
CATALYZED LiBH4 AND MgH2 MIXTURE FOR HYDROGEN STORAGE
CHAPTER IV

4.1 Abstract

The hydrogen desorption/absorption of the 2:1 mole ratio LiBH4and MgH2 

with and without a catalyst was investigated. In the case of the uncatalyzed 
LiBH4/MgH2 mixture, the first hydrogen desorption started at 50°c. The amount of 
released hydrogen was 8 .6  wt% at the first hydrogen desorption and dramatically 
reduced to 1.8 wt% at the tenth hydrogen desorption. The decrease in the hydrogen 
capacity in the subsequent hydrogen desorption may be due to the irreversibility of 
LiBH4. To investigate, effects of a catalyst on the hydrogen desorption, 3 mol% of 
TiCl3, HfCl4, ZrCl4, or VCI3 was added to the LiBH4/MgH2 mixture. The lowest 
hydrogen desorption temperature, 260°c, was from the sample with TiCl3. An 
amount of the catalyst also influenced the kinetics of the hydride mixture and 5 
mol% seems to be an optimum amount of TiCl3 that resulted in the lowest hydrogen 
desorption temperature, 240°c. In addition, the higher the amount of catalyst, the 
lower the amount of the released hydrogen.

4.2 Introduction

Hydrogen is considered as clean fuel for transportation applications with 
fuel cells as an important part to turn hydrogen to energy. To realize that, a high 
performance hydrogen storage system is needed in order to achieve the DOE’s 
targets [1], Solid-state hydrides have been widely investigated because of their high 
hydrogen capacity compared to its weight, safety, and reversibility property [1-2 ]. 
Unfortunately, high thermodynamic stability, low equilibrium hydrogen pressure, 
slow kinetics, and limited reversibility are still major hurdles [3]. These weaknesses 
have been overcome by adding catalysts [4-7], reacting with other metal hydrides [8 - 
12] or reducing their particle sizes [13-18],
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Theoretically, LiBH4 has high hydrogen capacity with up to 13.5 wt% 
hydrogen. However, it starts to desorb hydrogen at a temperature higher than 400°c 
and its reversibility is still an issue. Züttle et al. [19] destabilized LiBH4 by adding 
75 wt% Si02. The result shows that the hydrogen desorption started at approximately 
200°c but there was still a problem with the limited reversibility even at 650°c and 
150 bar hydrogen pressure. Vajo et al. [20] successfully recovered LiBH4 by reacting 
MgB2 with LiH and 3 mol% TiCl3 to form LiBH4 and MgH2. They found that the 
reaction enthalpy was reduced by 25 kJ (mol of hydrogen)"1 compared to LiBH4 and 
8-10 wt% hydrogen was obtained after two cycles of hydrogen desorption. The 
hydrogen desorption is observed in two steps as shown in Eq. (4.1).

270°c

MgH2 + 2LiBH4 <-> Mg + 2LiBH4 + H2 

360°c
<-» MgB2 + 2LiH + 4H2 (4.1)

The hydrogen absorption under 100 bar hydrogen (Eq. (4.2)) takes place 
with only one step.

230-250°C
MgB2 + 2LiH + 4H2 <-> MgH2 + 2LiBH4 (4.2)

Bôsenberg et al. [21] confirmed the two-step hydrogen desorption of the 
LiBH4/MgH2 mixture doped with 5 at% titanium isopropoxide. The decomposition 
was similar to Eq. (4.1) but hydrogen desorption temperatures were different, at 390 
and > 400°c for the first and second step, respectively. By focusing on the 
reversibility, Pinkerton et al. [22] found that the LiBH4/MgH2 mixture could be fully 
reversible if overpressure of hydrogen was applied during the dehydrogenation.

In this work, we report hydrogen desorption behavior of the LiBH4/MgH2 
mixture milled for 1 h from its first hydrogen desorption to the tenth desorption. For
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the catalyzed LiBH4/MgH2 mixture, both type and amount of a catalyst was 
investigated for their effects on the hydrogen desorption behavior. Information from 
the XRD was used to understand the hydrogen desorption/absorption and 
reversibility of the mixtures.

4.3 Experimental

LiBH4 (95%) and MgH2 (90%) were purchased from Sigma-Aldrich. All 
handling procedures in this work were performed in a glove-box filled with purified 
nitrogen in order to minimize the sample contamination. A hydride mixture was 
prepared by mixing the as-received LiBH4 and MgH2 together in the mole ratio of 
2:1. Then, the mixture was mechanically ball-milled in a stainless steel vial with the 
ball-to-powder weight ratio of 40:1 by using a Retsch ball mill (Model SI00) at the 
speed of 300 rpm under nitrogen atmosphere for 1 h. After the sample preparation, 
0.3 g of the LiBH4/MgH2 mixture was transferred into the Sievert’s type reactor. The 
hydrogen desorption was carried out from room temperature to 450°c with the 
heating rate of 2°c min'1 and held at 450°c for 6 h. After the hydrogen desorption, 
the sample was compressed under 10 MPa hydrogen (99.9999%) and 350°c for 12 
h. The same procedure was repeated to investigate the reversibility. The pressure 
change was measured and used to calculate the gravimetric capacity of hydrogen 
stored in the sample. 3 mol% of TiCb, HfCl4, ZrCl4, or VC13 was added into the 
LiBH4/MgH2 mixture to investigate their catalytic effects. The catalytic mixtures 
were examined for the starting hydrogen desorption temperature by the TPDRO 
1100 (ThermoFinnigan) directly connected to an MS. The sample temperature was 
ramped from 50 to 500°c with the heating rate of 5°c min'1. The kinetics 
investigation as well as the hydrogen desorption capacity were performed by using 
the Sievert’s type apparatus with the same condition as that of the LiBH4/MgH2 
mixture.

For the characterization, a Rigaku X-ray diffractometer with CuKa 
radiation operated at 40 kv and 30 mA at room temperature over the range of
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diffraction angles from 20° to 80° was used to identify phase transformations and 
crystal structures at various conditions.

4.4 Results and Discussion

4.4.1 Hydrogen Desorption/absorption of the LiBH4/MgH? Mixture
The hydrogen desorption profiles of the LiBH4/MgH2 mixture are 

presented in Fig. 4.1. For the first cycle of hydrogen desorption, the mixture releases 
hydrogen in three steps. The first step (Fig. 4.1(a)) occurs in the temperature range of 
50-380°C with 3.0 wt% hydrogen while the starts of the second and third desorption 
are at 380 and 450°c with the accumulated released hydrogen of 5.4 and 8.6 wt%, 
respectively. The results show that the mixing between LiBH4 and MgH2 could 
decrease the onset desorption temperature as compared to that of either LiBH4 
(420°C) or MgH2(380°C). Figs. 4.1(b) and (c) show the hydrogen desorption in the 
subsequent desorption. Interestingly, there are only two steps of hydrogen 
desorption. The first and second ones now take place at 360 and 450°c, respectively. 
The total amount of released hydrogen at the second hydrogen desorption is lowered 
to 5.4 wt%. The hydrogen desorption behavior of other hydrogen desorption 
resembles that of the second cycle. And the total amount of released hydrogen is 
reduced to 1.8 wt% at the tenth desorption. This lower amount of hydrogen in the 
subsequent desorption also corresponds with the report from Pinkerton et al. [22], It 
should be pointed out that the hydrogen desorption profile of the first desorption 
(Fig. 4.1 (a)) is different from that of the subsequent desorption (Figs. 4.1(b) and 
(c)), especially, the first step of the first desorption, or shoulder, which is accounted 
for approximately 3.0 wt% hydrogen. It may be possible that different reactions are 
involved during the first and subsequent hydrogen desorption. To examine this 
hypothesis, the XRD patterns of mixtures obtained at different conditions are 
examined.
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Figure 4.1 Hydrogen desorption profiles of the LiBH4/MgH2 mixture milled for 1 h: 
(a) the first hydrogen desorption, and the subsequent hydrogen desorptions (b) the 
second hydrogen desorption, (c) the tenth hydrogen desorption, and (d) hydrogen 
desorption temperature.

The X-ray diffraction patterns in Fig. 4.2 provide the phase transition 
of the LiBH4/MgH2 mixture milled for 1 h after the first hydrogen desorption at 
different final desorption temperatures. For the hydrogen desorption in the first step 
or the shoulder, at the temperature range of 100-300°c, no reaction between LiBH4 
and MgH2 can be observed as only LiBH4, MgH2, and oxide compounds, which 
might be from the milling process, are present. It is worth mentioning that the 
hydrogen released in the first step may be induced from the milling process. The 
peak intensity of LiBH4 is very low compared to that of MgH2 despite the fact that 
there is more LiBH4 in the mixture. Possible reasons could be from the interaction 
between LiBH4 and MgH2, the transformation of LiBH4 to an amorphous state after 
melting [13], and the formation of the LiBH4 nanoscale particle size after the milling
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process [16-17]. The proposed reactions are the partial hydrogen desorption of 
LiBH4 and/or MgH2 phases to LiBH4.x and/or MgH2-Y phases, respectively, after the 
milling. When the temperature is increased to 350°c, MgH2 and MgH2-Y are 
decomposed to Mg. At the same time, Mg reacts with a trace amount of air either 
from the milling process or sample preparation step to form MgO. The MgO phase is 
a possible reason for the decrease in the hydrogen capacity [7], For the temperature 
higher than 400°c, both LiBH4/LiBH4.x and MgH2/MgH2-Y are transformed to LiH 
and Mg, respectively. Simultaneously, LiBH4/LiBH4.x reacts with MgH2/MgH2.Y/Mg 
to form the new phase of MgB2, which is suggested to be the key to the reversibility 
of the LiBFl4/MgH2 mixture [21]. The combination between MgB2 and LiH, in order 
to form MgH2 and LiBH4, can also be improved if the hydrogen desorption is 
preformed with over pressure of hydrogen gas [21-22], In addition, stability of the 
LiBH4/MgH2 mixture can be reduced because of the MgB2 formation. The reaction 
between MgB2 and LiH is also more favorable than B with LiH [23]. The remaining 
LiBH4 and MgH2 are also revealed indicating that the hydrogen desorption is not 
complete. That may possibly be due to the very slow hydrogen desorption kinetics of 
the mixture. These result in the lower total hydrogen desorption capacity from the 
theoretical value of 11.4 wt% to 8.6 wt%. Eqs. (4.3)-(4.11) summarize the overall 
reactions during the decomposition of the LiBH4/MgH2 mixture.

At temperature lower than 350°C:

LiBH4 -> aLiBH4 + (l-a)LiBH4 (4.3)

-> aLiBH4.x + a ( f )H 2, (4.4)

MgH2 -> bMgH2 + (l-b)MgH2 (4.5)

bMgH2-Y + b{ŸjÜ2 (4.6)

-> bMg + b (^ f )H 2, (4.7)
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where a, ๖ are the amount of decomposed metal hydride in mole, a,b < 1 ; and X, Y are 
the amount of decomposed hydrogen in mole, X < 4, Y < 2.

At temperature higher than 400°C:

(l-a)LiBH4 -> (l-a)LiBH4-x + ( l - a ) ^ H

(l-a)LiH + (l-a)B

+ (1-® )(¥ )

(l-b)MgH2 -> (l-b)MgH2_Y + (l-b)(y)H 2

-> (l-b)Mg + ( l -b ) (^ )H 2.

(4.8)

(4.9)

(4.10)

(4.11)

Fig. 4.3 shows the X-ray diffraction patterns of the LiBH4/MgH2 
mixture milled for 1 h before and after the hydrogen desorption/absorption. After the 
milling process (Fig. 3(a)), no new phase is detected other than the oxide 
compounds. It reveals that no reaction between the two metal hydrides during the 
ball milling process. Fig. 3(b) confirms that the reversible reaction of the desorbed 
LiBH4/MgH 2 mixture is possible to a certain extent. Fig. 3(c) further substantiates 
that after the hydrogen absorption both LiBH4 and MgH2 are recovered even after the 
tenth hydrogen desorption although the quantity of LiBH4 is lower than MgH2. 
However, there are unconverted phases of MgO and MgB2 indicating that only Mg 
combines with LiH to form MgH2 and Li-compounds. It is not MgB2 that reacts with 
LiH to form MgH2 and LiBH4. The result is consistent with the previous study [22]. 
So it implies that only MgH2 is reversible. This is the explanation why hydrogen 
capacity of the LiBH4/MgH2 mixture gradually decreases from 8.6 wt% at the first 
hydrogen desorption to 1.8 wt% at the tenth hydrogen desorption.
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Figure 4.2 X-ray diffraction patterns of the LiBHVMgfh mixture milled for 1 h 
after the first hydrogen desorption at: (a) 100°c, (b) 200°c, (c) 300°c, (d) 350°c, (e) 
400°c, and (f) 450°c.
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Figure 4.3 X -r a y  d iffra c tio n  pattern s o f  th e  L iB H 4 /M g H 2  m ix tu re: (a ) a fter  m il l in g  
fo r  1 h , (b ) a fter th e  first h y d r o g e n  a b so rp tio n , and (c )  a fter  th e  ten th  h y d ro g en  
ab so rp tio n .

F rom  F ig . 4 .1 , th ere  is  a d if fe r e n c e  in  th e  h y d r o g e n  d e so r p tio n  p r o f ile s  
b e tw e e n  th e  first and  su b se q u e n t h y d r o g e n  d eso rp tio n . S o  to  sh ed  s o m e  lig h t o n  th is  
is s u e , th e  p h a se  tran sition  o f  th e  L iB H 4/M g H 2 m ix tu re  m il le d  for  1 h  a fter  th e  s e c o n d  
h y d r o g e n  d e so r p tio n  at v a r io u s  tem p era tu res w a s  in v e s t ig a te d  an d  th e  resu lt is  
rep orted  in  F ig . 4 .4 . It c le a r ly  c o n fir m s that the p h a se s  at th e  s e c o n d  h y d ro g en  
d e so r p tio n  are s im ila r  to  that o f  th e  first o n e . T h e  o b se r v e d  p h a se s  o f  L iH , M g O  and  

M g B 2 at 350°c as w e l l  as 450°c are resu lte d  from  th e  in c o m p le te  first h y d r o g e n  
ab so rp tio n . It is  n o t  from  th e  rea c tio n  b e tw e e n  LiBH4/LiBH4_x and M g H 2/M g H 2_Y.
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Figure 4.4 X-ray diffraction patterns of the LiBH4/MgH2 mixture milled for 1 h 
after the second cycle of hydrogen desorption at: (a) 350°c, (b) 400°c, and (c) 
450°c.

4.4.2 Hydrogen Desorption/absorption of the Catalyzed LiBfB/MgH?
Mixture

T P D R O /M S  p r o file s  o f  th e  L iB H 4 /M g H 2  m ix tu re  b o th  u n c a ta ly z e d  
and c a ta ly z e d  w ith  3 m o l%  T iC l3, H fC l4, Z rC l4, or  V C 1 3  are sh o w n  in  F ig . 4 .5 . All 
sa m p le s  r e le a se  h y d r o g e n  in  tw o  s te p s  at d ifferen t tem p era tu res. C o r r e sp o n d in g  w ith  
th e  h y d r o g e n  d eso r p tio n  o f  th e  L iB H 4 /M g H 2  m ix tu re , th e  first s te p  is  a ttr ib uted  to  
th e  d e c o m p o s it io n  o f  m a in ly  M g H 2  f o l lo w e d  b y  th e  r ea c tio n  b e tw e e n  m eta l h y d r id e s  
to  form  th e  f in a l p ro d u cts  o f  L iH , M g B 2, and M g . G e n e r a lly , h y d r o g e n  in te n s ity  in  
a ll c a ta ly z e d  sa m p le s  s e e m s  to b e  h ig h e r  than that o f  th e  u n c a ta ly z e d  o n e . W ith  th e  
p r e se n c e  o f  V C I 3  in  th e  L iB H 4 /M g H 2  m ix tu re , its  T P O R O /M S  p r o file  is s l ig h t ly  
d ifferen t fro m  that o f  th e  m ix tu re  w ith o u t  V C I 3 . O n ly  a s lig h t  sh if t  in  th e  first and  
se c o n d  d e so r p tio n  can  b e  o b serv ed . T h e  lo w e s t  h y d r o g e n  d e so r p tio n  tem p era tu re ca n  
b e  o b ta in ed  from  th e T iC l 3 -L iB H 4 /M g H 2  and H fC l 4 -L iB H 4 /M g H 2  m ix tu res . T h e
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starting hydrogen desorption temperatures of the two mixtures are the same at about 
260°c, which is shifted by at least 90°c relative to that of the LiBH4/MgH2 mixture, 
at 350°c (Fig. 4.5(e)). In term of hydrogen intensity, the TiCl3-LiBH4/MgH2 mixture 
provides higher intensity than the HfCl4-LiBH4/MgH2 mixture, especially, in the 
second step. So the TiCl3-LiBH4/Mgl-l2 mixture is further used to investigate the 
effects of the catalyst amount.

Temperature, °c

Figure 4.5 TPDRO/MS profiles of: (a) TiCl3-LiBH4/MgH2, (b) HfCl4-LiBH4/MgH2, 
(c) ZrCl4-LiBH4/MgH2, (d) VCl3-LiBH4/MgH2, and (e) LiBH4/MgH2.

Hydrogen evolved from the decomposition of 1, 3, 5, and 7 mol% 
TiCl3 in the LiBH4/MgH2 mixture is shown and compared with that of the 
uncatalyzed mixture in Fig. 4.6. Again, the two steps of hydrogen desorption are 
obtained regarding the amount of TiCl3 added. A distinct difference is that the higher 
the amount of TiCl3, the broader the temperature difference between the first and 
second hydrogen desorption temperature. The lowest starting hydrogen desorption
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temperature (240°C) is with the sample added with 5 and 7 mol%. From the results, 
there may be an optimum amount of TiClî that results in the lowest desorption 
temperature. If the hydrogen intensity information can be used to indicate how much 
hydrogen evolved from the decomposition, it is then clear that the amount of TiCl3 

plays an importation on that. To further elucidate roles of the amount of TiCl3 on the 
kinetics and hydrogen storage capacity of the LiBH4/MgH2 mixture, the 
decomposition of the mixture was studied and the results are shown in Fig. 4.7.

Tem perature,๐c

Figure 4.6 TPDRO/MS profiles of the TiCl3-LiBH4/MgH2 mixture with different 
amounts of TiCl3: (a) LiBH4/MgH2 (b) 1 mol%, (c) 3 mol%, (d) 5 mol%, and (e) 7 
mol%- LiBH4/MgH2.

From Fig. 4.7, it is obvious that the amount of TiCb affects the 
kinetics of the LiBH4/MgH2 desorption. First, TiCb reduces the shoulder of the 
uncatalyzed mixture. Among the tested amounts of TiCl3, using 3-7 mol% TiCb 
results in a higher initial hydrogen desorption rates than using 1 mol%. The fastest
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hydrogen desorption is from the sample with 5 and 7 mol% TiCl3-LiBH4/MgH2 
mixtures. In term of hydrogen desorption capacity, the higher the amount of the 
catalyst, the lower the hydrogen desorption capacity. This is also consistent with 
literature [3],

๐
5IsaEa>i-

Time, h

Figure 4.7 Kinetic investigations at a constant hydrogen desorption temperature, 
450°c, of the TiCl3-LiBH4/MgH2 mixture with different amounts of TiCfr: (a) 
LiBH4/MgH2, (b) 1 mol%, (c) 3 mol%, (d) 5 mol%, (e) 7 mol%-LiBH4/MgH2, and 
(f) hydrogen desorption temperature.
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4.5 Conclusions

The hydrogen desorption of the 2:1 mole ratio of LiBH4/MgH2 was 
investigated and found to consist of two steps. The first step involved the hydrogen 
desorption of LiBH4 and MgH2 to LiBH4.x and MgH2_Y/Mg, respectively. That was 
followed by the reaction between the desorbed metal hydrides, with Mg as a major 
product and a trace amount of MgB2, and LiH. The reversible hydrogen capacity 
after the tenth hydrogen desorption was reduced to 1.8 wt% because only MgH2 
could be recovered. The hydrogen desorption temperature and kinetics could be 
improved by the milling process and adding an appropriate type and amount of the 
catalyst. The best catalyzed-LiBH4/MgH2 mixture from this work was 5 mol% 
TiCl3-LiBH4/MgH2 mixture.
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