Li;AlHg to
LiAlH, is thermodynamically impossible in moderate tem-
perature and pressure condition [8].

Outstanding approaches to destabilize these two metal
complex hydrides are reactive hydride composites (RHCs) and
catalytic doping. Composite of LiBH,—LiAlH, un-doped and
doped with titanium (Ti)-based catalysts (TiFs, TiO,, and TiCly)
were reported [9,16—19]. It was found that milled
LiBH4—LiAlH, liberated hydrogen into two steps, where LiAlH,
and LiBH, decomposed separately, in the temperature ranges
of about 118—210 and 300—600 °C [16,17,19]. By doping 5 mol%
of TiF; and TiO, into 2LiBH,—LiAlH, composite, onset dehy-
drogenation temperature of LiAlH, decreased by 64 and 27 °C,
respectively, whereas that of LiBH, remained approximately
as high as bulk LiBH,;. The formations of AlB, and LiAl,
observed after dehydrogenation (T = 600 °C) of 2LiBH,—LiAlH,
doped with 5 mol% TiF, improved reversibility of LiBHy,
however, reverse reactions of equations (3) and (4) to produce
Li3ALHg and LiAlH, were impossible even at 600 °C under
40 bar H, [17]. In the case of 3—4 mol% TiCl; doped into
2LiBH,—LiAlH,, although TiCl; catalyzed the decomposition of
LiAlH,; during milling, highly dispersed Al through LiBH,
phase was obtained, resulting in enhancement of reversibility
[9,18]. Recently, Hansen et al. [20] showed that dehydrogena-
tion (T = 400 °C and P(H,) = 10~2 bar) of 2LiBH,—3Al composite
gave LiAl and LizAl; 4B,. Due to the formation of the latter
phases, reversibility of LiBH, could be achieved under rela-
tively mild physical condition (T = 400 °C and P(H,) = 100 bar)
as compared with bulk LiBH,. Furthermore, Soru et al. [19]
reported that during dehydrogenation (T = 400 °C under
1 bar Ar) of LiBH,—LiAlH, composite, molten LiBH, reacted
with Al particles, obtained from the decomposition of LiAlH,
and LizAlHg, to produce Li—Al-B—H phase instead of AlB, as in
the previous systems.

Moreover, nanoconfinement is the other prominent strat-
egy to improve the performance of hydride materials by
increasing surface area and grain boundaries of the reactants,
shortening hydrogen diffusion distances, and preserving di-
mensions of nanosized hydrides during cycling. LiBH, nano-
confined into several hosts, such as carbon aerogel scaffold
[21-23], poly(methyl methacrylate) [24,25], activated carbon
nanofiber [26], via both direct melt infiltration and solution

impregnation have been proposed. Moreover, various RHCs of
LiBH, with other hydrides nanoconfined into carbon aerogel
scaffold (e.g, LiBH4;—MgH, [27-31], LiBH4,—NaAlH, [32],
LiBH;—Mg(BH,), [33,34], and 2LiBH,—LiAlH, [35]) have been
remarkably of interest. Nanoconfinement of both LiBH, and its
RHCs provided significant improvement in dehydrogenation
kinetics, suppression of toxic diborane (B,Hg) gas release, and
mild temperature and pressure conditions for rehydrogena-
tion as compared with bulk materials. Nevertheless, these
nanoconfined samples especially in carbon aerogel scaffold
still could not fulfill the requirement of practical uses as on-
board hydrogen storage due to their high operating pressure
and temperature for de-/rehydrogenation. For example,
nanoconfined 2LiBH;—MgH, could be decomposed with
reasonable kinetics at 425—450 °C under 3—4 bar H, and suc-
cessfully rehydrogenated at 390—425 °C under 100—130 bar H,
[27,28], while nanoconfined 2LiBH,—LiAlH, required T = 500 °C
and P(H,) = 100 bar for rehydrogenation [35].

Recently, we reported nanoconfinement of LiBH, in a new
host material of activated carbon nanofiber (ACNF), prepared
by carbonization and activation (with concentrated potassium
hydroxide solution, KOH) of electrospun polyacrylonitrile
(PAN)-based polymer fiber [26,36]. As compared with bulk
LiBH,4, nanoconfined LiBH,4 in ACNF revealed not only signifi-
cant reduction in onset dehydrogenation temperature
(AT = 128 °C), but also milder rehydrogenation condition
(AT = 250 °C and AP(H,) = 270 bar). In the present work, ACNF
is first time used as host material for RHC of LiBH;—LiAlH,.
Synergetic effects of nanoconfinement in ACNF and catalysis
of Al (from LiAlH,) are expected to improve the hydrogen
sorption performance of this RHC.

Experimental details
Sample preparation

Polyacrylonitrile (PAN)-based activated carbon nanofiber was
prepared by electrospinning technique, carbonization, and
chemical activation by KOH solution based on the previous
report [36]. PAN (M,, = 150,000 g/mol, Sigma-Aldrich) was
dissolved in N, N-dimetylformamide (DMF, Carlo Erba Re-
agents) to prepare 10 wt.% PAN precursor solution for elec-
trospinning. After gentle stirring at room temperature for 12 h,
PAN solution was loaded into a 10 ml polypropylene syringe
equipped with a stainless steel needle connected to the anode
of a DC power supply. Electrospinning was carried out at 35 °C
and at a voltage of 7 kV. A tip-to-collector distance and a flow
rate were 15 cm and 0.5 ml/h, respectively. A grounded
stainless steel roll wrapped with aluminium foil was
employed as a collector. The obtained PAN-based nanofibers
were stabilized in air at 280 °C for 90 min and carbonized
under N, atmosphere at 1000 °C for 1 h to obtain carbonized
nanofiber (CNF).

Activation of CNF was done by using KOH solution as a
chemical reagent. CNF was immersed in concentrated KOH
solution (30% w/v) at 80 °C for 2 h and dried at room temper-
ature for 24 h. KOH-treated CNF was activated by heating to
800 °C (heating rate 5 °C/min) under N, atmosphere, dwelling
at 800 °C for 45 min, and cooling to room temperature to obtain
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activated carbon nanofiber, denoted as ACNF. To neutralize
residual KOH, ACNF was immersed in 0.5 M hydrochloric acid
for 30 min at room temperature. ACNF was filtered and washed
with distillated water until the pH of filtrated reached pH 6. The
final ACNF was dried at 120 °C for 24 h.

Prior to confinement of LiBH,—LiAlH, via solution impreg-
nation, ACNF was treated at 500 °C under vacuum for 6 h.
LiBH,—LiAlH, composite solution under 1:1 (LiBH,:LiAlH,)
molar ratio was prepared by mixing 1.19 ml of LiBH, solution
(2 M in tetrahydrofuran (THF), Sigma Aldrich) with 2.38 ml of
LiAlH, (1 M in diethyl ether, Sigma Aldrich) under an argon
(Ar) atmosphere in the glove box. To prepare nanoconfined
sample under 1:1 weight ratio of ACNF:LiBH,—LiAlH, com-
posite, 0.1430 g of treated ACNF was soaked with LiBH,—LiAlH,
hydride solution. Solvents (THF and diethyl ether) were
evaporated at room temperature in the glove box for 7 days.
Diethyl ether was completely removed, however, trace of THF
was still found in the sample. Thus, treatment at 320 °C under
vacuum for 5 h and at 320 °C under 80 bar H, for 20 h was
performed to obtain nanoconfined LiBH,—LiAlH, in ACNF,
denoted as nano LiBH,—LiAlH,—ACNF. For comparison, the
powder samples of LiBH, and LiAlH, were milled under 1:1
(LiBH4:LiAlH,4) molar ratio by using a SPEX SamplePrep 8000D
DUAL Mixer/Mill. Milling time and ball-to-powder weight ratio
were 5 h and 15:1, respectively.

Characterizations

Milled LiBH4—LiAlH, and nano LiBH,—LiAlH,—ACNF were
characterized by Fourier transform infrared spectroscopy
(FTIR) using a Bruker Tensor 27-Hyperion 2000. The powder
sample was ground with anhydrous KBr in the mortar under a
weight ratio of approximately 10:1 (KBr:powder sample). The
mixture was pressed under 15 tons for 1 min to obtain KBr
pellet. The KBr pellet containing the sample was assembled in
the sample holder located in the direction of infrared radia-
tion. The FTIR spectra were collected at room temperature in
the wavenumber range of 4000—400 cm ' with 64 scans for
both samples and background.

Texture parameters based on surface area, pore size, and
pore volume of ACNF and nano LiBH,;—LiAlH,—ACNF were
determined by N, adsorption-desorption technique using a
BELSORP-mini II surface area and pore size analyzer, Bel-
Japan. Prior to the measurements, a known amount of ACNF
and nano LiBH;—LiAlH,~ACNF was degassed under vacuum
for 12 h at 200 °C and room temperature, respectively. All
samples were studied with a full adsorption and desorption
isotherm in the pressure range of 0—1 p/po at liquid nitrogen
temperature with nitrogen gas as an adsorbent. The mea-
surement was programed to continuously change the pres-
sure ratio to 1 for adsorption, and to O for desorption. Data
were analyzed by t-plot method [37,38], the Brunner Emmet
Teller (BET) method [39], and the Barret Joyner Halenda (BJH)
method [40], and the highest point of the isotherm measure-
ments (where p/po ~ 1) was used to calculate the total volume
of the sample.

Scanning electron microscopy was performed by using
an Auriga from Zeiss, Germany. ACNF and nano
LiBH,—LiAlH,—ACNF were deposited on the sample holders by
using double-side adhesive conductive copper (Cu) tape. Due

to the electrical conductivity of ACNF, coating of electron
conductive elements (e.g., Au, Pd, or Pt) was not necessary,
resulting in the exposure of the native morphology of ACNF
and nano LiBH;—LiAlH;—ACNF. An energy dispersive X-ray
spectroscopy (EDS) and elemental mapping analyses were
managed by an apparatus from EDAX Inc., USA. Smart SEM
and EDS Genesis programs were used for morphological
studies and elemental analyses, respectively.

Dehydrogenation profiles of reference samples (pristine
LiBH, and LiAlH,), milled LiBH,—LiAlH,, and nano
LiBH,—LiAIH,—ACNF were carried out by temperature pro-
grammed desorption (TPD) technique using a Chemisorption
Analyzer, BelCatB, Bel-Japan. The powder sample of ~50.0 mg
was packed in the sample holder under Ar atmosphere in the
glove box. The measurements were carried out by heating the
powder sample from room temperature to 500 °C (5 °C/min)
under Ar flow of 30 ml/min, dwelling at 500 °C for 20 min, and
cooling to room temperature. The signal of hydrogen release
was detected by thermal conductivity detector (TCD). For
quantitative analyses, calibration was done by flowing 5% H,/
Ar (50 ml/min) to the TCD and using Ar (30 ml/min) as a carrier
gas. The correlation between the hydrogen content and the
peak area of TPD signal produced a constant named conver-
sion factor (CF, counts/mmol). In this work, average value of
CF was obtained from 10 pulses of 5% H,/Ar flow. The CF was
further used to calculate the content of hydrogen released
from each sample based on the peak area of its TPD signal.

Dehydrogenation kinetics and reversibility of milled
LiBH,—LiAlH, and nano LiBH,—LiAlH,—ACNF were studied by
using a laboratory scale setup of a carefully calibrated Sievert-
type apparatus [24,25]. The powder sample of ~30—50 mg was
packed in a high pressure stainless steel sample holder (316SS,
Swagelok) under Ar atmosphere in the glove box, and trans-
ferred to the Sievert-type apparatus. Two K-type thermocou-
ples (—250 to 1300 °C, SL heater) were attached to the sample
holder and to the furnace for measuring the temperature
changes during de-/rehydrogenation. Pressure transducers
(C206, Cole Parmer) in the pressure range of 0—500 and 0—3000
psig were used to measure the pressure changes due to
hydrogen desorption and absorption, respectively. Thermo-
couples and pressure transducers were connected to an AI210I
module convertor data logger (from Wisco), measuring and
transferring (every 1 s) the pressure and temperature changes
of the sample to the computer. Dehydrogenation was done
under vacuum by heating the powder sample from room
temperature to 320 °C via a furnace controlled by a PID tem-
perature controller. In the case of rehydrogenation, the
dehydrogenated sample was pressurized under 80 bar H,
(purity = 99.999%) at 320 °C for 20 h. Once the pressure reading
was constant over a period of time, the amount of hydrogen
released was calculated by the pressure change (AP) and the
following equations:

(AP)V = nRT ®)

H, desorbed (wt.%) = [(n x 2.0158)/sample weight] x 100 (6)

where P, V, and T are hydrogen pressure (atm), volume of
the system (L), and temperature (K), respectively, n is the
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number of hydrogen moles (mol), and R is gas constant
(0.0821 L atm K~* mol ™).

Powder X-ray diffraction (PXD) of milled LiBH,—LiAlH, and
nano LiBH,—LiAlH,—ACNF was performed by using a Bruker
D2 PHASER with a Cu K, radiation (A = 0.15406 nm). To protect
the powder sample from oxygen and humidity, it was packed
in an airtight sample holder, covered by either poly(methyl
methacrylate) (PMMA) dome or Kapton tape, under Ar atmo-
sphere in the glove box. The diffraction patterns were
collected in the 26 range of 10—80° with the scanning step of
0.02°/s.

Solid-state *'B and “Li MAS NMR spectra were recorded on
a Bruker ASCEND™ 500 spectrometer. All solid-state MAS
NMR experiments were performed using a BL4 VTN probe for
4 mm outer diameter rotors. The powder sample was tightly
packed in a zirconia end-capped tube in the glove box, and
solid-state MAS NMR measurements were carried out at 302 K.
All experiments employed a spinning speed of 10 kHz. The
number of scans for solid-state *'B and Li MAS NMR were
2000 and 5000, respectively. Solid-state B and “Li MAS NMR
experiments were carried out with the excitation pulse
lengths of 5.0 and 5.5 ps, respectively, and their relaxation
delay were 5.0 and 3.0 s, respectively. The scanning width of
B and ’Li MAS NMR were in the ranges of 250 to —250 and 995
to —610 ppm, respectively. The B and ’Li chemical shifts
were detected in part per million (ppm) relative to boric acid
(H,BOs) and LiBHy, respectively.

Results and discussion

To confirm the structure of ACNF, the removal of all solvents
(THF and diethyl ether), and the presence of LiBH,, ACNF and
nano LiBH,—LiAlH,—ACNF were characterized by FTIR tech-
nique. From Fig. 1(a), ACNF reveals vibrational peak of C=C

1128

Transmittance (%)

1625

T T T T
2000 1500 1000 500

Wavenumber (cm™)

T
2500

T
3000

Fig. 1 — FTIR spectrum of ACNF (a), milled LiBH,—LiAlH, (b),
nanoconfined LiBH;—LiAlH, after drying in the glove box at
room temperature for 7 days (c), as-prepared (d) and
dehydrogenated (e) powder samples of nano
LiBH,—LiAIH,—ACNF.

stretching in aromatic ring (sp? hybridized C=C) at 1625 cm?,
approaching to the literature of other polymer-based carbon
nanofibers [41,42]. Regarding to sp? hybridization of carbon
atoms, electrical conductivity of ACNF is obtained. This re-
sults in the exposure of its native morphology in SEM images
(Fig. 2) since coating with electron-conductive elements is not
necessary. Milled LiBH;—LiAlH, shows vibrational peaks of
B—H stretching and bending of LiBH, at 2388—2222 and
1128 cm ™}, respectively, together with a characteristic peak of
O—H bond at 1640 cm ! due to air and/or moisture contami-
nation (Fig. 1(b)) [25]. Regarding nanoconfined sample, after
solution impregnation and drying at room temperature in the
glove box for 7 days, Fig. 1(c) reveals all characteristic peaks of
B—H and O—H bonds as in case of milled LiBH4—LiAlH, as well
as those of C—H stretching in the range of 2924—2855 cm ™7,
corresponding to the existence of THF, organic solvent of
LiBH, solution. In the case of diethyl ether (solvent of LiAlH,
solution), its complete evaporation after drying in the glove
box for 7 days was confirmed by mass spectroscopy (MS) re-
sults, not shown here. By treatment at 320 °C under vacuum
for 5 h and at 320 °C under 80 bar H, for 20 h, FTIR spectrum of
as-prepared sample of nano LiBH,—LiAlH,—~ACNF exhibits
stretching and bending vibrations of B—H bond from LiBH,4
without the signals of C—H bond, suggesting successful
removal of THF (Fig. 1(d)). After dehydrogenation at 320 °C
under vacuum (Fig. 1(e)), slight stretching and bending vibra-
tions of B—H bond lead to incomplete dehydrogenation of
LiBH,, probably referring to partial LiBH, not nanoconfined in
ACNF.

Afterwards, successful nanoconfinement of LiBH,—LiAlH,
hydride composite in porous structure of ACNF was confirmed
by N, adsorption-desorption experiments. Table 1 reveals
surface area, pore size, and pore volume of ACNF used in this
work of 994.5 m%g, 2.8 nm, and 0.71 cc/g, respectively. For
nano LiBH;—LiAlH,—ACNF, remarkable reduction of surface
area and pore volume to 0.08 m?/g and 0.00 cc/g, respectively,
are detected, hinting at successful nanoconfinement of
LiBH,4—LiAlH, composite into ACNF (Table 1). Macropores
(Dmax = 1666 nm) observed in nano LiBH,—LiAlH;—ACNF can
be assigned to the interstitial cavities between the woven
carbon fibers as reported previously [26]. Furthermore,
morphological studies and elemental analyses of nano
LiBH,—LiAlH,—ACNF was determined by SEM-EDS-elemental
mapping techniques. From Fig. 2(A) and (B), regular fibrous
structure of ACNF with approximate diameter of 1.3 pm is
found in nano LiBH,—LiAIH,—ACNF. By carbon (C)-, boron (B)-,
and aluminium (Al)-mapping, homogeneous distributions of B
and Al from LiBH, and LiAlH,, respectively, all over ACNF are
obtained (Fig. 2(C), (D), and (E)). Besides, EDS result shows
significant signals of B, C, Al, oxygen (O), and Cu from LiBHy,
ACNF, LiAlH,, partial oxidation of LiBH, and LiAlH,, and Cu
adhesive tape, respectively (Fig. 2(F)).

Dehydrogenation profiles and hydrogen content released
from standard samples (pristine LiBH, and LiAlH,), milled
LiBH,—LiAlH,4, and nano LiBH,—LiAlH,—ACNF were studied by
TPD technique. Based on the theory of thermal conductivity
detector (TCD) used in our TPD analyses, the temperature of
tungsten—rhenium TCD filament is kept constant. During the
experiment, due to thermal conductivity of flowing gases,
temperature of the filament is changed. The power supplied to
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Fig. 2 — SEM images (A and B), elemental mapping of carbon (C), boron (D), and Al (E), and EDS result (F) of as-prepared
sample of nano LiBH,;—LiAlH,;—ACNF.

maintain the filament temperature refers to the gas content.
In this work, different thermal conductivity of pure carrier gas
(Ar) and carrier gas plus sample component, in accordance

with the power differences are measured and recorded as the
Table 1 — Texture parameters of ACNF and nano signal and content of the sample gas. Regarding high thermal
LiBH,—LiAlH,—ACNF. - . .

conductivity of hydrogen as compared with the carrier gas

Samples Seer  Vmicro Vmeso Dmax Vot (Ar), the signal of hydrogen is revealed as a negative peaks in

(m*/g) (cc/g) (cc/g) (nm) (cc/g) TPD thermogram [43]. From Fig. 3(A) and (B), pristine LiAlH,
ACNF 9945  0.24 047 2.8 071 and LiBH, perform approximately two steps of dehydrogena-
Nano 0.08 000  0.00 1666  0.00 tion in the temperature ranges of 150—300 and 300—500 °C,

L~ —Ha T respectively, together with 6.8 and 10.0 wt.% H,, respectively,
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Fig. 3 — TPD thermograms and its related hydrogen content
of pristine LiAlH, (A), pristine LiBH, (B), and milled
LiBH,—LiAlIH, (C).

in agreement with previous reports [9,44,45]. For milled
LiBH4—LiAlH,, separately two-step decomposition of LiAlH,
and LiBH, in the ranges of 100—200 and 300—500 °C releases
totally 8.7 wt.% H, (Fig. 3(C)), approaching to the previous work
of Soru et al. [19]. With respect to theoretical hydrogen storage
capacity of LiBH,—LiAlH, composite of 10.12 wt.% based on
equation (7) [19], 86% of theoretical value is obtained from
milled LiBH,—LiAlH,.

LiBH, + LiAlH, — 1/2A1B, + 2LiH + 1/2Al + 3H, @)

Onset dehydrogenation temperature of LiAlH, reduces by
~50 °C after milling with LiBH,4, while that of LiBH, is compa-
rable to bulk material, in agreement with the previous works
of LiBH,—LiAlH, [18,19]. It was reported that by compositing
LiBH, with Al or LiAlH,, although reduction of onset dehy-
drogenation temperature of LiBH, was not achieved, revers-
ibility of LiBH4 was improved due to the formation of AlB,
instead of amorphous boron (a-B) [17,18].

In the case of nano LiBH;—LiAlH,—ACNTF, several TPD ex-
periments were carried out and two different pathways of
hydrogen release are observed (Fig. 4), hinting at inhomoge-
neous nanoconfinement of LiBH,—LiAlH, composite in ACNF.
Since ACNF is very light and bulky, the solution of mixed
LiBH,—LiAlH, hydride cannot probably well disperse all over
ACNF. According to equation (3) and the weight ratio of
ACNF:LiBH,—LiAlH, composite (1:1) used during sample
preparation, theoretical hydrogen storage capacity of nano
LiBH,—LiAlH,—ACNF is calculated to be 5.06 wt.% H,. From
Fig. 4, onset and main dehydrogenation temperatures of the
1st TPD thermogram are at 220 and 302 °C, respectively, while
those of the 2nd experiment are at 100 and 344 °C, respec-
tively. Some hydrogen signals found at elevated temperatures
of 400 and 390 °C (the 1st and 2nd thermograms, respectively)
can be referred probably to incomplete nanoconfinement of
LiBH, in ACNF, in accordance with residual of LiBH, observed
in FTIR spectrum after dehydrogenation (Fig. 1(e)). Hydrogen
contents released during the 1st and 2nd TPD experiments are
4.2 and 4.8 wt.%, respectively, corresponding to 83 and 95% of
theoretical capacity, respectively. In the low temperature
range (100—200 °C) of TPD results, hydrogen signal is not
detected in the 1st thermogram and only slight content is
found in the 2nd one (Fig. 4), suggesting partial dehydroge-
nation of LiAlH, during nanoconfinement further confirmed
by PXD and solid state NMR. This results in deficient hydrogen
storage capacity of nano LiBH,—LiAlH,—ACNF with respect to
theoretical value. However, it should be remarked that onset
and main dehydrogenation temperatures of LiBH, in nano
LiBH,—LiAIH,~ACNF (the 1st TPD thermogram in Fig. 4)

T e T T T T T T
110
418 T
= o
S @
> 16 8
e 4
g 2
£ 143
N
12
Pt Jo
T T T T T T T T
100 200 300 400 500

Temperature (°C)

— H, TPD signal —O— H, content desorbed

Fig. 4 — TPD thermograms and its related hydrogen content
of nano LiBH,;—LiAlH,—ACNF.
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considerably reduce as compared with milled LiBH,—LiAlH,
(AT = up to 80 and 94 °C, respectively) and with pristine LiBHy
(AT = up to 80 and 149 °C, respectively). In addition, synergetic
effects of nanoconfinement and catalyst of Al (from LiAlH,) on
dehydrogenation performance of LiBH, are observed. For
example, onset and main dehydrogenation temperatures of
nanoconfined LiBH, in ACNF are at 272 and 357 °C, respec-
tively [26], while those of nano LiBH,—LiAlH,—ACNF are at 220
and 302 (or 344) °C, respectively. Besides, it should be
remarked that nano LiBH,—LiAlH,—ACNF performs almost
single-step dehydrogenation (Fig. 4).

Further studies based on dehydrogenation kinetics and
reversibility of nano LiBH,—LiAIH,—ACNF and milled
LiBH,—LiAlH, were carried out by titration measurements.
Dehydrogenation of both nanoconfined and milled samples
was achieved by heating known amount of powder sample
from room temperature to 320 °C under vacuum and keeping
under isothermal and isobaric condition till constant pres-
sure, while rehydrogenation was performed under 320 °C
under 80 bar H, for 20 h. During the 1st dehydrogenation,
milled LiBH,—LiAlH, begins to liberate hydrogen at about
100 °C, approaching to onset dehydrogenation temperature
observed in TPD result (Fig. 3(C)) together with 6.1 wt.% H, (i.e.,
60% of theoretical hydrogen capacity) (Fig. 5). For the 2nd
cycle, only 1.24 wt.% H,, in agreement with 12% of theoretical
hydrogen capacity is obtained. Considerably deficient
hydrogen content reproduced in the 2nd cycle can be due to
the formation of stable phases (e.g., metallic Al and a-B) after
the 1st dehydrogenation, resulting in incomplete rehy-
drogeantion in the next cycle [17-19]. For nano
LiBH,—LiAIH,—ACNF, the 1st and 2nd dehydrogenations
liberate 4.57 and 3.79 wt.% H,, respectively (90 and 75% of
theoretical hydrogen capacity, respectively), while those of
the 3rd and 4th cycles are comparable of about 3.0 wt.% H,
(59% of theoretical hydrogen capacity) (Fig. 5). Onset dehy-
drogenation temperature of all cycles of nano
LiBH,—LiAlH,—ACNF are found at about 60 °C, approaching to
that obtained from TPD results (the 2nd thermogram in Fig. 4).
It should be remarked that via nanoconfinement of
LiBH,—LiAlH, hydride composite into ACNF, improvement of

— milled LiAIH,-LiBH, nano LiBH -LiAIH,-ACNF

7 350
Temperature

1= 6.10 wt.% 4 300
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Fig. 5 — Dehydrogenation kinetics of milled LiBH,—LiAlH,
and nano LiBH,;—LiAlH,—ACNF.

dehydrogenation kinetics and reversibility are achieved, for
instance, nano LiBH,—LiAlH,—ACNTF releases hydrogen up to
30 and 63% more than milled sample during the 1st and 2nd
cycles, respectively.

Reaction mechanisms during de-/rehydrogenation of nano
LiBH,—LiAlH,—ACNF were studied by PXD and solid state MAS
NMR. From Fig. 6(a), milled LiBH,—LiAlH, reveals diffraction
peaks of LiBH, and LiAlH,, suggesting no signs of dehydroge-
nation and reaction between these two complex hydrides
during milling. For as-prepared sample of nano
LiBH,—LiAIH,—ACNF, characteristic pattern of Al (or LiH) and
LiOH from partial dehydrogenation of LiAlH, and the reaction
between Li-containing phases and humidity during the mea-
surements, respectively, are observed together with unknown
phase (Fig. 6(b)). Partial dehydrogenation of LiAlH, detected in
as-prepared sample of nano LiBH;—LiAIH,—ACNF is in agree-
ment with deficient hydrogen content released found TPD
thermograms and during the 1st dehydrogenation in titration
results (Figs. 4 and 5, respectively). Regarding FTIR spectrum
of as-prepared sample (Fig. 1(d)), because B—H stretching and
bending vibrations of LiBH, are detected, the disappearance of
LiBH, diffraction in PXD spectrum of as-prepared sample
(Fig. 6(b)) can be explained by its higher amorphous degree due
to nanoconfinement in ACNF. For dehydrogenated and rehy-
drogenated samples, although their PXD patterns are similar
to that of as-prepared sample, it should be noted that the
relative amount of Al decreases as compared with that of as-
prepared sample (Fig. 6(c) and (d)). The latter refers to the
formation of other Al-containing phases during cycling,
further characterized by solid state NMR technique.

From Fig. 7, B MAS NMR spectrum of bulk LiBH, and
milled LiBH,—LiAlH, show a typical resonance of BH,~ group
centered at —41.7 ppm, approaching to the previous studies
[19,32,46]. For as-prepared powder sample of nano
LiBH,—LiAlH,—ACNF, the resonance of LiBH, splits into two

¢LiBH, «LiAlH, ®LiOH
VAI/LiH ? unknown

% PMMA dome
or Kapton tape

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (°)
Fig. 6 — PXD spectrum of milled LiBH,—LiAlH, (a), as-

prepared (b), dehydrogenated (c), and rehydrogenated (d)
samples of nano LiBH,—LiAlH;—ACNF.
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peaks, i.e., sharp and broad peaks at —38.2 and —42.7 ppm,
respectively (Fig. 7). The sharp resonance of LiBH, at
—38.2 ppm could be attributed to highly mobile BH;~ species
due to nanoconfinement in nanoporous hosts as previous
reports [47,48]. For the resonance of LiBH, at —42.7 ppm, with
respect to the bulk LiBH, a small decrease in chemical shift of
~1-2 ppm and an increase in line broadening are explained by
large anisotropic magnetic susceptibility of carbon materials
(ACNF in our studies), corresponding to other nanoconfined
hydrides in carbon hosts [35,48,49]. In addition, as-prepared
sample of nano LiBH,—LiAlH,—ACNF reveals broad and over-
lapped resonances in the range of 40 to —30 ppm, in accor-
dance with amorphous boron (a-B) and Li—Al-B (and/or
Li—Al-B—H) as in the previous work of nanoconfined
2LiBH4—NaAlH; and milled samples of LiBH,—LiAlH, and
LiBH4—Al [19,20,32]. The formations of a-B and Li—Al-B (and/
or Li—Al-B—H) suggests partial dehydrogenation of LiBH, and
LiAlH, during nanoconfinement into ACNF, in agreement with
deficient hydrogen content released during the 1st cycle as
compared with theoretical capacity (Figs. 4 and 5). After
dehydrogenation at 320 °C under vacuum, LiBH, resonances
centered at —38.2 and —42.7 ppm decrease together with in-
crease of those from a-B and Li—Al-B (and/or Li—Al-B—H)
phases, suggesting successful dehydrogenation of nano
LiBH,—LiAlH,—ACNF under this temperature and pressure
condition (Fig. 7). However, the residual LiBH, observed hints
at incomplete dehydrogenation, corresponding to small
vibrational peaks of B—H stretching and bending of dehydro-
genated sample (Fig. 1(e)) and inferior hydrogen content des-
orbed (Figs. 4 and 5). In the case of rehydrogenated sample of
nano LiBH,—LiAlH,—ACNF, LiBH,; content, enhancing rela-
tively to those of a-B and Li—Al-B (and/or Li—Al-B—H)

-—

a-B and Li-Al-B -42.7
(and/or Li-Al-B-H) _3g.2

Rehydrogenated

Dehydrogenated

As-prepared

*

-41.7 . . .
A milled LiBH -LiAIH

4

j‘\ *
A LiBH,
* A *
A ' N
50 0 -50 -100

5 ("'B) (ppm)

Fig. 7 — Solid state 'B MAS NMR spectrum of pristine
LiBH,, milled LiBH,—LiAlH,, as-prepared, dehydrogenated,
and rehydrogenated samples of nano LiBH,—LiAlH,—ACNF.
The spinning sidebands are marked by asterisks.

confirms reversibility of LiBH, after rehydrogenation at 320 °C
under 80 bar H, for 20 h. Also, it should be noted that char-
acteristic peak of LiBH, in rehydrogenated sample is broader
as compared with that of as-prepared sample, probably
referring to further nanoconfinement of LiBH, into ACNF upon
cycling (Fig. 7).

Furthermore, “Li MAS NMR was carried out to determine
the evolution of LiAlH, in nano LiBH;—LiAlH4;—ACNF during
de-/rehydrogenation. From Fig. 8, bulk LiAlH, reveals a broad
resonance centered at —1 ppm together with a shoulder at
about —0.2 ppm, suggesting the existence of LiAlH, and/or
LizAlHg [50] and LiH [32,50], respectively. The latter phases
found in ’Li MAS NMR spectrum of bulk LiAlH, refer to its
partial dehydrogenation. For milled LiAlH,—LiBH,4, a single
resonance of LiAlH, is observed [32,46]. In the case of as-
prepared sample of nano LiBH,—LiAlH,—ACNF, the charac-
teristic resonance of LiAlH, and/or LisAlHg is found together
with the small shoulder of LiH resonance, hinting partial
dehydrogenation of LiAlH, during nanoconfinement. After
dehydrogenation, the formation of LiH is observed, while the
sample after rehydrogeantion reveals the reversibility of
LiAlH, and/or Li;AlH, together with LiH (Fig. 8). Regarding ''B
and ’Li MAS NMR of rehydrogenated sample (Figs. 7 and 8),
presences of a-B, Li—Al-B (and/or Li—Al-B—H) and LiH refer to
incomplete reversibility of LiAlH, and LiBH,, resulting in
deficient hydrogen content liberated during the 2nd dehy-
drogenation (Fig. 5). It was reported that after rehydrogenation
(at 600 °C under 40 bar H,) of milled LiAlH,—LiBH, doped with
5 mol% TiFs, only LiBH, was reversible, but neither LiAlH, nor
Li3AlHg was regained [17]. Therefore, it should be remarked
that via nanoconfinement of LiAlH,—LiBH, composite in

LiAIH, and/or Li,AlH,

4

T T T T T T T T T 1
60 40 20 0 -20 -40 -60
8 ("Li) (ppm)
Fig. 8 — Solid state “Li MAS NMR spectrum of pristine
LiAlH,, milled LiBH,—LiAlH,, as-prepared,
dehydrogenated, and rehydrogenated samples of nano

LiBH;—LiAlH;—ACNF. The spinning sidebands are marked
by asterisks.
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ACNF, reversibility of LiBH,, LiAlH, and/or Li;AlH¢ are
accomplished at 320 °C under 80 bar H,.

Conclusions

Nanoconfinement of LiBH,—LiAlH, composite into activated
carbon nanofiber (ACNF) by solution impregnation technique,
denoted as nano LiBH;—LiAlH,—ACNTF for reversible hydrogen
storage was proposed. ACNF was obtained from carbonization
and KOH activation of electrospun polyacrylonitrile (PAN)-
based nanofibers. Successful nanoconfinement and homoge-
neous dispersion of hydride composite in ACNF was confirmed.
Significant reduction of onset and main dehydrogenation
temperatures of LiBH; in nano LiBH,—LiAlH,—ACNF as
compared with milled LiBH4—LiAlH, (AT = up to 80 and 94 °C,
respectively) and with pristine LiBH, (AT = up to 80 and 149 °C,
respectively) was achieved. Regarding synergetic effects of
nanoconfinement and catalyst of Al (from LiAlH,) in nano
LiBH,—LiAlH,—ACNF, up to 52 and 55 °C for onset and main
dehydrogenation temperatures of LiBH, decreased with respect
to nanoconfined LiBH, in ACNF. Hydrogen contents released
and reproduced during the 1st and 2nd cycles (T = 320 °C under
vacuum) of nano LiBH,—LiAlH,—ACNF were up to 90 and 75% of
theoretical hydrogen capacity, respectively, while those of
milled sample were only 60 and 12%, respectively. Reversibility
of LiBH,, LiAlH,, and/or LizAlHg was accomplished from nano
LiBH,—LiAlH,—ACNF under mild temperature and pressure
condition (T = 320 °C and P(H,) = 80 bar) as compared with other
LiBH,—LiAlH, (or Al) systems.
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ABSTRACT

New host material of activated carbon nanofiber (ACNF) prepared from carbonization and
KOH activation of polyacrylonitrile (PAN)—based fibers is proposed for nanocofinement of
LiBH,. Nanocofinement and homogeneous distribution of LiBH, in ACNF are confirmed.
Remarkable reduction of onset and main dehydrogenation temperatures of LiBH, (AT = 128
and 118 °C, respectively) is obtained together with suppression of B,Hg release during
dehydrogenation. Inferior hydrogen content released during cycling from nanoconfined
LiBH,4 in ACNF at 350 °C under vacuum is due to partially unconfined LiBH, and formation
of stable Li,B;,H;, phase. However, nanoconfined LiBH, in ACNF desorbs and preserves
(after three release and uptake cycles) up to 11.7 and 10.1 wt.% H, with respect to LiBH,
content, respectively. Also, LiBH, can be rehydrogenated at significantly milder condition
after nanoconfinement in ACNF, that is, AT = 250 °C and Ap(H,) = 270 bar with respect to
bulk LiBHy. It could be claimed that not only positive influence of nanoconfinement as well
known and frequently reported, but also catalytic effect and good thermal conductivity of

Nanoconfinement ACNF itself can probably synergistically favors hydrogen sorption kinetics of LiBH,.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.
" cycling, but also shorten diffusion distance for hydrogen and
Introduction

increase surface area, leading to faster de/rehydrogenation
rates. Gross et al. [10] reported that nanoconfined LiBH, in

Lithium borohydride (LiBH4) has been one of the most prom-
ising materials for solid—state hydrogen storage due to its
high gravimetric and volumetric hydrogen densities of
18.5 wt.% and 121 kg Hy/m?, respectively [1-9]. However, its
high thermal stability results in severe de/rehydrogenation
condition, i.e., the main dehydrogenation starts above 380 °C
and only half of hydrogen is obtained below 600 °C [4], while
rehydrogenation can be achieved at 600 °C under 350 bar H,
[3,5]. One of the most outstanding approaches to destabilize
LiBH, is confinement into nanoporous host materials, which
not only constrains particle agglomeration of LiBH, during

* Corresponding author.

E-mail address: rapee.g@sut.ac.th (R. Utke).
http://dx.doi.org/10.1016/j.ijjhydene.2015.01.144

carbon aerogel scaffold (13 nm pore size) not only improved
dehydrogenation rate (up to 50 times faster than bulk material
at 300 °C), but also decreased dehydrogenation temperature
(AT = 75 °C) and enhanced cycling capacity up to 32%. After-
wards, via confinement of LiBH, in highly ordered nanoporous
carbon with hexagonally packed 2 nm diameter columnar
pores, significant reduction of onset dehydrogenation tem-
perature (AT = 240 °C) with respect to bulk LiBH,; and sup-
pression of toxic diborane (B,Hg) release were achieved [11].
Recently, synergistic effects of nanoconfinement in carbon
aerogel scaffold and nanocatalysts (e.g., NbFs and CoNiB) on

0360-3199/Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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reversible hydrogen storage performance of LiBH, were re-
ported [12,13]. LiBH, nanoconfined in carbon aerogel loaded
with NbFs showed remarkable reductions of onset tempera-
ture and activation energy for hydrogen desorption with
respect to bulk LiBH, (AT (onset) = 225 °C and AE, = 91.6 kJ/
mol, respectively) as well as mild condition for rehydrogena-
tion (T = 200 °C, p(H,) = 60 bar) [12]. In the case of nano-
confined LiBH,; in CoNiB—loaded carbon aerogel, up to
15.9 wt.% H, released at temperature below 600 °C together
with excellent desorption kinetics, for example, at 350 °C,
9.33 wt.% H, was obtained within 30 min. Also, onset and
main dehydrogenation temperatures lowered to 192 and
320 °C, respectively (i.e., AT = 98 and 112 °C, respectively, as
compared with bulk LiBHy) [13].

Besides nanoporous carbon aerogel scaffold, other host
materials of ordered mesoporous silica (SBA-—15) [14,15],
mesoporous TiO, [16], carbon nanotubes [17], CuS hollow
nanospheres [17], and polymer host [18,19] have been used for
nanoconfinement of LiBH,. Ngene et al. [14] reported that
confined LiBH, in nanoporous silica of SBA—15 by melt infil-
tration enhanced hydrogen desorption properties together
with low onset desorption temperature at 150 °C. Afterwards,
by loading 33 wt.% LiBH, into SBA—15 by incipient wetness
impregnation, onset and main decompositions at very low
temperatures of 45 and ~92 °C, respectively, and fast dehy-
drogenation kinetics at 105 °C (8.5 wt.% H, with respect to
LiBH4 content within 10 min) were achieved [15]. However,
upon dehydrogenation, SiO, and decomposition products of
LiBH, reacted to form Li,SiOs and LisSiOy, resulting in irre-
versible hydrogen loss [14,15]. Furthermore, LiBH, incorpo-
rated into mesoporous TiO, scaffold via chemical
impregnation showed onset and main hydrogen release at 220
and 330 °C, respectively, as well as fast dehydrogenation ki-
netics at 300 °C (11 wt.% H, with respect to LiBH, content
within 3 h) [16]. However, undesired reaction between TiO,
and LiBH4 to form LiTiO, and Li,TiOs, resulting in loss of
reactive element for reversibility was found during cycling.
For nanoconfined samples of LiBH, in carbon nanotubes and
CusS hollow nanospheres, they released hydrogen from room
temperature and at temperatures considerably below that of
bulk LiBH,. However, oxidation of LiBH, by oxygen-
—containing group on the surface of carbon nanotubes was
observed, leading to decrease in hydrogen storage capacity
during cycling, whereas capacity of LiBH, confined in CuS
hollow nanospheses was maintained due to no undesirable
reaction between LiBH,; and CuS [17]. Recently, our group
proposed new host material of poly(methyl methacrylate)—
co—butyl methacrylate (PMMA—-co—BM) for LiBH; nano-
confinement [18]. Due to hydrophobic properties of polymer
matrix, deterioration of LiBH4 by oxygen and humidity was
avoided, resulting in simple handling in ambient condition. It
was found that although the interaction between LiBH, and
ester group of PMMA—co—BM yielded significantly destabili-
zation of LiBH, based on lower onset and main dehydroge-
nation temperatures (~80 and 105 °C, respectively) as well as
milder conditions for dehydrogenation (T = 120 °C under
vacuum) and rehydrogenation (T = 140 °C under 50 bar H,),
reduction of hydrogen content released and reproduced due to
loss of B was obtained. Moreover, partial thermal degradation
of PMMA—co—BM polymer host was detected during cycling.

To solve these problems, multi-wall carbon nanotube
(MWCNT) and NaAlH, were doped into nanoconfined
LiBH4;—PMMA—co—BM [19]. It was found that NaAlH, consid-
erably improved thermal stability of PMMA—co—BM host and
reduced LiBH,/PMMA-—co—BM interaction, leading to superior
hydrogen content desorbed during cycling, whereas effects of
MWCNT was not really significant.

In the present work, we would like to present our new host
material of activated carbon nanofiber (ACNF) for nano-
confinement of LiBH,4. Polyacrylonitrile (PAN)—based fibers
prepared by electrospinning technique are carbonized under
inert atmosphere and activated with concentrated potassium
hydroxide (KOH) solution to obtain ACNF with high porosity
and large surface area [20]. Successful nanoconfinement of
LiBH,4 in ACNF and morphological studies are determined by
N, adsorption—desorption and scanning electron microscopy
(SEM)—energy dispersive X-ray spectroscopy (EDS)—
elemental mapping, respectively. Dehydrogenation tempera-
ture and kinetics of nanoconfined LiBH, in ACNF are investi-
gated by simultaneous differential scanning calorimetry
(DSC)—mass spectrometry (MS) and titration measurements.
Reaction mechanisms and phases formed during de/rehy-
drogenation are studied by Fourier transform infrared spec-
troscopy (FTIR).

Experimental details
Sample preparation

Polyacrylonitrile (PAN)—based activated carbon nanofiber was
prepared by electrospinning technique, carbonization, and
chemical activation by KOH solution based on the previous
report [20]. PAN (My, = 150,000 g/mol, Sigma—Aldrich) was
dissolved in N, N—dimetylformamide (DMF, Carlo Erba Re-
agents) to prepare 10 wt.% PAN precursor solution for elec-
trospinning. After gentle stirring at room temperature for 12 h,
PAN solution was loaded into a 10 ml polypropylene syringe
equipped with a stainless steel needle connected to the anode
of a DC power supply. Electrospinning was carried out at 35 °C
and at a voltage of 7 kV. A tip—to—collector distance and a flow
rate of 15 cm and 0.5 ml/h, respectively, were used. A groun-
ded stainless steel roll wrapped with alluminium foil was
employed as a collector. The obtained PAN—based nanofibers
were stabilized in air at 280 °C for 90 min and carbonized
under N, atmosphere at 1000 °C for 1 h to obtain carbonized
nanofiber (CNF).

Activation of CNF was done by using KOH solution as a
chemical reagent. CNF was immersed in concentrated KOH
solution (30% w/v) at 80 °C for 2 h and dried at room temper-
ature for 24 h. KOH—treated CNF was activated by heating to
800 °C (heating rate 5 °C/min) under N, atmosphere, dwelling
at 800 °C for 45 min, and cooling to room temperature to
obtain activated carbon nanofiber (ACNF). To neutralize re-
sidual KOH, ACNF was immersed in 0.5 M hydrochloric acid
for 30 min at room temperature. ACNF was filtered and
washed with distillated water until the pH of filtrated reached
pH 6. The final ACNF was dried at 120 °C for 24 h.

Prior to confinement of LiBH,, ACNF was treated at 500 °C
under vacuum for 6 h. 0.0200 g of treated ACNF was soaked
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with 0.50 ml lithium borohydride solution (2 M in tetrahy-
drofuran (THF), Sigma Aldrich) under an argon atmosphere in
the glove box. THF was evaporated at room temperature in the
glove box for 3 days and at 60 °C under vacuum for 3 h,
however, trace of THF was till found in the sample. Thus,
treatment at 350 °C under vacuum for 5 h and at 350 °C under
80 bar H, for 12 h was further performed to obtain nano-
confined LiBH, in ACNF, denoted as nano LiBH,—ACNF.

Characterizations

Texture parameters based on surface area, pore size, and pore
volume of ACNF and nano LiBH;—ACNF were determined by
N, adsorption—desorption technique using a BELSORP—mini II
surface area and pore size analyzer, Bel-Japan. Prior to the
measurements, a known amount of ACNF and nano
LiBH,—ACNF was degassed under vacuum for 12 h at 200 °C
and room temperature, respectively. All samples were studied
with a full adsorption and desorption isotherm in the pressure
range of 0—1 p/po atliquid nitrogen temperature with nitrogen
gas as an adsorbent. The measurement was programed to
continuously change the pressure ratio to 1 for adsorption,
and to 0 for desorption. Data were analyzed by t—plot method
[21,22], the Brunner Emmet Teller (BET) method [23], and the
Barret Joyner Halenda (BJH) method [24], and the highest point
of the isotherm measurements (where p/po ~ 1) was used to
calculate the total volume of the sample.

Scanning electron microscopy was performed by using an
Auriga from Zeiss, Germany. ACNF and nano LiBH;—ACNF
were deposited on the sample holders by using silver glue (in
n—butyl acetate) and the evaporation of n—butyl acetate was
done in the glove box at room temperature for 2 h. Due to the
electrical conductivity of ACNF, coating of electron conductive
elements (e.g., Au, Pd, or Pt) was not necessary, which the
native morphology of ACNF and nano LiBH,—ACNF was
clearly seen. An energy dispersive X—ray spectroscopy (EDS)
and elemental mapping were managed by an apparatus from
EDAX Inc., USA. Smart SEM and EDS Genesis programs were
used for morphological studies and elemental analyses,
respectively.

Differential scanning calorimetry (DSC) during dehydro-
genation of bulk LiBH, and nano LiBH,—ACNF were carried out
by using a Netzsch STA 449F3 Jupiter. The powder sample of
~5—15 mg was heated from room temperature to 500 °C (5 °C/
min) under an argon flow of 50 ml/min. The relative compo-
sitions of hydrogen (H,), diborane (B,H¢), and THF in the
exhaust gas during dehydrogenation were continuously
determined by mass spectrometry (MS) technique using a
Netzsch QMS 403C mass spectrometer.

As—prepared, dehydrogenated, and rehydrogenated pow-
der samples of nano LiBH;—ACNF were characterized by
Fourier transform infrared spectroscopy (FTIR) using a Bruker
Tensor 27—Hyperion 2000. The powder sample was ground
with anhydrous KBr in the mortar under a weight ratio of
approximately 10:1 (KBr:powder sample). The mixture was
pressed under 15 tons for 1 min to obtain KBr pellet. The KBr
pellet containing the sample was assembled in the sample
holder located in the direction of infrared radiation. The FTIR
spectra were collected at room temperature in the wave-
number range of 4000-400 cm ' with 64 scans for both

samples and background. Quantitative analysis from FTIR
spectra was done by curve fitting technique using a Magic Plot
program [19].

Dehydrogenation kinetics and reversibility of bulk LiBH,
and nano LiBH;—ACNF were studied by using a laboratory
scale setup of a carefully calibrated Sievert—type apparatus
[18,19]. The powder sample of ~50—100 mg was packed in a
high pressure stainless steel sample holder (316SS, Swagelok)
under argon atmosphere in the glove box, and transferred to
the Sievert—type apparatus. Two K—type thermocouples
(—250—-1300 °C, SL heater) were attached to the sample holder
and to the furnace for measuring the temperature changes
during de/rehydrogenation. Pressure transducers (C206, Cole
Parmer) in the pressure range of 0—500 and 0—3000 psig were
used to measure the pressure changes due to hydrogen
desorption and absorption, respectively. Thermocouples and
pressure transducers were connected to an AI210I module
convertor data logger (from Wisco), measuring and trans-
ferring (every 1 s) the pressure and temperature changes of
the sample to the computer. Dehydrogenation was done
under vacuum by heating the powder sample from room
temperature to 350 °C via a furnace controlled by a PID
temperature controller. In the case of rehydrogenation, the
dehydrogenated sample was pressurized under 80 bar H,
(purity = 99.999%) at 350 °C for 12 h. Once the pressure
reading was constant over a period of time, the amount of
hydrogen released was calculated by the pressure change
(AP) and the following equations:

(AP)V = nRT 1)

H, desorbed (wt.%) = [(n x 2.0158)/sample weight] x 100 (2)

where P, V, and T are hydrogen pressure (atm), volume of
the system (L), and temperature (K), respectively, n is the
number of hydrogen moles (mol), and R is gas constant
(0.0821 L atm K~ ' mol ™).

Results and discussion

To confirm successful nanoconfinement of LiBH, into ACNF,
N, adsorption—desorption experiments were carried out.
Table 1 shows surface area, pore size, and pore volume of
ACNF used in this work of 994.5 m?/g, 2.8 nm, and 0.71 cc/g,
respectively. For nano LiBH,—ACNF, significant reduction in
surface area and pore volume (to 1.2 m?%g and 0.05 cc/g,
respectively) with respect to ACNF is obtained, suggesting
successful confinement of LiBH, into nanoporous structure of
ACNF (Table 1). The macropores of ACNF detected after

Table 1 — Texture parameters of ACNF and nano
LiBH,—ACNF.

Samples SBET Vmicro Vmeso Dmax Vtot
(m%g) (cc/g) (cc/g) (nm) (cc/g)

ACNF 994.5 0.24 0.47 2.8 0.71

Nano LiBH;—ACNF 1.2 0.00 0.05 155.0 0.05
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nanoconfinement (Dp,ax = 155.0 nm) can probably refer to the
interstitial cavities between the woven carbon fibers. More-
over, morphology and elemental analyses of ACNF and nano
LiBH;—ACNF were studied by SEM—EDS—mapping technique.
Fig. 1(A) shows regular size and shape of fibers in the woven
ACNF together with approximate diameter of 650 nm. With
higher magnification (Fig. 1(B)), very fine porosity all over
ACNF surface is revealed, in accordance with its small pore
size and high surface area reported in N, adsorp-
tion—desorption results (Table 1). After nanoconfinement of
LiBH,, the fibrous structure of ACNF still remains (Fig. 1(C))
and by carbon (C)— and boron (B)—mapping (Fig. 1(D) and (E)),
good distribution of B from LiBH, all over ACNF is observed. In
addition, EDS results confirm the presences of B, C, and oxy-
gen (O) from LiBH,4, ACNF, and partial oxidation of LiBH, in the
experimental environment, respectively (Fig. 1(F)).

1um

Mag =10 kX WD =5.5 mm EHT=10.00 kV

Electron Image 1

1pm

©

™ 1
(E)

B-mapping

Furthermore, dehydrogenation profiles of bulk LiBH, and
nano LiBH,—ACNF were characterized by simultaneous
DSC—MS technique. From Fig. 2(A), endothermic peaks at 121
and 291 °C correspond to o— to h—LiBH, phase transformation
and melting of h—LiBH,, respectively. For dehydrogenation,
bulk LiBH, liberates hydrogen slightly during melting and
mainly in the range of 400—500 °C, which onset and main
dehydrogenations are at 400 and 475 °C, respectively (H, signal
from MS plot). With respect to MS signals of exhaust gases
during dehydrogenation of bulk LiBH,4, not only hydrogen (H,)
release is detected, but also diborane (B,Hg) gas is found in the
long temperature range of 200—475 °C. The formation of B,He
is not only poisonous to fuel cell, but also the loss of boron
from the system detrimentally affecting the capacity. In the
case of nano LiBH;—ACNF, o— to h-LiBH, phase trans-
formation and melting of h—LiBH, are observed at lower

100 nm

Mag =100 kX WD =5.5 mm EHT=10.00 kV

C-mapping
[¢]
0.4 0.5 0.6 0.7]
keV

(F)

Fig. 1 — SEM images of ACNF (A) and (B) (at low and high magnification, respectively) as well as SEM image (C), elemental
mapping of carbon (D) and boron (E), and EDS results (F) of nano LiBH;—ACNF.
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Fig. 2 — Simultaneous DSC—MS results of bulk LiBH, (A)
and nano LiBH;—ACNF (B).

temperatures than those of bulk material, i.e., at 110 and
274 °C, respectively, suggesting nanoconfinement of LiBH, in
nanoporous structure of ACNF as in case of other nano-
confined samples of LiBH, and 2LiBH,—MgH, composite into
carbon aerogel scaffold [10,25]. The intensity of endothermic
peak relating to melting of h—LiBH, (at 274 °C) of nano
LiBH,—ACNF significantly decreases as compared with bulk
material, hinting at enhancement of amorphous degree of
LiBH4 due to nanoconfinement. In the temperature range of
272—440 °C, onset and main dehydrogenations of nano
LiBH,—ACNF are found at 272 and 357 °C, respectively. It
should be noted that via nanoconfinement in ACNF, signifi-
cant reduction of onset and main dehydrogenation tempera-
tures as compared with bulk LiBH, are up to AT = 128 and
118 °C, respectively. However, it seems that partial LiBH, does
not confined in ACNF as revealed as an endothermic peak and
its related H, signal (MS plot) at elevated temperature of
416 °C, which is in the temperature range of hydrogen
desorption of bulk LiBH,. For B,Hs and THF, their signals are
not observed during dehydrogenation, suggesting positive
effects of nanoconfinement on suppression of B,Hg release
and successful removal of THF during sample preparation,
respectively.

Afterwards, phases formed in as—prepared, dehydro-
genated, and rehydrogenated powder samples of nano
LiBH,—ACNF were determined by FTIR techniques. From

Fig. 3, bulk LiBH, reveals vibrational peaks of B—H stretching
and bending at 2388—2226 and 1126 cm ™, respectively, as well
as characteristic peak of O—H bond due to air and/or moisture
contamination during experiment at 1630 cm™' [18]. For
as—prepared powder sample of nano LiBH;—ACNF, not only
characteristic peaks of B—H (both stretching and bending vi-
brations) and O—H bonds are observed as in case of bulk LiBHy,
but also that of [B;,Hy,]?~ from Li,B;,Hy, at 2482 cm™* (Fig. 3)
[26]. The formation of Li,B;,H;, refers to partial dehydroge-
nation of LiBH, according to equation (3) [27] during sample
preparation.

LiBHs — 5/6LiH + 1/12 Li;B1,H1, + 13/12H; —
LiH + B + 3/2H, (3)

After dehydrogenation (T = 350 °C under vacuum) and
rehydrogenation (T = 350 °C under 80 bar H, for 12 h), all
characteristic peaks corresponding to LiBH,4, Li,Bi,Hi,, and
O—H are observed as in case of as—prepared sample (Fig. 3).
The signal of LiBH, found in FTIR spectrum of dehydrogenated
sample hints at incomplete dehydrogenation of nano
LiBH,—ACNF, resulting in deficient hydrogen content released
during the 1st dehydrogenation further revealed and dis-
cussed in Fig. 5. This probably belongs to unconfined LiBHy,
dehydrogenating at elevated temperature of 416 °C (simulta-
neous DSC—MS results in Fig. 2(B)). For the rehydrogenated
sample, the signal of LiBH, can be either from incomplete
dehydrogenation or rehydrogenation, further clarified by
quantitative FTIR analyses.

To determine reasonably theoretical hydrogen storage ca-
pacity of nano LiBH;—ACNF and to confirm successful de/
rehydrogenation, relative amounts of Li,Bj,H;, to LiBH, of
as—prepared, dehydrogenated, and rehydrogenated samples
were determined. It was reported that two—step reaction
regarding equation (3), corresponding to decompositions of
LiBH, and Li,B,H;, was obtained at elevated temperature of
425 and 550 °C, respectively [27,28]. Therefore, Li;BioHis

Rehydrogenated

Dehydrogenated

Absorbance

As-prepared

Bulk LiBH,

2500 2000 1500

Wavenumber (cm™)

3000 1000

Fig. 3 — FITR spectra of bulk LiBH,; and as—prepared,
dehydrogenated, and rehydrogenated samples of nano
LiBH,—ACNF.
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formed during sample preparation of nano LiBH,—ACNF was
assumed to be very stable and its decomposition to release H,
at 350 °C (dehydrogenation temperature in this work) is hardly
achieved. To obtain the reliably theoretical hydrogen storage
capacity, the exact amount of LiBH, left after sample prepa-
ration of nano LiBH;—ACNF should be calculated. Since the
peak area of IR absorption is proportional to the concentra-
tion, relative amount of Li,B;,H;, with respect to LiBH, can be
quantitatively calculated from the ratio of their peak area,
corresponding to IR absorption [19]. In this work, the peak area
of [BiHy)>~ and [BH,~ vibrations (at 2482 and
2388-2226 cm ™, respectively) of all powder samples of nano
LiBH,—ACNF (Fig. 3) is determined by curve fitting technique
using the Magic Plot program. From Fig. 4, all curve fitting
results of FTIR spectra reveal goodness of fit due to high R?
value of up to 0.99. The peak area of [By,H;,]>~ and [BH,] ™ vi-
brations as well as the ratio of their peak area calculated from
Fig. 4 are summarized in Table 2. From Table 2, the content of
LiBH, in as—prepared sample is approximately twice as high
as Li,B1,H1, based on relative amount of Li,B;,H;,/LiBH, = 0.5.
With respect to equation (3), stoichiometry, and molecular
mass of LiBH, and Li,B1,H, (22 and 158 g/mol, respectively),
for example, 1.0 g of LiBH, produces theoretically 0.6 g of
Li,B1,Hq,. Thus, based on relative amount of Li,B;,H45/LiBH,
(0.5), the exact content of LiBH, in as—prepared sample is
(06 g x 2) = 1.2 g from the total amount of LiBH,; of
(1.0 + 1.2) = 2.2 g. Because 0.0200 g of ACNF and 0.0220 g of
LiBH, (from 0.5 ml of 2.0 M LiBH,4 in THF solution) were used
for sample preparation, nano LiBH;—ACNF contained
52.38 wt.% of LiBH,. Therefore, the accurate amount of LiBH,
in as—prepared sample is calculated to (52.38 wt.%) x (1.2/
2.2) = 28.57 wt.%. When dehydrogenation of Li,B;,H;, during
sample preparation is neglected due to its high thermal sta-
bility, theoretical hydrogen storage capacity based on com-
plete dehydrogenation of LiBH, (13.6 wt.% H)) is calculated to

2388-2226 cm™'

Rehydrogenated r 1
2482 cm™ ,
- _ - R*=0.9932
Q
o
g Dehydrogenated
£
g \
R? = 0.9906
g l-_-¢/
As-prepared
,/ R? = 0.9909
Il A L A L A 1 A Il
2600 2500 2400 2300 2200 2100

Wavenumber (cm™)

Fig. 4 — Curve fitting of [B,,H;,]°~ and [BH,] vibrations of
prepared, dehydrogenated, and rehydrogenated samples
of nano LiBH;—ACNF.

Table 2 — Peak area of [By,H;,]>~ and [BH,4]~ vibrations

obtained from curve fitting of FTIR spectra and the ratio of
[B12H12)> /[BH4]~ peak area.

Nano LiBH,;— Peak area of IR absorption Ratio of
ACNF = - Bi,Hy,*"
samples [B1zHyo)” [BFL [ 1[123H12]]7 /
p (2482 cm™Y)  (2388-2226 4
emY) peak area
As—prepared 8.40 15.07 0.5
Dehydrogenated 10.61 10.52 1
Rehydrogenated 17.26 74.13 0.25

be 3.89 wt.% H, for as—prepared sample of nano LiBH;—ACNF.
In the case of dehydrogenated sample, nano LiBH,—ACNF
shows comparable amount of Li,Bi,Hj, and LiBH, (relative
amount of Li,B1,H;»/LiBHy = 1) (Table 2), suggesting dehy-
drogenation of LiBH, to form Li,B1,H;, based on equation (3).
After rehydrogenation, considerably enhancement of LiBHy
with respect to dehydrogenated sample is obtained as shown
as relative amount of Li,B;,H;,/LiBH; = 0.25. This hints at
reversibility of LiBH, after rehydrogenation at 350 °C under
80 bar H, for 12 h.

Afterwards, dehydrogenation kinetics and reversibility of
bulk LiBH, and nano LiBH,—ACNF were investigated by titra-
tion measurements. From Fig. 5, bulk LiBH, starts to release
gases under vacuum at about 256 °C during the 1st cycle, in
accordance with onset temperature of B,Hg release (MS signal
in Fig. 2(A)). Regarding simultaneous DSC—MS results of bulk
LiBH, (Fig. 2(A)), at ~350 °C (dehydrogenation temperature in
this work) considerable signal of B,Hg is detected, thus, 1.66
and 1.38 wt.% of gases desorbed during the 1st and 2nd cycles,
respectively, refers to the combination of mainly B,Hs and
slightly H,. It can be mentioned that bulk LiBH,4 not only re-
quires elevated temperature to liberate hydrogen, but also
considerable amount of B,Hg is achieved upon dehydrogena-
tion at 350 °C under vacuum. In the case of nano LiBH,—ACNF,
based on simultaneous DSC—MS results (Fig. 2(B)) there is only
hydrogen liberating during decomposition. In the 1st dehy-
drogenation, nano LiBH,—ACNF begins to releases hydrogen
significantly at about 246 °C (Fig. 5), approaching to onset
dehydrogenation temperature observed by H,—MS result

3.5 Temp;eratur:s‘ 1350

3.01 2 1300
— 3rd
X 254
e 4250 3
2 3
> 2.0 4 S
@ 1=t 4200 §
£ g
5 1.5 - g
8 10 {150 ©
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Fig. 5 — Dehydrogenation kinetics of bulk LiBH, and nano
LiBH,—ACNF.
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(Fig. 2(B)) and 3.3 wt.% H, (86% of theoretical hydrogen storage
capacity) are obtained (Fig. 5). For the further 2nd and 3rd
cycles, comparable hydrogen contents of 2.88 and 2.77 wt.% H,
(74 and 71% of theoretical hydrogen storage capacity) release.
Deficient hydrogen content released with respect to theoret-
ical hydrogen storage capacity during cycling could be due to
partially unconfined LiBH, in ACNF (simultaneous DSC—MS in
Fig. 2(B)) and the formation of stable Li,B;,H;, phase (FTIR
results in Fig. 3). However, it should be remarked that via
nanoconfinement into ACNF, LiBH,; not only releases
hydrogen at significantly lower temperatures (AT = 128 and
118 °C for onset and main dehydrogenations, respectively),
but also remarkably milder condition for rehydrogenation is
achieved (AT = 250 °C and Ap(H,) = 270 bar). Besides, nano
LiBH;—ACNF releases and reproduces up to 86 and 74% of
theoretical hydrogen storage capacity, respectively (i.e., 11.7
and 10.1 wt.% H, with respect to LiBH4 content, respectively)
without the formation of toxic B,Hs gas. Improvement of
hydrogen sorption kinetics of LiBH, after nanoconfinement
into ACNF can be probably due to synergistic effects of
nanoconfinement and nanocatalysis (ACNF itself) as well as
good thermal conductivity of ACNF, which could enhance
hydrogen absorption/desorption rate of LiBH,4 [29].

Conclusion

Activated carbon nanofiber (ACNF) was prepared by carbon-
ization and KOH activation of polyacrylonitrile (PAN)—based
polymer fibers. Via solution impregnation, LiBH, was suc-
cessfully nanoconfined into and homogeneously dispersed on
ACNF. Significantly reduction of onset and main
dehydrogenation temperatures of LiBH, (AT = 128 and 118 °C,
respectively) and suppression of B,Hg release upon dehydro-
genation were obtained after nanoconfinement into ACNF.
Formation of stable Li,B;,H;, phase found during sample
preparation and dehydrogenation as well as partially uncon-
fined LiBH, led to deficient hydrogen content released with
respect to theoretical hydrogen storage capacity. However,
LiBH, nanoconfined into ACNF desorbed up to 11.7 wt.% H,
with respect to LiBH, content at 350 °C (under vacuum) and
preserved at least 10.1 wt.% H, after three de/rehydrogenation
cycles. In contrast, bulk LiBH, released mainly B,Hg gas and
slightly H, at the same temperature and pressure condition.
Moreover, considerably milder condition for rehydrogenation
as compared with bulk LiBHy (AT = 250 °C and Ap(H,) = 270 bar)
was obtained from nanoconfined LiBH, in ACNF.
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