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In  the  present  study,  the  effects  of TiCl3 on desorption  kinetics,  absorption/desorption  reversibility,  and
related  phase  transformation  processes  in  LiBH4/CaH2/TiCl3 hydrogen  storage  system  was  studied  sys-
tematically  by  varying  its concentration  (x =  0,  0.05, 0.15  and  0.25).  The  results  show  that  LiCl forms
during  ball  milling  of  6LiBH4/CaH2/xTiCl3 and  that  as  temperature  increases,  o-LiBH4 transforms  into
h-LiBH4,  into  which  LiCl  incorporates,  forming  solid  solution  of  LiBH4·LiCl,  which  melts  above  280 ◦C.
Molten  LiBH4·LiCl is  more  viscous  than  molten  LiBH4, preventing  the  clustering  of  LiBH4 and  the  accom-
panied  agglomeration  of  CaH2, and  thus  preserving  the  nano-sized  phase  arrangement  formed  during  ball
milling.  Above  350 ◦C,  the  molten  solution  LiBH4·LiCl further  reacts  with  CaH2, precipitating  LiCl. The  main
hydrogen  desorption  reaction  is between  molten  LiBH4·LiCl and CaH2 and  not  between  molten  LiBH4 and
CaH2. This  alters  the  hydrogen  reaction  thermodynamics  and lowers  the hydrogen  desorption  temper-
eversible hydrogen storage ature.  In  addition,  the  solid–liquid  nano-sized  phase  arrangement  in  the  nano-composites  improves  the
hydrogen  reaction  kinetics.  The  reversible  incorporation/precipitation  of  LiCl  at the  hydrogen  reaction
temperature  and  during  temperature  cycling  makes  the  6LiBH4/CaH2/0.25TiCl3 nano-composite  a  fully
reversible  hydrogen  storage  material.  These  four  states  of  LiCl  in  LiBH4/CaH2/TiCl3 system,  i.e. “formed-
solid  solution-molten  solution-precipitation”,  are reported  for the  first  time  and  the  detailed  study  of
this system  is beneficial  to  further  improve  hydrogen  storage  property  of  complex  hydrides.
. Introduction

Complex metal hydrides are considered as potential solid
tate hydrogen storage material because of their high theoreti-
al hydrogen storage capacity and adjustable hydrogen reaction
hermodynamics [1,2]. Within this class of materials, LiBH4 has
eceived special interest due to its extremely high (18.4 wt%)
heoretical gravimetric and (121 kg/m3) volumetric hydrogen stor-
ge capacities [3,4]. Dehydriding of LiBH4 accompanied by phase
ecomposition has been expressed as follows with 13.8 wt% hydro-
en release [5,6]:

iBH4 ↔ LiH + B + 3
2

H2. (1)

However, enthalpy of the reaction above is about 72 kJ/mol

2, which makes LiBH4 too stable to become a viable on-board
ydrogen storage material alone [7–9]. For example, heating above
00 ◦C, that is, above its melting point, is required to release its
ajority of the hydrogen from LiBH4. Also, the rehydrogenation is

∗ Corresponding author. Tel.: +1 313 337 9803; fax: +1 313 594 0502.
E-mail address: jyang27@ford.com (J. Yang).
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not possible under moderate conditions, i.e. hydrogen pressures
below 100 bar and temperature below 350 ◦C.

Therefore, for more than a decade, a number of studies have
been conducted to reduce its dehydriding temperatures by mixing
LiBH4 with different additives to either modify hydrogen reaction
thermodynamics and/or improve its hydrogen reaction kinetics.
Züttel et al. [3] first reported that LiBH4 releases small amount of
hydrogen during the structure transformation around 100 ◦C and
the major hydrogen desorption (13.5 wt%) starts at ca. 200 ◦C when
SiO2 powder is added. Vajo et al. [10] added 1/2 MgH2 to LiBH4 and
obtained a destabilized, reversible hydrogen storage material with
a reversible capacity of approximately 8–10 wt%. It was  found that
the addition of MgH2 lowers the hydrogenation/dehydrogenation
enthalpy by 25 kJ/(mol of H2) compared with pure LiBH4. Bosenberg
et al. [11] performed a detailed analysis of the reaction mechanism
of the reaction 2LiBH4 + MgH2 ↔ MgB2 + 2LiH + 4H2. They pointed
out that by adding suitable additives, the absorption and desorp-
tion temperatures can be considerably lowered and a significant
enhancement of sorption kinetics obtained. Au and Jurgensen [12]

evaluated various metals, metal hydrides and metal chlorides on
the destabilization of LiBH4 for reversible hydrogen storage. It
was found that additives decreased hydrogen desorption tempera-
ture of LiBH4 and improved its reversibility, but reduced hydrogen

dx.doi.org/10.1016/j.jallcom.2011.11.009
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jyang27@ford.com
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torage capacity. The best compromise can be reached by selecting
ppropriate additives, optimizing additive loading and using new
ynthesis processes other than ball milling. Lee et al. [13] stud-
ed the composite system of xLiBH4 + (1 − x)Ca(BH4)2 for several x
alues between 0 and 1, and found that the decomposition char-
cteristics and hydrogen capacity of this composite vary with x,
nd the decomposition temperature is lower than those of pure
iBH4 or Ca(BH4)2. Shi et al. [14] investigated the hydrogen storage
roperties of the mixed complex hydride LiBH4–NaAlH4 system,
oth with and without doping with TiCl3 additive, and found that
he doped system has a significantly lower hydrogen release tem-
erature compared to the undoped system. Mosegaard et al. [15]

nvestigated the interactions between LiBH4 and SiO2, TiCl3, LiCl
nd Au. Their studies demonstrated that molten LiBH4 has a high
eactivity and it is a challenge to find a suitable stable catalyst.

Among different additives, Pinkerton and Meyer [16] reported
iBH4 + CaH2 as a high capacity reversible hydrogen storage system,
ia the following equation:

LiBH4 + CaH2 ↔ 6LiH + CaB6 + 10H2 (2)

This coupled system has a theoretical hydrogen capacity of
1.7 wt% and an estimated reaction enthalpy of �H  = 59 KJ/mol
2. Other investigators [17–19] also reported that adding TiCl3
dditive into the LiBH4/CaH2 system is an effective way to obtain

 lower dehydrogenation temperature. However, no efforts have
een made to clarify the role of TiCl3 in this system, which is
rgently needed to further reveal the decomposition properties of
omplex hydrides and hasten their practical application. As a step
owards this understanding, a systematic study of LiBH4/CaH2/TiCl3
ystem in terms of the effects of varying the amount of TiCl3 on
ts detailed decomposition properties and reaction sequences is
erformed.

In the present study, the 6LiBH4/CaH2/xTiCl3 (x = 0, 0.05, 0.15
nd 0.25) nano-composites were prepared through high energy
all milling, and their hydrogen reaction properties were studied in
erms of hydrogen reaction kinetics and reversibility, phase trans-
ormations and hydrogen reaction sequence. Scanning through
ide composition ranges of TiCl3 will provide a clear picture of the

ole of TiCl3 in this composite system and also reveal the desorption
roperties of this system.

. Experimental

.1. Sample preparation

Lithium borohydride (LiBH4) (95% purity, Sigma-Aldrich), calcium hydride
CaH2) (98% purity, Alfa-Aesar) and titanium chloride (TiCl3) (95% purity, Sigma-
ldrich) were used as received. All sample handling was  performed in an MBraun
abmaster 130 glovebox maintained under an argon atmosphere. Mechanical
illing was  carried out using a Spex 8000 high energy mixer/mill for 2 g samples

oaded into a milling vial containing two stainless steel balls weighing 8.4 g each. All
he mixtures were ball milled for 5 h. For the 6LiBH4/CaH2/xTiCl3 system, its molar
atio is 6:1:x (x = 0, 0.05, 0.15 and 0.25).

.2. Hydrogen storage properties analysis

Variable temperature hydrogen desorption kinetics were characterized using
 water displacement desorption (WDD) apparatus (Fig. 1) constructed in-house
here the desorbed gas amount was directly monitored as a function of tempera-

ure. For each experiment, a certain amount of sample was loaded into a stainless
teel autoclave in the glove box. The sealed autoclave was  mounted onto a three-port
anifold connected to hydrogen purge gas as well as an outlet tube which passes

hrough the bottom of a water-filled graduated burette. The manifold and sam-
le  were purged with hydrogen prior to each experiment. The sample was heated
t  a constant rate (5 ◦C/min) from room temperature to the final set point (up to
00 ◦C), and the desorbed hydrogen volume was monitored as the amount of water

isplaced in the burette. The amount of desorbed hydrogen was  corrected for the
educed headspace pressure and thermal expansion of 1 bar hydrogen gas upon
ample heating. Rehydriding was performed in the WDD  at selected temperature
nd hydrogen pressure, and the reversibility was  characterized through desorption
sing WDD.
Fig. 1. Sketch of the water displacement desorption (WDD) apparatus constructed
in-house.

2.3.  Phase analysis

Phase transformation and chemical reactions that occurred when the sample
was heated at a controlled heating rate were investigated using differential scanning
calorimetry (DSC) on Setaram Sensys. The data were collected under flowing helium
(20  ml/min) within a temperature range of 20–500 ◦C using a constant heating rate
of  5 ◦C/min.

Phase identification and purity were characterized by Powder X-ray diffrac-
tion  (PXRD). PXRD data were collected on a SCINTAG (XDS2) powder diffractometer
operated at 45 kV and 40 mA with step increments of 0.02◦ measured during 0.5 s
using Cu K� radiation (� = 1.5418Å). All samples were loaded in the glove box while
covered with mineral oil to keep from air and maintained under a N2 atmosphere
during data collection. High-temperature X-ray diffraction data were collected using
a  Bueler HDK 2.4 furnace chamber attached to a Scintag X1 diffractometer, an Intel
CPS 120 position sensitive detector and collimated Cu K� radiation. Data were
collected under an atmosphere of flowing purified nitrogen (200 sccm) while the
temperature was  ramped at a constant rate of 2 ◦C/min from 40 ◦C to 300 ◦C with an
interval of 40 ◦C. At each step, the sample was held constantly for 15 min to collect
data. The phase identification above 300 ◦C was obtained using PXRD after desorb-
ing  the nano-composite at the selected temperatures until no further hydrogen was
released and then the sample was cooled to room temperature rapidly by quenching
into water.

3. Results

3.1. Hydrogen desorption kinetics

In this study, samples 6LiBH4/CaH2/xTiCl3 were ball milled for
5 h to produce nano-composites. Fig. 2 shows the kinetic desorp-
tion data of each nano-composite of 6LiBH4/CaH2/xTiCl3 system
with a ratio 6:1:x (x = 0.00, 0.05, 0.15 and 0.25). From Fig. 2, all the
nano-composites present at least two desorption steps: one smaller
desorption step below 400 ◦C and the second main desorption step
between 400 ◦C and 500 ◦C. It can be seen that the nano-composite
without adding TiCl3 shows the worst dehydrogenation kinetics
and adding 0.05 TiCl3 does not improve much due to the small
amount. Above around 280 ◦C (melting point of LiBH4 (left arrow)),
adding 0.15 and 0.25 TiCl3 improve the dehydrogenation kinetics
significantly. Further more, above around 385 ◦C (right arrow), the
nano-composite adding 0.25 TiCl3 shows the best dehydrogenation
kinetics with a capacity of about 9 wt%.

The phase transformation and hydrogen desorption through
chemical reactions of the post-milled nano-composites of
6LiBH4/CaH2/xTiCl3 were also analyzed by differential scanning
calorimetry (DSC) as shown in Fig. 3. In each curve, three distinct
endothermic peaks are apparent: the 1st and 2nd peaks, observed
around 110 ◦C and 280 ◦C, correspond to the polymorphic phase
transition of LiBH4 from orthorhombic (o-LiBH4) to hexagonal (h-

LiBH4) structure and the melting of LiBH4 respectively. The 3rd
peak corresponds to the main hydrogen desorption of the nano-
composite between 385 ◦C and 500 ◦C, which is consistent with the
temperature range from the kinetic desorption data (Fig. 2). Adding
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ig. 2. Kinetic desorption data to 1 bar H2 for 6LiBH4/CaH2/xTiCl3 (x = 0.00, 0.05, 0.15
nd  0.25) nano-composites as a function of temperature (heating rate 5 ◦C/min).

iCl3 does not significantly lower the phase transition tempera-
ure (1st peak) and the melting temperature (2nd peak) of LiBH4,
hich agrees with Fig. 2 (below 280 ◦C (melting point of LiBH4)).
owever, for the 3rd peak, which corresponds to the main hydro-
en desorption phase, adding TiCl3 significantly lowers the reaction
emperature (decrease by around 40 ◦C), especially at higher con-
entration of TiCl3, which confirms that adding TiCl3 improves the
ydrogen desorption kinetics of the nano-composites (Fig. 2).

.2. Characterization of post-milled and desorbed materials

Powder X-ray diffraction (PXRD) was used to identify the phases
f the post-milled and desorbed nano-composites. Fig. 4(a) shows
he PXRD patterns and corresponding phase identification for the
ost-milled 6LiBH4/CaH2/xTiCl3 nano-composites. From Fig. 4(a),

t can be seen that the post-milled nano-composite of 6LiBH4/CaH2

without adding TiCl3) is a physical mixture of LiBH4 and CaH2.

hen TiCl3 is added, peaks of LiCl begin to appear but no peaks
f TiCl3 are observed and the peaks of LiCl become stronger
ith increasing amounts of TiCl3, accompanied by a loss of LiBH4

ig. 3. DSC curves of the 6LiBH4/CaH2/xTiCl3 (x = 0.00, 0.05, 0.15 and 0.25) nano-
omposites (heating rate 5 ◦C/min).
Fig. 4. (a) Room-temperature PXRD patterns and corresponding phase identifica-
tion for the post-milled 6LiBH4/CaH2/xTiCl3 nano-composites. (b) R.T. PXRD patterns
for  6LiBH4/CaH2/xTiCl3 nano-composites after desorption to 500 ◦C.

peak intensity, while CaH2 stays intact during ball milling. Taken
together, these results confirm that LiBH4 and TiCl3 undergo a
replacement reaction. It is reported that ball milling LiBH4 and TiCl3
could generate an intermediate compound of Ti(BH4)3 [20,21].  If
we assume that Ti(BH4)3 is one of our reaction products, the total
reaction during ball milling is described as:

6LiBH4 + CaH2 + xTiCl3 → 3xLiCl + xTi(BH4)3

+ (6 − 3x)LiBH4 + CaH2 (3)

However, no peaks from any Ti-compound can be observed from
XRD. This is possibly due to the small amount of TiCl3 added, a low-
temperature decomposition of Ti(BH4)3 [22] or because it remains
amorphous at room temperature.

Fig. 4(b) shows the PXRD patterns for the 6LiBH4/CaH2/xTiCl3
nano-composites after desorbing at 500 ◦C for 10 h to 1 bar H2
atmosphere. As shown in Fig. 4(b), for low concentrations of TiCl3
(x = 0 and 0.05), un-reacted LiBH4 remains. At higher concentra-
tions, the peaks of LiBH4 and CaH2 disappear while peaks of LiCl,
LiH and CaB6 begin to emerge and grow stronger. This suggests that
the post-milled nano-composite (the products side of reaction (3))
when heated to 500 ◦C reacts as follows:

3xLiCl + xTi(BH4)3 + (6 − 3x)LiBH4 + CaH2 ↔ (6 − 3x)LiH + CaB6

+ (10 + 0.5x)H2 + 3xLiCl + xTiH2 (4)
3.3. Hydrogen absorption/desorption (A/D) reversibility

The hydrogen absorption/desorption reversibility was also stud-
ied using nano-composites of 6LiBH4/CaH2 with and without 0.25
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ig. 5. (a) Hydrogen absorption/desorption reversibility of 6LiBH4/CaH2 nano-com
omposite. (c) PXRD patterns of the two nano-composites after recharging and coo

iCl3 as shown in Fig. 5(a) and (b), respectively. From Fig. 5(a), it
an be seen that for the first three cycles, the nano-composite of
LiBH4/CaH2 shows a partial reversibility upon charging and des-
rbing at 425 ◦C. When the desorption temperatures are decreased
o 385 ◦C and 365 ◦C respectively (4th and 5th cycles), the des-
rption kinetics and the amount of desorbed hydrogen decrease
ignificantly. After the recharging and desorbing temperatures
ere raised back to 425 ◦C (6th cycle), the desorbed hydrogen

apacity is only partially recovered.
On the other hand, from Fig. 5(b), it can be seen that the as-milled

LiBH4/CaH2/0.25TiCl3 nano-composite exhibits good reversibility
or the first three cycles when desorbing at 385 ◦C. When lower-
ng the charging and desorbing temperatures to 365 ◦C and 345 ◦C,
oth the kinetics and desorption capacity are decreased, as shown

n the 4th and 5th cycles, respectively. However, when the recharg-
ng and desorbing temperature is set back to 385 ◦C, shown as the
th cycle, the desorbed hydrogen amount and desorption kinet-

cs return almost to the initial level. Therefore, it can be seen
hat adding 0.25 TiCl3 into the 6LiBH4/CaH2 nano-composite can
ignificantly improve its reversibility and also decrease the main
ecomposition temperature by 40 ◦C.

Fig. 5(c) shows the PXRD patterns of the recharged 6LiBH4/CaH2
nd 6LiBH4/CaH2/0.25TiCl3 nano-composites after the reversibility

ycles of Fig. 5(a) and (b). As shown in Fig. 5(c), after recharging
n 170 bar H2 at 425 ◦C and 385 ◦C respectively, both 6LiBH4/CaH2
nd 6LiBH4/CaH2/0.25TiCl3 nano-composites returns to a mixture
f primarily LiBH4 and CaH2, which confirms the reversibility of
. (b) Hydrogen absorption/desorption reversibility of 6LiBH4/CaH2/0.25TiCl3 nano-
room temperature.

the reaction between LiH + CaB6 and LiBH4 + CaH2 as shown in reac-
tion (2).  The main differences between these two  nano-composites
are: (I) the former contains more unreacted CaB6 and LiH for the
same charging period although the charging temperature is higher
by 40 ◦C, reflecting the slow kinetics for reaction (2),  leading to a
deterioration in reversibility. (II) There is LiCl precipitated in the
recharged nano-composite of 6LiBH4/CaH2/0.25TiCl3.

3.4. In situ phase transformation during desorption

In order to further understand the role played by TiCl3, in situ
PXRD of 6LiBH4/CaH2/0.25TiCl3 nano-composites were used to
observe the phase changes during the hydrogen desorption pro-
cess. The in situ XRD patterns were shown in Fig. 6. In Fig. 6(a), it
can be seen that LiBH4 transforms from o-LiBH4 to h-LiBH4 between
80 ◦C and 120 ◦C, which is consistent with the first endothermic
peak (110 ◦C) in Fig. 3. Above 280 ◦C, CaB6 and LiH begin to appear
accompanied by a weakening of LiBH4 and CaH2 peaks, consis-
tent with reaction (4).  More importantly, the LiCl peaks become
weaker as temperatures are increased from room temperature and
disappear when the temperature exceeds 120 ◦C (phase transition
temperature from o-LiBH4 to h-LiBH4), which suggests that LiCl
incorporates into h-LiBH4 to form a solid solution of LiBH4·LiCl

[15,23].

For the temperature from 300 ◦C to 500 ◦C, five nano-composites
were desorbed each at a specific temperature (300, 350, 400,
450 and 500 ◦C) for 10 h to 1 bar H2 pressure, respectively, and
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Table 1
Four different states of LiCl during the hydrogen desorption of 6LiBH4/CaH2/0.25TiCl3 nano-composite to 500 ◦C.
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State of LiCl Formed Solid solution

Condition Post ball-milled 120–280 ◦C 

hen quenched to room temperature. Powder XRD patterns of
hose five quenched post-desorbed samples were used to identify
hases after higher temperature hydrogen desorption, as shown

n Fig. 6(b). LiBH4 and CaH2 are observed in samples quenched at
00–350 ◦C, although their peak intensities keep decreasing. The
ifference between Fig. 6(a) and (b) at 300 ◦C is caused by recrystal-

ization of the molten LiBH4. It is noteworthy that after desorption
t 350 ◦C for 10 h to 1 bar H2, the quenched sample did not show LiCl
eaks, suggesting that the molten solution of LiBH4·LiCl at 350 ◦C

as frozen into a solid solution. Above 400 ◦C, peaks of CaB6 and

iH become stronger along with the disappearance of LiBH4 and
aH2, which is consistent with reaction (4). Contrary to the case

ig. 6. (a) In situ PXRD patterns for 6LiBH4/CaH2/0.25TiCl3 nano-composite from
0 ◦C to 300 ◦C. (b) PXRD patterns of quenched 6LiBH4/CaH2/0.25TiCl3 nano-
omposites after desorbing for 10 h at 300 ◦C, 350 ◦C, 400 ◦C, 450 ◦C, and 500 ◦C,
espectively.
H4 Molten solution to LiBH4 Precipitated

280–350 ◦C 350–500 ◦C

at 350 ◦C, peaks of LiCl emerge again from 400 ◦C to 500 ◦C while
LiBH4 disappears due to the hydrogen reaction (4).  Hence, dur-
ing the hydrogen desorption process, LiCl in 6LiBH4/CaH2/0.25TiCl3
nano-composite first forms solid solution (LiBH4·LiCl) with LiBH4,
which becomes molten solution (LiBH4·LiCl) as temperatures are
increased to about 280 ◦C, and then precipitates out after LiBH4
reacts with CaH2, forming CaB6 and LiH as summarized in Table 1.

4. Discussion

From Figs. 2–6, the following effects with the addition of TiCl3
into 6LiBH4/CaH2 nano-composite can be outlined:

(I) LiCl and Ti(BH4)3 are formed through replacement reac-
tion (3).  However, the formed Ti(BH4)3 is not stable and further
decomposes to TiH2 when temperature is increased [20]. Although,
neither Ti(BH4)3 nor TiH2 could be clearly identified from XRD
measurements probably due to the small amount of TiCl3 added
or their amorphous nature, the existence of LiCl after ball milling
must result from reaction (3) and was observed obviously from
XRD, which consequently disperses TiH2 and LiCl on the surface of
particles of the nano-composites.

(II) The phase transformation of o-LiBH4 to h-LiBH4 and the dis-
solution of LiCl into h-LiBH4 to form LiBH4·LiCl above 120 ◦C, as is
observed in in situ XRD, first as solid solution, and later as a molten
solution above the melting point of 280 ◦C. The LiBH4·LiCl remains
stable up to the onset of the main hydrogen reaction between the
LiBH4·LiCl (liquid) and CaH2 (solid), forming CaB6, LiH and releas-
ing hydrogen. When LiBH4 in the molten solution is consumed, LiCl
is precipitated as a solid again, as can be seen from XRD of the
quenched samples (Fig. 6(b)).

The reaction between the LiBH4 and TiCl3 during ball milling
forms LiCl through a replacement reaction (3),  forming nanometer
sized composite particles of LiBH4 + CaH2 + LiCl + TiH2 (or Ti(BH4)3).
As this nano-composite is heated to about 120 ◦C, LiBH4 is trans-
formed from orthorhombic into hexagonal structure, and LiCl
subsequently incorporates into h-LiBH4 to form a LiBH4·LiCl solid
(up to 280 ◦C) and molten solution (above 280 ◦C). The for-
mation of the LiBH4·LiCl solution changes the thermodynamics
and the corresponding hydrogen desorption reaction and lowers
the hydrogen desorption temperature from 425 ◦C (6LiBH4 + CaH2
nano-composites) to 385 ◦C.

(III) The much improved hydrogen absorption/desorption
reversibility of the 6LiBH4/CaH2/0.25TiCl3 nano-composite com-
pared to 6LiBH4/CaH2 nano-composite result from the micro-
structural change due to the incorporation of LiCl into LiBH4.
It is experimentally observed that the incorporation of LiCl into
LiBH4 increases the viscosity of the molten LiBH4·LiCl compared to
molten LiBH4 at the same temperature. A more viscous LiBH4·LiCl
liquid helps to prevent the excessive clustering of the molten
LiBH4 and the coalescence of CaH2, preserving the nano-sized
phase arrangement in the 6LiBH4/CaH2/0.25TiCl3 nano-composites
which shortens the mass transfer distance during the hydrogen
desorption reaction and preserves well dispersed CaB6, LiH and LiCl
nano-composites. It is also worth mentioning that the preformed
TiH2 may  further prevent the grain growth of phases during the

desorption process.

Similarly, upon recharging, the CaB6 and LiH in the CaB6/LiH/LiCl
nano-composite formed during the hydrogen desorption with the
nano-sized TiH2 dotted on the grain boundaries will react to form
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iBH4 and CaH2. Once LiBH4 is formed, it will combine with the
recipitated LiCl, forming a molten solution of LiBH4·LiCl, which is
ore viscous than molten LiBH4, preserving the nano-sized phase

rrangement in the recharging process. This well-dispersed nano-
ized solid–liquid phase arrangement in the 6LiBH4/CaH2/0.25TiCl3
ano-composite is key to realizing good reversibility.

. Conclusions

In summary, systematic studies of the phase evolution on
ycling 6LiBH4/CaH2/xTiCl3 with x = 0, 0.05, 0.15, and 0.25 have
een performed. It is found that adding 0.25 TiCl3 produces
eversible hydrogen absorption and desorption and a lower des-
rption temperature. More importantly, LiCl is formed through
eplacement reaction between LiBH4 and TiCl3 during ball milling.
his LiCl then forms solid solution with LiBH4 at about 120 ◦C when
-LiBH4 transforms into h-LiBH4. The LiBH4·LiCl solid solution per-
ists up to about 280 ◦C, where it becomes molten LiBH4·LiCl,
hanging reactants and thus reaction thermodynamics and low-
ring the hydrogen desorption temperature.

On the other hand, the incorporation of LiCl into LiBH4 favor-
bly changes the viscosity of molten LiBH4·LiCl, preserving the
ano-sized phase arrangement formed after milling, leading to

ast kinetics. Furthermore, the precipitation of LiCl from viscous
iBH4·LiCl molten solution with the consumption of LiBH4 upon
ydrogen desorption and its re-incorporation into LiBH4 upon
e-hydrogenation generates a well-dispersed liquid–solid nano-
ized phase arrangement at the recharging temperature, leading
o a fully reversible complex hydrogen storage system at the
ydrogen reaction temperature range. The full reversibility of this
ystem is also exemplified by the fact that when the recharged
ernary nano-composite is cooled to room temperature slowly,
iCl precipitates from the molten LiBH4·LiCl at temperatures below
20 ◦C. As the temperature is increased in the next desorption,
iCl will re-incorporate into the h-LiBH4 and the above cycle

ill continue. This more detailed study of the effect of TiCl3 in

iBH4-containing system will be helpful in engineering complex
ydride nano-composites into practically viable hydrogen storage
aterials.
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