
 

                          

                            

 

 

博士論文 

 
Studies on Sodium Borohydride as 

an Ammonia Absorbing Material 
 

アンモニア吸蔵材料としての 

水素化ホウ素ナトリウム 

に関する研究 

 

 

 

 

 

 

 

中 嶋 啓 太 
 

 

広島大学大学院先端物質科学研究科 

 
 

2019年 3月 
 



 

 



I 

 

目次 
 

１．主論文 

   Studies on Sodium Borohydride as an Ammonia Absorbing Material 

    （アンモニア吸蔵材料としての水素化ホウ素ナトリウムに関する研究） 

    中嶋 啓太 

 

２．公表論文 

(1) Operando spectroscopic analyses for ammonia absorption process of 

sodium borohydride  

Keita Nakajima, Hiroki Miyaoka, Kenichi Kojima, Takayuki Ichikawa, 

and Yoshitsugu Kojima 

Chemical Communications, in press.  

(2) Catalysis of Lithium Chloride and Alkali Metal Borohydrides on 

Hydrogen Generation of Ammonia and Lithium Hydride System 

Hiroki Miyaoka, Keita Nakajima, Shotaro Yamaguchi, Taihei Aoki, 

Hikaru Yamamoto, Takahiro Okuda, Kiyotaka Goshome, Takayuki 

Ichikawa, and Yoshitsugu Kojima 

The Journal of Physical Chemistry C, 119, 19922-19927 (2015). 

 

３．参考論文 

(1) Assessment of hydrogen storage property of Ca-Mg-B-H system using 

NMR and thermal analysis techniques 

Sanjay Kumar, Keita Nakajima, Anamika Singh, Yoshitsugu Kojima, 

and Gautam Kumar Dey 

International Journal of Hydrogen Energy, 42, 26007-26012 (2017). 

(2) Improved Hydrogen Release from Magnesium Borohydride by ZrCl4 

Additive 

Sanjay Kumar, Anamika Singh, Keita Nakajima, Ankur Jain, Hiroki 

Miyaoka, Takayuki Ichikawa, Gautam Kumar Dey, and Yoshitsugu 

Kojima 

International Journal of Hydrogen Energy, 42, 22342-22347 (2017). 

(3) Synthesis, structural characterization, and hydrogen desorption 

properties of Na[Al(NH2BH3)4] 

Yuki Nakagawa, Keita Shinzato, Tessui Nakagawa, Keita Nakajima, 

Shigehito Isobe, Kiyotaka Goshome, Hiroki Miyaoka, and Takayuki 



II 

 

Ichikawa 

International Journal of Hydrogen Energy, 42, 6173-6180 (2017). 

  



III 

 

 

 

 

 

 

主論文 

  



IV 

 



V 

 

Abstract 

 Ammonia (NH3) is used as various valuable materials such as fertilizer, 

and recently expected as energy or hydrogen (H2) carrier. In this thesis, we 

focused on the NH3 absorbing materials and NH3 based H2 storage system, 

and studied the following topics as fundamental research to establish the base 

technologies for practical utilization of NH3, (1) Spectroscopic analyses for 

NH3 absorbing process of Sodium borohydride (NaBH4), and (2) Catalytic 

effects of NH3 absorbing materials on H2 generation of NH3-LiH system. 

 

(1) Spectroscopic analyses for NH3 absorbing process of NaBH4 

 NaBH4 revealed characteristic features as an NH3 absorbing material 

differently from the other materials. In this thesis, NH3 absorption process of 

NaBH4 has been investigated and discussed by using operando NMR and 

FT-IR measurements under NH3 pressures. It is experimentally clarified that 

the two phases, solid NaBH4 and liquid NaBH4-2NH3, coexist in the plateau 

region. Furthermore, the NH3 absorbed state of NaBH4 (Na(NH3)xBH4) is 

also the liquid state in the higher pressure than the plateau pressure. The local 

chemical states of B-H and N-H bonds in NaBH3 and NH3 are changed each 

other with the variation of the NH3 concentration. Through the analysis based 

on solution theory for Na(NH3)xBH4, it is suggested that the liquid solution 

is changed from the regular solution to the ideal solution with the increase in 

the molar ratio of NH3. 

 

(2) Catalytic effects of NH3 absorbing materials on H2 generation of NH3-

LiH system 

 The additive effects of NH3 absorbing materials, which are lithium 

chloride (LiCl), lithium borohydride (LiBH4), and NaBH4, are investigated 
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to improve the kinetic properties of the H2 storage system composed of NH3 

and lithium hydride (LiH). The NH3 absorbing materials reveal a significant 

catalytic effect on the H2 generation reaction. Particularly, NaBH4 is the most 

effective, and then the reaction yield reaches to more than 90% for 12 h, 

although the yield in the case of LiH without catalysts is less than 50% for 

12 h. Furthermore, the catalysis is strongly related to the NH3 absorption 

properties of the catalysts. As the catalytic mechanism, it can be proposed 

that the NH3 condensation state is realized in the catalysts and improves the 

kinetic properties. 
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1 Introduction 

 

1.1 Ammonia 

 

Hydrogen for sustainable energy society 

 Fossil fuels, such as coal, petroleum, and natural gas, has been utilized 

for our lives since the late 1800s. In Japan, about 90% of energy consumption 

is covered by fossil fuels.1 This value is almost the same as the ratio of energy 

consumption in the world. However, the fossil fuels are finite in the earth and 

will be depleted by continuing the current energy system. Furthermore, carbon 

dioxide, which is greenhouse gas, is generated by the combustion of fossil fuels. 

Therefore, it is necessary to change a consumer society based on fossil fuel to a 

sustainable energy society based on renewable energy such as solar and wind 

energy.  

 Renewable energy is fluctuated with time and localized at special area, 

for instance, solar energy cannot be used at night or in bad weather. In other 

words, it is difficult to use renewable energy with our demand. Thus, for stable 

supply of renewable energy, effective secondary energy such as hydrogen and 

battery is required.2 Particularly, we focused on hydrogen because of the 

following reasons. 

• Hydrogen has higher gravimetric energy density than battery, furthermore, 

the value is comparable to liquid fuel like gasoline. 

• Hydrogen can be generated from renewable energy by using various 

methods such as water electrolysis, thermochemical water splitting, and 

photocatalytic water decomposition. 
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• Hydrogen can be used as energy by combustion or fuel cell, and then, only 

water is generated. Thus, it can be regarded as clean energy media. 

From above reasons, hydrogen is recognized as promising energy medium to 

establish sustainable energy society. However, it is necessary to develop the 

basic technologies such as hydrogen production, storage/transportation, and 

utilization. In particular, since the volumetric energy density of hydrogen is very 

low due to gaseous state in ambient conditions. Therefore, research and 

development of hydrogen storage techniques are an important issue. So far, 

compressed hydrogen, liquid hydrogen, and hydrogen storage materials, are 

studied as compact storage techniques.3 Hydrogen storage materials such as 

metal hydrides,4-6 complex hydrides7-9 and carbon materials10-12, can store 

hydrogen with higher volumetric hydrogen density than other techniques. 

 

Ammonia as a hydrogen carrier 

 Recently, ammonia (NH3) is expected as a hydrogen storage material 

(hydrogen carrier) to transport large amount of hydrogen because of following 

reasons.13-17 

• Ammonia has high gravimetric and volumetric hydrogen density, compared 

with other hydrogen storage materials, as shown in Figure 1.1. The 

gravimetric hydrogen density is 17.8 wt.%, and the liquid phase of ammonia 

is 1.5 times higher volumetric hydrogen density than that of liquefied 

hydrogen.13 
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• Ammonia is easily liquefied by compression. Figure 1.2 shows the vapor 

pressure of ammonia at the different temperatures. Liquefied pressure at 

20 °C is 0.86 MPa although hydrogen requires below -240 °C, which is 

critical point.13, 18 

 
Figure 1.2 The vapor pressure of NH3 at various temperatures 

 
Figure 1.1 Hydrogen densities in various hydrogen carriers 



4 

 

• It is a carbon-free material because ammonia does not emit greenhouse gas 

like carbon dioxide ideally during combustion, as follows,15 

 4NH3 + 3O2 → 2N2 + 6H2O.       (1.1) 

• A massive synthesis method has been established and it is industrialized 

about 100 years ago.19 The annual production amount of ammonia is 1 and 

170 million tons in Japan and world, respectively.  

• Transportation and storage infrastructure has been established because 

ammonia is used as a material of fertilizers for a long time. 

On the other hand, the technical research and development to practically utilize 

ammonia as the hydrogen carrier is required. For instance, in Japan, four themes 

related to ammonia as an energy (hydrogen) carrier proceed in a cross-

ministerial Strategic Innovation Promotion Program (SIP) since 2014.20 The 

themes are (i) development of ammonia synthesis process from CO2 free 

Hydrogen, (ii) basic technology for hydrogen station utilizing ammonia, (iii) 

ammonia fuel cell, (iv) ammonia direct combustion.20 

 

Ammonia production 

 Ammonia and the products synthesized from ammonia have played a lot 

of important roles as various ways such as fertilizers, explosives, fibers, resins, 

animal feed, and nitrogen oxide scavenger. More than 80% is particularly used 

as a fertilizer. Thus, ammonia is indispensable to our lives. Ammonia is 

synthesized from nitrogen and hydrogen. Nitrogen can be obtained from air. 

Hydrogen is produced from hydrocarbon (CmHn) as a raw material in two 

processes of steam-reforming reaction and gas shift reaction. In the steam-

reforming reaction, H2 and carbon monoxide (CO) are generated from CmHn, 



5 

 

such as methane (CH4), and water (H2O) as following equation, 

 CnHm + nH2O ⇆ nCO + (m/2 + n)H2     (1.2) 

The reaction is industrially operated at a high temperature around 800 °C by the 

use of nickel based catalysts.21, 22 Furthermore, CO and H2O are converted to 

CO2 and H2 by the following water-gas shift reaction, 

 CO + H2O ⇆ CO2 + H2       (1.3) 

This reaction is the exothermic reaction for hydrogen production. The reaction 

proceeds around 300 °C by iron or cupper based catalysts.23, 24 Ammonia 

production was industrialized by BASF in 1913, and the production method is 

called Haber-Bosch process as following equation,25 

 N2 + 3H2 ⇆ 2NH3.        (1.4) 

The air is used as a raw material of N2. O2 in the air reacts with CH4, which is 

the remain of a raw material of H2, and is treated as CO2 or H2O. This reaction 

(1.4) requires a solid catalyst, such as magnetite (Fe3O4) and is operated at high 

temperatures (400-500 °C) and pressures (5-20 MPa).25, 26 In this achievement, 

Haber and Bosch were awarded the Nobel Prize in 1918 and 1931, respectively. 

Although ammonia (hydrogen) is currently produced by fossil fuels as 

mentioned above so far, pilot plants of green ammonia, which is synthesized 

from hydrogen produced by the renewable energy, recently began to operate in 

the UK and Japan,27 and new demonstration plants will be worked in Australia, 

Morocco, Denmark, and Netherland.28-32  

 

Ammonia decomposition 

 The techniques of the ammonia decomposition to generate hydrogen as 

fuels, such as thermolysis, electrolysis, and ammonolysis, have been studied.  
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 Ammonia can be decomposed by thermolysis and the reaction is 

expressed by equation (1.4). The conversion rate of ammonia is determined by 

thermodynamic equilibrium.33, 34 In Table 1.1, the relationship between the 

reaction temperature and the equilibrium ammonia conversion at normal 

pressure (1.01325×105 Pa) is shown, and the conversion rate reaches to more 

than 99 % around 400 °C. Various catalysts such as Pt,34, 35 Ru,34, 36-39 Fe,34, 40  

and Ni,34, 41, 42 have been studied to improve the kinetics.  

 Liquid ammonia is theoretically decomposed by electrolysis at 0.077 V. 

This voltage is much smaller than that of water (1.23 V), indicating that the 

electrolysis of ammonia requires 94% lower energy than the water 

electrolysis.43-46 The decomposition reactions on negative and positive electrode 

are described as the following equations in the case of alkaline metal amides as  

electrolytes,43 

 Negative: 3NH3 + 3e- → 3/2H2 + 3NH2
-,    (1.5) 

 Positive: 3NH2
- → 1/2N2 + 2NH3 + 3e-.    (1.6) 

As overall reaction, liquid ammonia could be electrochemically decomposed 

 

Table 1.1 The equilibrium ammonia conversion at the various temperatures 

 

Temperature (oC) Conversion (%)

250 89.21

300 95.69

350 98.12

400 99.11

450 99.53

500 99.74
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with the generation of hydrogen and nitrogen. 

 In addition to the above techniques, ammonia can be decomposed by 

ammonolysis reaction. Ammonia reacted with alkaline metal hydride to 

generate H2 and alkaline metal amide. The further detail is described in section 

1.4.  
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1.2 Ammonia absorbing materials 

 Various kinds of metal halides MXm or borohydrides M(BH4)m react with 

NH3 to form ammine complex as follows, 

 MXm + nNH3 ⇆ M(NH3)nXm,      (1.7) 

 M(BH4)m + nNH3 ⇆ M(NH3)n(BH4)m.     (1.8) 

These materials are studied for a long time. Biltz et al. and Ephraim et al. 

reported on ammonia absorbing phenomena of metal halides about 100 years 

ago.47-49 The ammonia absorbing materials have been investigated in various 

fields such as hydrogen storage, ammonia removal, chemical heat pump, and 

ammonia storage so far. 

 

Hydrogen storage 

 The hydrogen storage properties of the ammine complex of various 

borohydrides, such as Li(NH3)BH4
50, 51, Mg(NH3)nBH4 (n=1, 2, 3, 4, 5, 6)52, 53, 

Ca(NH3)2(BH4)2
54, Al(NH3)n(BH4)3 (n=4, 6)55, 56, Mn(BH4)2⋅nNH3 (n=1, 2, 3)57, 

Ti(NH3)n(BH4)3 (n=3, 5)58, V(NH3)3(BH4)3
59, Y(NH3)4(BH4)3

60, 

Zr(NH3)8(BH4)4
61, Li2Al(NH3)6(BH4)5

56, Li2Mn(NH3)6(BH4)4
57, 

Mg1−xMnx(NH3)6(BH4)2
57, Li2Ti(NH3)5(BH4)5

58, LiSc(NH3)4(BH4)4
59, and 

Li2Mg(NH3)6(BH4)4
62, have been investigated. Li(NH3)BH4 is the 

representative ammine complex for hydrogen storage. About 50 years ago, 

Sullivan et al. investigated the NH3 pressure-composition isotherms (PCI) for 

LiBH4, as the result, LiBH4 absorb NH3 and form ammine complex with various 

compositions, Li(NH3)nBH4 (n = 1, 2, 3, 4).63 The structural analysis was carried 

out for Li(NH3)BH4 by Johnson et al., and the absorption of NH3 in LiBH4 leads 

a tetrahedral coordination of three BH4
− units and one NH3 molecule around the 
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central Li atom. Here, the distance between H in NH3 molecule and H in BH4
− 

is approximately 2.3–2.5 Å, suggesting that there are some interaction, such as 

dihydrogen bonding, between Hδ+ in NH3 and Hδ− in LiBH4.64, 65 Actually, such 

interaction is also observed by structural studies in other ammine complexes of 

borohydride like Ca(NH3)2(BH4)2 and Li2Al(NH3)6(BH4)5.54, 56 Furthermore, 

Chen et al. suggested that this combination between NH and BH in 

Li(NH3)4/3BH4 leads to the hydrogen generation reaction, not ammonia 

generation reaction as following equations,51  

 Li(NH3)4/3BH4  

  → 2/3BNHx + 1/9LiBH4 + 2/9Li4BN3H10 + (8-x)/3H2 (1.9) 

  → 2/3BN + 1/3Li3BN2 + 4H2     (1.10) 

Here, Li(NH3)4/3BH4 is not formed based on the above PCI measurement by 

Sullivan et al., however, the composition was found by the experiments in a 

closed system under NH3 atmosphere. In this case, 17.8 wt% of H2 can be 

released from the Li(NH3)4/3BH4 in the temperature range of 135 to 250 °C with 

the assistance of Co catalyst. 

 

NH3 removal 

 When NH3 is used as a H2 carrier, NH3 should be decomposed into mixed 

gas of N2 and H2 with a small amount of residual NH3 at utilization sites.66-68 

Current polymer electrolyte membrane (PEM) fuel cells are seriously poisoned 

even by a small amount of NH3.69 According to ISO14687-2, less than 0.1 ppm 

of NH3 concentration can be accepted for PEM fuel cell vehicles (FCVs) as 

shown in Table 1.2.66, 70 Here, ISO is International Organization for 

Standardization and an agency that establishes international standards. Thus, it  
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is necessary to remove NH3 from the fuel gases obtained by the NH3 cracking 

to produce high purity H2. In SIP for the technical research and development to 

practically utilize NH3 as the energy carrier in Japan, the materials for the NH3 

removal are investigated as the basic technology for hydrogen station utilizing 

NH3. Based on the above background, ammonia absorbing materials are one of 

promising NH3 removal media. In addition, these materials with low plateau 

pressure for the reaction with NH3 are utilized as NH3 trapping materials for 

emergency situations such as leakage of large amount of NH3 form the 

infrastructure as well. 

Table 1.2 Specification of hydrogen fuel for FCV （ISO 14687-2） 

 

Species Concentration (ppm)

Total hydrocarbon 2

Water 5

Oxygen 5

Nitrogen + Argon 100

Helium 300

Carbon dioxide 2

Carbon monoxide 0.2

Total sulphur compound 0.004

Formaldehyde 0.01

Formic acid 0.2

Ammonia 0.1

Total halogenated compounds 0.05



11 

 

 

Heat storage 

 The ammonia absorbing materials have been studied to be utilized for 

chemical heat storage. Here, the ammonia absorption and desorption reactions 

generally proceed with the exothermic and endothermic, respectively. Chemical 

heat pump is operated in two processes of heat output and heat storage as shown 

in Figure 1.3. In the heat output process, the heat required at evaporator is 

supplied to vaporize ammonia, which reacts with the ammonia absorbing 

materials and releases heat at the reactor. Thus, ammonia absorption reaction is 

utilized for the heat output. In the heat storage process, heat is supplied to the 

reactor with regenerating ammonia, and the ammonia is stored in the condenser. 

Thus, ammonia desorption reaction is utilized for the heat storage. When 

ammonia absorbing materials and ammonia are separated, the heat could be 

stored for a long time because the reaction does not proceed.  

 

Ammonia storage 

 

 
Figure 1.3 The image of heat storage using NH3 absorbing material 
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 Some kinds of materials store NH3 to form solid ammine complex, and 

then NH3 can be desorbed reversibly. Thus, NH3 is stored in thermodynamically 

stable solid phase, indicating that the safety and health issues of liquid ammonia 

with relatively high pressure could be solved as shown in Table 1.3.  

In the case of magnesium chloride (MgCl2) as a typical ammonia absorbing 

material,  the toxicity is drastically reduced compared with liquid NH3 at room 

temperature by storing NH3 in MgCl2 as Mg(NH3)6Cl2, and the apparent toxicity 

of Mg(NH3)6Cl2 is less than gasoline.13 This is because the vapor pressure of 

Mg(NH3)6Cl2  is much lower than that of liquid ammonia. Furthermore, the 

volumetric ammonia densities of ammine complex such as Mg(NH3)6Cl2 and 

Ca(NH3)8Cl2 are comparable with that of liquid ammonia.71 Thus, by using the 

above materials, ammonia can be controlled and utilized safely for practical 

applications. On the other hand, high temperature heat is required for ammonia 

desorption reaction because the ammine complex phases are 

 

Table 1.3 Vapor pressures, IDLH (immediately dangerous to life or health), 

apparent toxicity (= vapor pressure/IDLH*104), state, and NH3 density of 

energy carriers at 20 °C 

 

Materials
Vapor pressure 
(kPa) at 20 C

IDLH (ppm)
Apparent 
toxicity 

State
NH3 density 

(kg/L)

Gasoline 50.6 750 675 Liquid -

Ethanol 5.86 3300 18 Liquid -

liq. NH3 860 300 28667 Liquid 0.61

Mg(NH3)6Cl2 0.14 300 5 Solid 0.62
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thermodynamically stable. NH3 in Mg(NH3)6Cl2 is desorbed in 3 steps at high 

temperature range as follows,72 

 Mg(NH3)6Cl2 → Mg(NH3)2Cl2 + 4NH3 around 200 °C, (1.11) 

    → Mg(NH3) Cl2 + NH3 around 350 °C, (1.12) 

    → MgCl2 + NH3  around 400 °C.  (1.13) 

In the case of Ca(NH3)8Cl2, the NH3 desorption reaction proceeds in 4 steps at 

the temperature range of 25-300 °C.72  

  



14 

 

1.3 NaBH4 as an ammonia absorbing material  

 As described above, many researchers in various research fields focused 

on ammonia absorbing materials for different purposes. Recently, Aoki et al. 

have systematically investigated the NH3 absorption properties of various kinds 

of halides and borohydrides by using PCI measurements as a fundamental 

research (Table 1.4).   

 

Table 1.4 Ammonia absorption capacity and equilibrium pressure (Peq) of 

various materials at 20 °C 

 

Material NH3 capacity (mol/mol) Peq (MPa)

LiF - ＞0.800

LiCl 4 0.178

LiBr 2 ＜0.001

CaF2 - ＞0.800

CaCl2 8 0.030

NaI 5 0.055

NiCl2 6 ＜0.001

NiBr2 6 ＜0.001

NaCl - ＞0.800

KBr - ＞0.800

MgF2 - ＞0.800

LiBH4 3 ＜0.001

NaBH4 2 0.090

KBH4 - ＞0.800

Ca(BH4)2 5 ＜0.001

Mg(BH4)2 5 ＜0.001
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They found that the correlation between the plateau pressure and the 

electronegativity of cation or anion in the metal halides or borohydrides. On the 

other hand, it is difficult to explain the NH3 absorbing properties like NH3 

capacity (coordination number of NH3) and equilibrium pressure by the 

electronegativity for all the NH3 storage materials. For example, crystal 

structure, ion size, NH3 absorbed state (solid or liquid), and chemical state 

should be considered as control factors for the NH3 absorption as well. In this 

work, we focused on sodium borohydride (NaBH4) as an NH3 absorbing 

material to understand the relation of the NH3 absorbed state and chemical state 

in the NH3 absorption process. NaBH4 revealed characteristic features 

differently from the other materials in the PCI experiments. After the plateau 

region, the vapor pressure was linearly increased with the introduction of NH3. 

In this section, the properties of NaBH4 as an ammonia absorbing material 

discussed in previous research is described below. Based on PCI measurements, 

1 mol of NaBH4 absorbs 2 mol of NH3 at 90 kPa at 20 °C as following 

equation,73 

 NaBH4 + 2NH3 ↔ Na(NH3)2BH4,      (1.14) 

and the plateau pressure was lower than that of liquid ammonia (860 kPa, 20 

C) as shown in Figure 1.4. Possibility that the ammine complex of NaBH4 

could be liquid phase is suggested because of the slope-like profile of PCI curve 

at high NH3 concentration region. Furthermore, the PCI measurements were 

carried out at different temperatures, and ΔH0 and ΔS0 were obtained from the 

relationship between the experimental temperature and the equilibrium pressure 

by the Van't Hoff plot, and the values were evaluated to be −29 kJ/mol and −98 

J/(mol K), respectively. Aoki et al. suggested that ΔS0 was almost the same as 
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that of liquefaction of NH3, indicating that a degree of freedom corresponding 

to the NH3 molecules in Na(NH3)2BH4 is similar to that of liquefied NH3. Zhang 

et al. reported the cycle properties in NaBH4-NH3 system as shown in Figure 

1.5.74 It is suggested that ammonia absorption and desorption processes proceed 

reversibly and could be controlled by only pressure at 20 °C without thermal 

activation. Here, NaBH4 is observed from the X-ray diffraction measurements 

before and after PCI measurement at 20 °C, indicating that the NH3 absorption 

and desorption reactions proceed without side reactions. On the other hand, the 

detailed reaction mechanism of NaBH4 and NH3 system is not understood yet 

because the NH3 absorbed state of NaBH4 is thermodynamically unstable 

without NH3 pressure around room temperature. Therefore, the analyses must 

be performed under NH3 atmosphere to know details of the NH3 absorbed state.  

 
Figure 1.4 The NH3 absorption property of NaBH4 at 20 °C  
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Figure 1.5 The cycle properties of NH3 absorption and desorption in 

NaBH4-NH3 system 
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1.4 NH3-LiH system as hydrogen storage system 

 In 1910, Dafert et al. reported the reaction between lithium nitride (Li3N) 

and H2, and they described the reaction as follows75, 

 Li3N + 2H2 → Li3NH4.       (1.15) 

Ruff et al. reported later that the reaction product Li3NH4 was a mixture of 

LiNH2 and 2LiH.76 After about 100 years, Chen et al. have focused on this 

system as a hydrogen storage system because of its high gravimetric density 

(10.4 wt%) and investigated the hydrogen desorption and absorption reactions 

described as follows77-81,  

 Li3N + 2H2 ↔ LiNH2 + 2LiH.      (1.16) 

The hydrogen absorption and desorption reactions reversibly proceed below 

about 450 °C, and this reaction was composed of the following two reactions,  

 Li3N + H2 ↔ Li2NH + LiH,      (1.17)

 Li2NH + H2 ↔ LiNH2 + LiH.      (1.18) 

In fact, in the thermogravimetry analysis, the weight loss with 2 steps around 

170 and 430 °C is observed in the desorption process77. Here, the standard 

enthalpy of formation ΔfH0 of Li3N, Lithium imide (Li2NH), Lithium amide 

(LiNH2), Lithium hydride (LiH), and H2 are -165, -222, -176, -91, and 0 kJ/mol, 

thus, the enthalpy changes ΔH0 for reactions (1.16), (1.17), and (1.18) could be 

calculated to -97, -148 and -45 kJ/mol H2, respectively77, 82. Ichikawa et al. 

focused on reaction (1.18) and investigated the properties in further detail 

because the hydrogen capacity is still high, where it is 6.5 wt%, and the reaction 

could be controlled under moderate conditions due to the small enthalpy 

changes of reaction. Furthermore, it is proposed that reaction (1.18) proceeds 

by the two-step reactions mediated by NH3 as follows83, 84, 



19 

 

 2LiNH2 ↔ Li2NH + NH3,      (1.19)  

 NH3 + LiH ↔ LiNH2 + H2.      (1.20) 

LiNH2 is first decomposed to Li2NH and NH3, and then the generated NH3 

molecule at the surface of LiNH2 immediately reacts with LiH to form LiNH2 

and H2. In this thesis, we focused on the NH3-LiH system (reaction (1.20)), and 

then the further detail of this reaction as a hydrogen storage system are 

described below. 

 The NH3-MH system can be expressed by the following equation, 

 NH3 + MH ↔ MNH2 + H2.      (1.21) 

These systems are systematically investigated as hydrogen storage system 85-88. 

Yamamoto et al. investigated the hydrogen generation and regeneration 

properties of these systems, where M is lithium (Li), sodium (Na), and 

potassium (K).86 The gravimetric hydrogen density is 8.1, 4.9, and 3.5 wt%, 

respectively. Furthermore, in the NH3-LiH system, the volumetric hydrogen 

density reaches to 4.5 kg/100 L, assuming that NH3 is the liquid state and the 

packing density of solid state LiH is 60%. This value is higher than the 

volumetric density of hydrogen compressed by 70 MPa of pressure, which is 

3.9 kg/100 L. Therefore, the NH3-LiH system is attractive as hydrogen storage 

technique because of its high gravimetric and volumetric density. The 

thermodynamic parameters (ΔfH0 and S0) of the materials relating to this 

reaction are shown in Table 1.5.18, 89 Accordingly, in MH-NH3 system, the 

enthalpy change of the dehydrogenation reaction ΔH0 is calculated to be -39 

(Li), -22 (Na), and -25 (K) kJ/ mol H2, respectively. Therefore, the hydrogen 

desorption reaction thermodynamically proceeds at room temperature because 

it is an exothermic reaction. On the other hand, the hydrogen absorption by the 
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endothermic reaction is achieved below 300 °C under the H2 flow condition. 

The hydrogen absorption reaction is exothermic reaction in conventional 

reversible hydrogen storage systems, indicating that these thermodynamic 

properties are characteristics in the MH-NH3 systems. Figure 1.6 shows the 

relationship between reaction yield and reaction time at room temperature for 

hydrogen desorption reaction.86  

Table 1.5 Enthalpy and entropy changes of the materials relating to reaction 
(1.21) 

 

Material ΔfH
0 (kJ/mol) S0 (J/mol*K)

LiH -91 20.03

NaH -56 40.03

KH -58 50.18

NH3(gas) -46 192.77

LiNH2 -176 -

NaNH2 -124 -

KNH2 -129 -

H2(gas) 0 130.68

 
Figure 1.6 The reaction yields of H2 generation for NH3-MH system (M=Li, 

Na, K) at 1, 12, and 24 h 
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Here, the open symbols indicate the reaction yields of the reaction between each 

pristine sample and NH3. The NH3-KH system revealed the highest reactivity 

and the reaction yield achieved about 90% after 12 h at room temperature, on 

the other hand, the reaction yield is only about 10 or 20% even in 24 h for NH3-

LiH and NH3-NaH systems. Namely, the reactivity of the NH3-LiH system with 

the highest hydrogen capacity is very poor. Therefore, an improvement of 

kinetic properties is a critical issue for the NH3-LiH system.  

 The ball-milling is used as a technique to improve the kinetics on the 

hydrogen generation of the NH3−LiH system.86, 90-92  The closed symbol of LiH 

in Figure 1.6 is the reaction yield between the ball-milled LiH and NH3, and the 

reaction rate was improved, resulting in about 50 % of reaction yield for 24 h. 

Generally, when the ball-milling is used in the gas-solid reactions, the kinetic 

properties are controlled by surface reaction and atomic diffusion process. 

Actually, it is reported that the surface of pristine LiH was covered with LiOH, 

and a fresh surface of LiH appeared after the ball-milling, where this 

phenomena are characterized by the X-ray photoelectron spectroscopic 

analysis.91 Moreover, the correlation between particle size and hydrogen 

generation properties on NH3-LiH system is investigated, and it is clarified that  

the reaction proceeds faster as the particle size is smaller.90 On the other hand, 

even if the ball-milling is performed for NH3-LiH system, the reaction proceeds 

only 50%. This is because LiNH2 is formed on the LiH surface as the reaction 

progresses. Actually, the reaction yield achieved about 100% by the ball-milling 

under NH3 atmosphere because of the dynamic destruction of LiNH2 layers on 

the surface and the simultaneous reduction of the crystalline size.87, 90 

 The addition of catalysts is another effective technique to modify kinetics, 
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and catalytic effects of various chlorides, potassium compounds, and amides 

have been investigated.92-95 Among them, titanium(III) chloride (TiCl3) is the 

most effective as a catalyst to improve the reaction kinetics, and then the 

reaction yield reaches to 80% for the 24 h as shown in Figure 1.7.94  

On the other hand, the lithium chloride (LiCl) formation is clarified after the 

ball-milling process to disperse TiCl3 into LiH, suggesting that TiCl3 is 

mechanochemically changed to LiCl and Titanium (Ti) or Ti-compound such 

as Ti(II) hydride (TiH2) during the milling. However, it is not yet understood 

what material possesses the catalytic effect. In common understanding, 

transition metal catalysts such as Ti possibly improve kinetics on gas−solid 

reactions, especially a dissociation process of the gaseous molecule is activated. 

Here, it was reported that LiCl absorbs NH3 molecules to form the ammine 

 

 
Figure 1.7 Reaction yield of the raw, milled, and various additives 

dispersing LiH for the reactions with NH3 for 1 h at room temperature 
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complex phase like magnesium chloride (MgCl2).72, 73, 96 Thus, it is possible 

that the NH3 absorption phenomena positively affects on the reaction between 

NH3 and LiH.   
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1.5 Thermodynamics 

 Some materials such as halides and borohydrides absorb ammonia and 

ammine complexes as thermodynamically stable phase as described above. To 

understand the reaction details, thermodynamics is important.  

 The standard Gibbs’ energy of reaction ΔG is written by follows,  

 ΔG = ΔH - TΔS,        (1.22) 

 ΔS = ΔS0
 - Rln(ppro/p0),       (1.23) 

where T is the reaction temperature (K), ΔH is the standard enthalpy of reaction 

(kJ/mol), ΔS is the entropy of reaction (J/mol・K), ΔS0 is the the standard 

entropy of reaction (J/mol・K), ppro is the partial pressure of produced gas (kPa), 

p0 is the standard pressure (101.325 kPa). In ΔG = 0, the condition is 

thermodynamically equilibrium state, and the NH3 absorption and desorption 

reaction simultaneously proceed. In ΔG＜0, reactions proceed spontaneously. 

In ΔG＞0, reactions does not proceed spontaneously. When ΔH is negative 

value for the absorption reaction of the above equation, it exothermically 

proceeds. In the NH3 desorption process, increase in temperature or decrease in 

partial pressure of gaseous products are required to satisfy ΔG＜0 due to 

positive ΔH value. Thus, the reaction is controlled by temperature and pressure.  

 The Van't Hoff equation is obtained by using the above-mentioned peq 

and thermodynamic parameters (ΔH, ΔS) as follows,  

 lnpeq = -ΔH/RT + ΔS/R,       (1.24) 

This equation also shows the temperature dependence of the peq. ΔH and ΔS are 

estimated from the slope and intercept of the straight line plotting lnpeq and 

reciprocal of T. 
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 As mentioned above, the equilibrium state of the ammonia absorption is 

determined by temperature and ammonia pressure. Generally, the pessure-

composition-isothermal (PCI) measurements is useful technique to understand 

thermodynamic properties of the materials. As example,  PCI curve of lithium 

chloride (LiCl) as a typical ammonia absorbing material at 20 °C is shown in 

Figure 1.8.73  

The x and y axes are the amount of absorbed NH3 for 1 mol of LiCl and the 

ammonia pressure, respectively. With increase in the introduced NH3, only 

pressure in the experimental system rises below 178 kPa. The ammonia 

absorption starts at 178 kPa, the pressure is constant value during the increase 

in the amount absorbed NH3 from 0 to 2, indicating that the ammonia absorbing 

reaction proceeds as follows,  

 LiCl + 2NH3 ⇆ Li(NH3)2Cl.      (1.25) 

This pressure is generally called plateau pressure and represented by the symbol 

of peq as described above. In this plateau region, since the number of component 

 
Figure 1.8 The NH3 absorption property of LiCl at 20 °C 



26 

 

C and phase P respectively correspond to 2 and 3, the degree of freedom F is 

estimated for the NH3 absorption reaction from the Gibbs’ phase rule as follows,  

 F = C-P+2 = 2-3+2 = 1.        (1.26) 

Therefore, only one parameter among temperature, pressure, and the amount of 

absorbed ammonia can be chosen freely, for instance, when a certain 

temperature is selected, the amount of absorbed ammonia and pressure are 

uniquely determined. Thus, when the plateau region is observed in the PCI 

measurements, two phases, which are thermodynamically different stable 

phases, coexist. In the higher pressure than the plateau pressure, the pressure is 

simply increased without some reactions. As another example, the PCI curve of 

sodium borohydride (NaBH4), which reveals characteristic features differently 

from typical ammonia absorbing materials, as shown in Figure 1.4.73 The 

plateau region appears at 93 kPa, and 2 mol of NH3 is absorbed in NaBH4. In 

the higher pressure than the plateau pressure, the amount of absorbed ammonia 

continuously increases with the increase in the ammonia pressure. Assuming 

that influence of kinetics is negligible, these results indicate that the ammonia 

absorption state is continuously changed thermodynamically like solid and 

liquid solution, resulting in a slope-like profile.   
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1.6 Kinetics 

 As mentioned in previous section, the reaction conditions and yield are 

determined by thermodynamic properties of the reactions. In this section, it is 

described about the kinetics to reach thermodynamic equilibrium. The reaction 

kinetics is increased with the increase of the reaction rate constant k(T), and it 

is expressed by the following equation, 

 k(T) = Aexp(-Ea/RT),       (1.27) 

where A is the frequency factor, Ea is the activation energy, R is gas constant, 

and T is the reaction temperature. Equation (1.27) indicates that reaction rate 

can be improved by the increase of A and T, or the decrease of Ea. For instance, 

it is possible to increase A by reacting under higher pressure in the gas-solid 

reaction. When the reaction is operated under higher temperature, the reaction 

rate is improved. To decrease Ea, suitable catalysts with considering the rate-

determining step are generally used. To control the kinetic properties, it is most 

important to understand the detailed reaction processes (rate-determining step), 

which are elementary reactions included in the reaction. Here, the reaction 

process in the hydrogen absorption reaction of the hydrogen storage alloy which 

is a typical solid-gas phase reaction is thought as example. The reaction is 

described as follows, 

 M + H2 ⇆ MH2,        (1.28)  

where M is mainly composed of transition metals such as LaNi5, TiFe, and 

Mg2Ni.97-99 The reaction proceeds by five intermediate partial processes as 

below:100 

(i) Physisorption of hydrogen molecules on the surface of alloy; 
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(ii) Dissociation of hydrogen molecules to hydrogen atoms and chemical 

adsorption hydrogen atoms on the surface of alloy; 

(iii) Immigration of hydrogen atoms from the surface into alloy; 

(iv) Diffusion of hydrogen atoms in alloy; 

(v) Formation of alloy hydrides. 

When (ii) is rate-determining process, dissociation of hydrogen molecules can 

be promoted by the addition of a hydrogen dissociation catalyst such as Pt. The 

catalytic effect on dissociation of hydrogen molecules is understood to appear 

because d electrons in noble metals and transition metals interact with hydrogen 

molecules and reduce the Ea of the dissociation process. Actually, the hydrogen 

desorption reaction of hydrogen storage alloy proceeds relatively fast because 

it often contains transition metal. In addition, when (iv) is the rate-determining 

step, the decrease of the size of reactants is effective to improve the kinetics 

because the diffusion distance of atoms is shortened. 
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2 Purpose 

 To effectively utilize ammonia (NH3) as an energy or a hydrogen (H2) 

carrier, the NH3 absorbing materials and H2 storage system are investigated and 

discussed as fundamental research about the following two topics, 

(1) Spectroscopic analyses for NH3 absorbing process of NaBH4, 

(2) Catalytic effects of NH3 absorbing materials on H2 generation of NH3-LiH 

system. 

 

(1) Spectroscopic analyses for NH3 absorbing process of NaBH4 

 The NH3 absorbing materials are attractive as H2 (or NH3) storage 

materials and/or functional materials for establishing the safety devices. Among 

them, we focused on sodium borohydride (NaBH4) as an NH3 absorbing 

material to understand the relation of the NH3 absorbed state and chemical state 

in the NH3 absorption process. NaBH4 revealed characteristic properties 

differently from the other materials because the formation of liquid solution 

between NH3 and NaBH4 is expected. However, the detailed reaction process 

has not been understood yet due to the difficulty of characterization under NH3 

atmosphere without exposing air. 

 In this work, the NH3 absorbing process of NaBH4 was investigated in 

further details by using operando nuclear magnetic resonance spectroscopy and 

Fourier transform infrared spectroscopy under NH3 atmosphere. And, 

thermodynamic analysis based on solution theory for the NH3 pressure-

composition isothermal curve was performed to discuss and understand the 

phase variation and the absorption behavior of the NaBH4-NH3 system.  
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(2) Catalytic effects of NH3 absorbing materials on H2 generation of NH3-LiH 

system 

 The NH3-LiH system is expected as a H2 storage system because of its 

high gravimetric and volumetric hydrogen density. However, the H2 desorption 

reaction proceeds slowly, and the kinetic improvement is required. So far, 

titanium chloride (TiCl3) is the most effective as a catalyst. However, in the 

process of the sample preparation, LiH reacted with TiCl3 and change to other 

materials as described in introduction. 

 In this work, firstly, the additive effects of titanium (Ti), titanium hydride 

(TiH2), and lithium chloride (LiCl) are investigated based on the previous 

research. Furthermore, the additive effects of the NH3 absorbing materials such 

as LiBH4 and NaBH4 for the H2 generation reaction of the NH3-LiH system 

were systematically investigated to understand the catalytic process on this 

system. 
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3 Experiments 

 

3.1 Materials 

 Experiments were carried out by the use of materials shown in Table 3.1. 

Since these materials are active to oxygen or water in the air and easily change 

to oxides and hydroxides, all the samples were handled in a glovebox purified 

by a gas recycling purification system (MP-P-60W, Miwa MFG Co., Ltd.) to 

minimize influence of oxygen and water in the air. 

 

 

 

  

Table 3.1 The information of materials used for experiments 

 

Material (Chemical formula) Purity (%) Company

Lithium hydride (LiH) 99.4 Alfa Aesar

Titanium (Ti) 99.9 Rare metallic

Titanium(II) hydride (TiH2) 98 Sigma Aldrich

Lithium chloride (LiCl) 99.99 Sigma Aldrich

Lithium borohydride (LiBH4) 95 Sigma Aldrich

Sodium borohydride (NaBH4)
for NH3-LiH experiment 98 Sigma Aldrich

Sodium borohydride (NaBH4)
for NMR and IR experiment 99.99 Sigma Aldrich
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3.2 Pressure-Composition isotherms 

 The NH3 Pressure-Composition isothermal (PCI) measurements are a 

technique to know the relationship between the NH3 pressure and the absorbed 

amount of NH3 at an arbitrary temperature. There are two methods for PCI 

measurements, named gravimetric and volumetric (Sieverts') methods. In the 

gravimetric and volumetric methods, the composition at each pressure is 

evaluated from the change in weight and pressure, respectively. In this study, 

NH3 PCI measurements were carried out by the volumetric method. Figure 3.1 

shows a schematic diagram of the volumetric PCI measurement system.  

 

The apparatus is composed of a buffer and a sample holder, and their volume is 

denoted as VB(buffer) and VS(sample holder), respectively. Here, the buffer indicates the 

green and red area in Figure 3.1 and the valve VB is ordinary open. When the 

density of NH3 is written by d(P, T) in the pressure P and the temperature T, the 

 
Figure 3.1 Schematic diagram of the volumetric PCI measurement system 
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amount of NH3 gas n in the initial state could be written as follows, 

 n = d(PB, TB)VB + d(PS, TS)VS.      (3.1) 

Here, the pressure and temperature of the buffer and sample holder are denoted 

as PB, PS, TB, and TS, respectively. 

In the initial state, PB is higher than PS. When the valve VS is opened in this 

state, the amount of NH3 gas and each pressure change to n’, PB’, PS’, and the 

following equation could be written, 

 n’ = d(PB’, TB)VB + d(PS’, TS)VS.     (3.2) 

At this time, PB’ is equal to PS’, and the amount of ammonia contributing to the 

NH3 absorption reaction could be estimated from n-n’. By the repeat of the 

above procedures, PCI curves can be obtained. 

 

Procedure  

 The PCI measurements were performed for NaBH4 at 0 and 20 C. In the 

measurement at 0 C, the hand-made apparatus is used, and the image is shown 

in Figure 3.1. The volume of green, red, and blue area, which are related to the 

PCI measurements, are 14.8, 49.6, and 9.8 cm3, respectively. The temperature 

of the sample holder is kept 0 C by ice water. The measurements were 

performed for 1 mmol of NaBH4 in the pressure region from 0.002 to 428 kPa. 

The lower pressure is vacuumed by the rotary pump (ULVAC, GLD-051) and 

monitored by the Pirani vacuum gauge (ULVAC, GP-2A). The higher pressure 

is monitored by pressure gauge (Druck, DPI280) and the maximum value is 

almost the liquefied pressure of NH3 (431 kPa) at 0 C.1 When the pressure 

value did not change within 1 kPa for 5 min after the introduction of NH3 gas, 

the system was judged to be an equilibrium pressure.  
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 The commercial apparatus is used for the measurement at 20 C. 30 mg 

of NaBH4 is introduced into a sample holder, and the measurement is performed 

in the pressure range from 0.08 to 705 kPa. This maximum value was 

determined to prevent the liquefaction of NH3 gas which is for the introduction 

into sample holder. When the pressure change was within 1 kPa for 15 min, the 

pressure was regarded as the equilibrium pressure. 
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3.3. Operando Fourier transform infrared spectroscopy 

 Fourier transform infrared (FT-IR) spectroscopy can be used for solid, 

liquid, and gas phases. By using FT-IR, chemical bonds such as functional 

groups in samples are able to be qualitatively and quantitatively analyzed. 

 There are two types of infrared spectrophotometers: dispersed type and 

Fourier transform type. The difference of them is the optical system. In the 

dispersed type, the ray after passing through the sample is distributed by the 

diffraction grating, and each wavelength is sequentially detected. In the Fourier 

transform type, interferometers are used to detect all wavelengths at the same 

time. Then, Fourier transform is performed to separate each wavelength 

component. In this work, Fourier transform type is used. 

 When rays are irradiated on a molecule and Bohr's quantum condition is 

satisfied, a part of the ray energy is transferred to a molecule. The molecule 

absorbs the energy difference between the two quantum states by the excitation 

from one energy state to a higher energy state. The energies related to molecules 

could be classified into vibrational, rotational and translational energies. 

Infrared absorption is mainly due to transitions between vibration energy. 

Therefore, the infrared absorption spectrum is one type of vibration spectrum. 

 Atoms in a molecule are chemically bonded, and can be represented by a 

model composed of two atoms connected by a spring as shown in Figure 3.2.  

 
Figure 3.2 The model of molecule composed of two atoms connected by a 

spring 

 

m1 m2
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The frequency of vibration between the two atoms is expressed by the following 

equation, 

 ν= 
1

2𝜋
√

𝑘

𝑀
,          (3.3) 

 M = 
𝑚1𝑚2

𝑚1+𝑚2
,          (3.4) 

where m1 and m2 are the masses of the two atoms, and k is spring constant. When 

the frequency corresponds to the wavelength of infrared rays, the rays are 

absorbed by molecules. On the other hand, not all molecules absorb infrared 

rays. Dipole moment occurs when positive and negative charges are generated 

on individual atoms in a molecule. When the dipole moment of the molecule is 

changed by vibration, the molecule absorbs infrared ray. Therefore, the infrared 

is not absorbed for the diatomic molecules such as H2, O2, and N2 because the 

dipole moment is not changed even if the vibration is happened. The samples 

used in this study have N-H or B-H bonds and these are infrared active. 

 

Procedure  

 In this work, the FT-IR measurements were performed to understand the 

NH3 absorption state of NaBH4. FT-IR (Spectrum One, Perkin-Elmer) system 

equipped with diffuse reflection cell were used to observe infrared absorption 

spectra. Here, the NH3 absorption and desorption reaction of NaBH4 proceeds 

reversibly, and the absorbed NH3 is released without NH3 pressure. Thus, in 

order to characterize the NH3 absorption state of NaBH4, the measurement must 

be performed under NH3 pressure. Therefore, the special sample cell, which can 

be utilized in NH3 atmosphere without corrosion. Although a commercially 

available sample cell can change inside atmosphere with our demand, various 
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raw materials are not resistance to NH3. In this work, the home-made sample 

cell by Hydrolab Inc. was used and the image is shown in Figure 3.3. The size 

of the sample cell is shown in Table 3.2. The sample cell is mainly made from 

steel use stainless (sus316). The yellow cell wiendow is made from zinc 

selenide (ZnSe), and the Kalrez o-ring is used for sealing. The available 

pressure range is from 0.002 to 860 kPa of NH3 pressure, which is vapor 

pressure of NH3 at 20 C. The samples were measured without dilution. Spectra 

were recorded at 4 accumulations with 4 cm−1 spectral resolution.  

  

 
Figure 3.3 The image of the sample cell for FT-IR  

 

Table 3.2 The size of the sample cell for FT-IR in Figure 3.3 

 
 

A

B

C
D X

X

Parts Size (mm)

Window diameter(A) 21.0

Cell diameter(B) 50.0

Cell height(C) 23.3

Length (D) 50.7
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3.4 Operando nuclear magnetic resonance spectroscopy 

 An atom is composed of a nucleus and electrons. Nuclei causes a 

resonance phenomenon by irradiation of radio waves in magnetic fields.  This 

resonance phenomenon is used for various atoms to analyze their chemical 

states, and this is named nuclear magnetic resonance (NMR). The nuclear spin 

in nucleus is the most important for NMR. Protons and neutrons in the nucleus 

are spinning. In the same nucleus, protons and neutrons form the pairs of spins 

with other protons in opposite directions. When pairs of spin are formed, the 

properties of spin are canceled. Number of protons, number of neutrons, spin 

quantum number I, and natural abundance for various nuclei are shown in Table 

3.3.  

Table 3.3 Number of protons and neutrons, spin quantum number I, and 
natural abundance for various isotopes 

 

Isotope
Number of 

proton
Number of 

neutron
Spin 

Natural 
abundance (%) 

1H 1 0 1/2 99.985

2H 1 1 1 0.015

14N 7 7 1 99.63

15N 7 8 1/2 0.037

23Na 11 12 3/2 100

10B 5 5 3 19.58

11B 5 6 3/2 80.42

16O 8 8 0 99.74

17O 8 9 5/2 0.037

18O 8 10 0 0.205

12C 6 6 0 98.92

13C 6 7 1/2 1.08
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In the case of 1H, 15N, and 11B, I is half-integer due to the odd number for either 

proton or neutron. In the case of 2H, 14N, and 10B, I is integer due to the odd 

number for both proton and neutron. In the case of 16O, 18O, and 12C, I is zero 

due to the even number for both proton and neutron. Here, nucleus like 16O 

cannot be observed by NMR measurement because I is equal to 0. By the spins 

of positively charged nucleus, a magnetic moment is generated.  In other words, 

nucleus could be regarded as a small magnet with magnetic field by itself. There 

is ordinarily no particular orientation for these small magnets, on the other hand, 

these are oriented in an external magnetic field. The number of this orientation 

is determined by I. For example, there are 7 orientations in the case of 10B with 

I = 3. In the case of 1H with I = 1/2, there are 2 orientations for 1/2, -1/2. For 
1H, 2 orientations are parallel and antiparallel to the magnetic field. Here, the 

parallel is more stable than the antiparallel. The energy in this high and low 

energy state (E+ and E-) are written by the nuclear magnetic moment μ as the 

following equation, 

 E+ = μH0,          (3.5) 

E- = -μH0.          (3.6) 

Thus, the difference of energy between the two states ΔE is expressed as follows,  

 ΔE = E+ - E- = 2μH0. 
This phenomenon is called Zeeman effect. By the irradiation of an 

electromagnetic wave with the energy of ΔE, the low energy state can be excited 

to the high energy state. This is the NMR, and the resonance condition is 

expressed as follows, 

 ΔE = 2μH0 = hν,         (3.7) 

where h is the Planck's constant, and ν is the frequency of the electromagnetic 
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wave. Therefore, the resonance frequency is expressed as follows, 

 ν = 2μH0/h.          (3.8) 

The μ for H can be written as follows. 

 μ = γh/4π,          (3.9) 

where γ is gyromagnetic ratio. Therefore, ν can be rewritten as follows, 

 ν = γH0/2π.          (3.10) 

Here, the resonance of 1H in a magnetic field of 2.35 T is calculated as follows, 

 ν = γH0/2π = 2.68*108 (T-1・s-1)* 2.35 (T)/2/3.14 

 = 1.00*108 (s-1) = 100 (MHz) 

The wavelength can be estimated by this value of resonance frequency to be 

about 3 m, thus this is matched with the radio wave region. As mentioned above, 

NMR measurement can be measured for various nuclei in principle, assuming 

that the isotope is considered. However, it is difficult to measure some atoms 

because of the weakness of intensity. The sensitivity S in NMR measurement is 

expressed as follows, 

 S = I(I+1)ν3N.         (3.11) 

N is the concentration of the nucleus to be measured in the sample. For instance, 
15N and 17O are active for NMR in principle. However, the natural abundance 

is very low about 0.04% for 15N and 17O. Furthermore, it is difficult to measure 
14N and 18O, which are the most major isotope in each nucleus, because of I = 

0. Therefore, it is difficult to measure these nucleus in nature. On the other hand, 

S is composed of the intensity and width of a peak, thus, the signal cannot be 

observed by the broadening of the peak because of the quadrupole nuclear and 

state of material. 

 In the above, the magnetic field for magnetic resonance is assumed to be 
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equal to the external magnetic field. However, the magnetic field for resonance 

is different from H0 due to the effect of electrons around nucleus. Electrons 

shield the nucleus from the external magnetic field. Since this induced magnetic 

field is proportional to the static magnetic field H0, and it can be written as σH0. 

Thus, it is necessary to apply a magnetic field Heff to obtain the resonance, and 

Heff is expressed as follows, 

 Heff = H0 - σH0 = (1 - σ) H0.       (3.12) 

σ is shielding constant. Chemical shifts δ are caused by differences in this 

shielding constant and are expressed by the following equations, 

 δ (ppm) = (νsample - νreference)/νreference×106,     (3.13) 

where νsample and νreference are resonance frequency of the sample and reference, 

respectively. Here, the denominator and numerator in the equation (3.13) are 

usually expressed by Hz and MHz, therefore, it is multiplied by 106 in order to 

cancel the difference of digit, and δ is expressed by parts per million (ppm). 

Here, left and right on NMR chart are expressed as Figure 3.4.  

 As described above, the chemical shift varies by the difference of the 

shielding which depends on the electron density around the nucleus. For 

example, polarization caused by differences in electronegativity between atoms, 

which is named inductive effect, affects chemical shifts. In the case of halides, 

the electronegativity increases in the order of I, Br, Cl and F. The electron 

density of the combined atom is decreased and the shielding is decreased. As 

the result, the peak is shifted to lower magnetic field. Hydrogen bond is also 

reason for chemical shift. Actually, when the pure liquid with hydrogen bonds 

between molecules is diluted with an inactive solvent, the proportion of 

molecules with hydrogen bond gradually decreases and shifts to the higher 
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magnetic field.2 

 Spin-spin coupling is one of the important information in NMR 

measurements.3 Split of signal for hydrogen fluoride (HF) with I=1/2 for both 

nucleus is thought as an example. When the 1H NMR measurements are 

performed for HF, the 1H spectrum is affected by the orientation of spin of F. 

Since the resonance frequency is different between H and F, the spins of F are 

in the states of 1/2 and -1/2 with the almost same number under the magnetic 

field for 1H. The nucleus with spin has a property as a small magnet and creates 

a small magnetic field. Therefore, the fine magnetic field causes the split of the 
1H signal into 2 peaks. This split is due to spin-spin coupling with F. In the 

NMR measurement of 19F, the signal splits into 2 peaks by spin-spin coupling 

because of I=1/2 in 1H. Here, the NMR spectrum of acetaldehyde (CH3CHO) is 

analyzed as follows. The 1H signal of CHO group splits into 4 peaks with the 

 
Figure 3.4 The expression of left and right on NMR chart 

low magnetic field high magnetic field

high resonance 
frequency

low resonance 
frequency

Smaller shielding More shielding
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intensity of 1:3:3:1 because the spin of H in CH3 group oriented (1/2,1/2,1/2), 

(1/2,1/2,-1/2), (1/2,-1/2,1/2), (-1/2,1/2,1/2), (1/2,-1/2,-1/2), (-1/2,1/2,-1/2), (-

1/2,-1/2,1/2), (-1/2,-1/2,-1/2). For 1H signal of CH3 group, the signal split into 2 

peaks by the spin-spin coupling of CHO group. 

 

Procedure 
1H and 11B NMR spectra were recorded on a Lambda500 spectrometer (JEOL 

Co. Ltd.) in a magnetic field of 11.7 T. NaBH4 was packed into High Pressure 

Valved NMR Tube (S-5-500-HW-HPV-7, Tokyo Chemical Industry Co., Ltd.). 

This NMR tube can be used from vacuum to 1400 kPa, which is enough wide 

for the required pressure range of the experiments in this work (0.002~ 689 kPa). 

Photo of the above NMR tube is shown in Fig 3.5. The size of the NMR tube is 

shown in Table 3.4, and the volume is 6 cc under the valve. In Figure 3.5-Y, a 

is perfluoroelastomer o-ring, b is polytetrafluoroethylene (PTFE), c is ethylene 

tetrafluoro ethylene (ETFE), d is steel use stainless (sus316), and e is 

perfluoroalkoxy alkane (PFA). c and e are not connected with gas, and the other 

parts, which connects with NH3 gas, are resistant to NH3 gas. Chemical shifts 

were referenced to chloroform at 7.26 ppm for 1H and saturated boric acid 

aqueous solution at 19.49 ppm for 11B. Spectra were acquired with the pulse 

widths of 1.5–2.0 and 1.75–2.0 μs, and relaxation delays of 5 and 6 s for 1H and 
11B, respectively. The NMR tube were connected to the Sievert-type 

experimental system which is explained in section 3.2. By using the systems, 

all the analyses can be conducted with the PCI measurements to know the NH3 

absorption stages. The NMR measurements are repeated by the connection and 

disconnection of the sample tube.  
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Figure 3.5 The image of the high pressure valved NMR tube 

 

Table 3.4 The size of the NMR tube in Figure 3.5 

 

A

B

X

Y

Parts Size (mm)

Outside diameter(A) 5.0

Inside diameter(A) 2.2

Thickness of glass 1.4

Length (B) 178.0
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3.5 Mechanical ball-milling method 

 The ball-milling method was used for sample preparation. In the ball-

milling, hard balls and solid sample are put into a container, and the container 

is rotated. Then, mechanical energy, such as impact and grinding, is applied to 

sample, and crystalline and particle size of samples is decreased. The ball-

milling methods are useful to synthesize fine powders, homogeneous mixed 

state, stable (and metastable) compounds, and alloys. In this research, the 

planetary ball-milling apparatus as shown in Figure 3.6 is used to disperse 

additives on surface of solid samples.  

 The mixtures of LiH and each additive were milled by using the ball-mill 

apparatus (P7, Fritsch), and the molar ratio of LiH and additives was chosen to 

be Li/Ti = 99:1 and LiH/LiCl = 97:3, and the molar ratio of LiH to borohydride, 

LiBH4 or NaBH4, was also 97:3 to compare the properties of LiH with LiCl.4 

The mixtures in total of 300 mg with 20 steel balls (SUJ-2, 7 mm in diameter) 

were put into a ball-milling vessel (30 cc, SKD-11, Umetoku Co. Ltd.) in a 

glovebox (Miwa MFG, MP-P60W), and the ball-milling was performed for 10 

h under 0.1 MPa of an Ar atmosphere.   

 
Figure 3.6 The image of the planetary ball-milling 

 

 



52 

 

3.6 Powder X-ray diffraction (XRD) 

 Powder X-ray diffraction is a technique for phase identification, 

determination of crystal structure, and quantitative analysis of included phases. 

When X-rays are irradiated on materials, some X-rays penetrate, and some X-

rays are scattered by electrons of atoms in materials. Here, in the scattered X-

rays, there are elastically scattered X-rays with the same energy as irradiated X-

rays and inelastically scattered X-rays with the different energy from irradiated 

X-rays. In X-ray diffraction measurements, elastically scattered X-ray is 

analyzed. X-rays are electromagnetic waves and have wave properties. The 

scattered X-rays from materials are waves with different phases in an arbitrary 

direction, therefore, almost all waves interferes and weakened each other. 

However, in a certain direction, the scattered waves are strengthened by 

interference in same phase. Figure 3.7 shows a schematic image of X-ray 

diffraction.  

When parallel X-rays 1 and 2 are irradiated at angle θ, the phase is delayed due 

to AB + BC = 2dsinθ and scattered. When 2dsinθ is an integral multiple of the 

 
Figure 3.7 Diffraction of X-ray from lattice planes in the crystal 
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wavelength of the X-ray, the phases of the waves 1 and 2 match and strengthen 

each other. Thus, the condition for the diffraction is expressed as follows, 

 2dsinθ = nλ.         (3.14) 

Here, n is an integer and λ is the wavelength of the X-ray. This equation is 

known as Bragg’s law. The X-ray diffraction pattern is unique to materials, 

therefore, the crystal structure can be determined by analyzing the XRD pattern.  

 

Procedure  

 In this work, phases identification of all the samples were performed by 

the powder XRD measurement (Rigaku, RINT-2500V), in which the X-ray 

source is Cu-Kα (λ=1.54 Å, 40 kV and 200 mA). Each sample was spread and 

fixed on the glass plate with high vacuum grease (APIEZON®, H type, M&I 

Materials Ltd) and covered with polyimide sheet (Kapton®, Du Pont-Toray Co. 

Ltd, a 7.5 μm thickness) to avoid the oxidation (see Figure 3.8). The obtained 

XRD patterns are analyzed by the PDXL software with powder diffractions files 

(PDF) in the database. 

 

 
Figure 3.8 Sample preparations for XRD measurements 
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3.7 Evaluation of reaction yield for LiH-NH3 system 

 To investigate effects of additives for the reaction between LiH and NH3, 

the following gravimetric method is used. The above reaction is carried out by 

using the apparatus shown in Figure 3.1. First, all the samples were weighed so 

as to include 14 mg of LiH in the sample, and it was packed into about 10 cc of 

reactor, where the accurate reactor volume was estimated before the 

experiments. Then, the reactor was connected to a Sieverts type apparatus for 

the reaction. The inside of the reactor was purged by repeats of vacuum using a 

rotary pump and an Ar filling, and the valve VS was closed. The H2 generation 

by the reaction between each LiH with additive and NH3 was carried out with a 

1:1 molar ratio under 0.45 and 0.10 MPa of NH3 pressure at room temperature 

for 1, 12, and 24 h. The reactor volume was adjusted by using a buffer to keep 

the weight of LiH and the NH3/LiH molar ratio at different pressures. After 

finishing the reaction, the inside of the reactor was evacuated by the rotary pump 

for 10 min at room temperature. The solid products in the reactor were weighed 

before and after the reaction to estimate the molar amount of the generated 

LiNH2 (MLiNH2) from the weight gain. The reaction yield was calculated from 

the molar amount of LiH used for the experiment (MLiH) and MLiNH2 as follows, 

 reaction yield = MLiNH2 / MLiH      (3.15)  

Here, it is reported that LiCl, LiBH4, and NaBH4 absorb NH3 molecules to form 

stable ammine complexes. If the unreacted NH3 could remain in the materials 

even after the evacuation process for 10 min, the weight gain due to the 

remaining NH3 is included in the estimated reaction yield. Thus, the weight 

change by the reaction between each additive and 0.45 MPa of NH3 was also 

measured by the same procedure as the H2 generation reaction to calibrate the 
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experimental data and to estimate essential reaction yield of LiH. In addition, 

the valve equipped with the reactor is manually opened and closed at the start 

and end of the reaction, respectively, suggesting that the experimental error is 

essentially large compared with accuracy of pressure gauges and thermocouples. 

Thus, the dispersion of the results for the LiCl dispersing LiH as the 

representative sample was statistically estimated as a standard deviation by 

performing the reaction several times at the same conditions. As a result, it was 

about ±3%. 
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4 Results and Discussion 

 

4.1 Spectroscopic analyses for the NH3 absorbing process of NaBH4 

 

4.1.1 The NH3 absorption property of NaBH4 

 Figure 4.1.1 shows the relationship between the concentration and the 

vapor pressure of NH3 at 20 °C.1, 2  

The closed and opened symbol indicates the NH3 absorption and desorption 

process, respectively. The vertical and horizontal axis are NH3 pressure and the 

amount of absorbed NH3 in NaBH4, respectively. When the NH3 gas is 

gradually introduced to sample cell with NaBH4 from vacuum, only the NH3 

pressure increases vertically, suggesting that NaBH4 does not react with NH3. 

 
Figure 4.1.1 The PCI result of NaBH4 
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The plateau appeared at 93 kPa in the PCI curve. In this plateau region, when 

the NH3 gas is introduced, the pressure is not changed because NaBH4 absorbs 

the NH3 gas. The generated phase should be expressed by chemical equation of 

Na(NH3)2BH4 due to the plateau length corresponding to 2 mol of NH3. Thus, 

NaBH4 and Na(NH3)2BH4 coexist thermodynamically at the plateau region. The 

plateau pressure is about one tenth lower than the vapor pressure of liquid NH3 

at 20 C. During the absorption and desorption cycles, NaBH4 reversibly 

absorbed and desorbed 2 mol of NH3, and the equilibrium plateau pressure was 

not changed.2 After the plateau region, the vapor pressure was linearly increased 

with the amount of introducing NH3. It is expected that the liquid solution of 

NH3 and NaBH4 is formed due to the continuous composition variation1. 
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4.1.2 Operando 11B NMR measurements under NH3 pressure 

 Operando 11B NMR measurements were performed under NH3 pressure 

to understand the variation of chemical states during the NH3 absorption of 

NaBH4. The measurements were performed at the lower pressure region than 

the plateau pressure under (a) 9 kPa to (e) 79 kPa of NH3 as shown in Figure 

4.1.2.i. The measurements were performed at the plateau region with 

NH3/NaBH4(mol/mol) = (a) 0.3 - (f) 2.0 as shown in Figure 4.1.2.ii. The 

measurements were performed at the higher pressure than the plateau pressure 

under (a) 107 kPa to (i) 689 kPa of NH3 as shown in Figure 4.1.2.iii. The signals 

of solid NaBH4 and NMR tube are also shown as a reference. The vertical axis 

of all the profiles are normalized by the highest intensity of the observed signals. 

 

i
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A weak 11B signal was observed for the NMR tube because it is made of 

 

 
Figure 4.1.2 Operand 11B NMR results for NaBH4 (i) under the plateau 

pressure (ii) at the plateau region (iii) at the higher pressure than the plateau 
pressure  

 

ii

iii
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borosilicate glass. However, the intensity of NMR tube signal is gradually 

decreased with the increase in the amount of absorbed NH3 in NaBH4. This is 

because the peak intensity of the NMR tube is relatively much lower than the 

signal around -40.4 ppm from the sample. Actually, when the signals are 

expanded, the signals of NMR tube are observed with same intensity in all the 

measurements as shown in Figure 4.1.3.  

In this figure, several data were chosen as representatives from Figure 4.1.2 ii 

and iii. The broad signal of solid NaBH4 is appeared around -42.4 ppm. This 

broadening of the signal is caused by the limitation of molecular motion in solid 

states due to interactions such as dipolar and quadrupole interactions. At the 

lower pressure than the plateau pressure (Figure 4.1.2.i), the signals are not 

totally changed from the signal of solid NaBH4, indicating that the reaction 

 
Figure 4.1.3 Some operand 11B NMR results from Figure 4.1.2. Scale is 

normalized by the peak intensity of NMR tube (background). 
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between NaBH4 and NH3 did not proceed as the result of PCI measurement. At 

the plateau, a total of 2 mol NH3 could be absorbed in NaBH4 to form 

Na(NH3)2BH4. With the increase in the amount of absorbed NH3, the signal 

intensity related to the solid NaBH4 is decreased with the appearance of a new 

sharp signal at -40.4 ppm, which is grown gradually. These phenomena are 

caused by the disappearance of the specific interactions of solids, in other words, 

the chemical states are averaged by the fast motion of molecules. Figure 4.1.4 

shows the enlarged profile of Figure 4.1.2.ii-(e).  

The sharp signal is split into 5 peaks due to the spin-spin interactions in the B-

H bonds3. In the previous reports, the peak splitting in solid state borohydride 

could not be observed by solid state 11B NMR measurements at room 

temperature even by using magic angle spinning4. It can be suggested that the 

Na(NH3)2BH4 phase generated in the plateau region is in liquid state. Namely, 

solid NaBH4 and liquid Na(NH3)2BH4 coexist at the plateau pressure. Actually, 

when the reaction of NH3 absorption was performed in a glass vessel, the two 

phases separately exist at the plateau pressure as shown in the Figure 4.1.5. At 

the higher pressure than the plateau pressure, the phase is totally changed to 

 
Figure 4.1.4 The enlarged profile of Figure 4.1.2.ii-(f) 

ii-(f)
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liquid as evidenced from the presence of the sharp signal only. Moreover, the 

peaks are slightly shifted to lower magnetic field with the increase in the NH3 

concentration. This phenomenon generally suggests that the electron density at 

B atom in the BH4 anion is decreased. As one of the reasons to explain the above 

shift, it is suggested that the polarization of BH bonds is enhanced by the 

increase in the distance between the Na cation and the BH4 anion. 

 
Figure 4.1.5 The images of NaBH4 under the plateau pressure (left) and the 

higher pressure than the plateau pressure (right) 
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4.1.3 FT-IR measurements under NH3 pressure 

 Figure 4.1.6 shows the FT-IR results of NaBH4 under vacuum, 90, and 

105 kPa of NH3 pressure. The result without NaBH4 under vacuum is also 

shown as blank. Here, NaBH4 doesn’t absorb NH3 under vacuum and 90 kPa, 

whereas liquid Na(NH3)2BH4 phase is formed under 105 kPa of NH3. In the 

NaBH4-NH3 system, N-H bond in NH3 and B-H bond in NaBH4 absorb infrared 

rays. Firstly, the absorption peaks related to N-H bonds are discussed. From the 

result of NaBH4 under 90 kPa, many sharp signals were observed in the region 

around 500-1250, 1400-1800, and 3200-3750 cm-1 in addition to the result of 

NaBH4 under vacuum. Since these series of peaks are characteristic signals for 

 
Figure 4.1.6 FT-IR results for background without NaBH4, and for NaBH4 

under vacuum, 90 kPa, and 105 kPa of NH3 
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gas phase, and NaBH4 doesn’t absorb NH3 in this pressure, these signals are 

assigned to NH3 gas in atmosphere. Furthermore, in the measurement under 105 

kPa, a new peak was observed around 3400 cm-1. This peak should be derived 

from NH3 absorbed in NaBH4. However, it is difficult to discuss the details 

because the peaks of gaseous NH3 are essentially overlapped in the operando 

measurements. Therefore, the absorption peaks related to the B-H bonds are 

mainly discussed. The several peaks derived from the B-H bonds of solid 

NaBH4 are observed in the wide range from 2100 to 2500 cm-1 under vacuum 

and 90 kPa5, 6. These peaks correspond to the symmetric and asymmetric 

stretching modes of B-H bonds of solid NaBH4. In addition, on the basis of 

structural analysis by neutron diffraction, it has been reported that NaBD4 

contains two different B-D bonds with different bond lengths7, 8. The observed 

broad peak is formed by the B-H bonds with the various chemical states. On the 

other hand, the single peak related to B-H stretching is appeared at 2246 cm-1 

for the sample under 105 kPa of NH3, suggesting that the B-H bonds in the solid 

phase of NaBH4 are averaged by liquefaction. These results are consistent with 

the results of 11B NMR. Furthermore, the absorption peaks are shifted to low 

frequency after the NH3 absorption. Here, it is known that, in alkali 

borohydrides and amides, the FT-IR peaks derived from B-H bonds or N-H 

bonds shift to low frequency with the decrease in the ionization energy of alkali 

metal species9, 10. Therefore, it can be considered that the peak shift in the 

NaBH4-NH3 system is caused by the decrease in ionization energy of Na cation 

due to the coordination of NH3 to Na cation. As another possibility, the peak 

may also shift by the interaction between positively charged hydrogen in NaBH4 

and the negatively charged hydrogen in NH3, which is called dihydrogen bond11. 
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Actually, NaBH4·2H2O is known to have a dihydrogen bond formed between 

H in NaBH4 and H in H2O according to the analysis of crystal structure and 

infrared spectroscopy5.  
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4.1.4 Operando 1H NMR measurements under NH3 pressure 

 Operando 1H NMR measurements under various NH3 pressure were 

carried out to investigate the chemical state of NH3 and NaBH4 solution, and 

the results are shown in Figure 4.1.7.i (lower pressure than plateau), ii (plateau), 

iii (higher pressure than plateau). The profile of pure liquid NH3 without NaBH4, 

solid NaBH4, and sample tube are also shown as reference. The 1H signals from 

the sample tube and solid NaBH4 are hardly observed because these materials 

are solid and the interactions such as dipolar and quadrupole interactions are 

large.  

 

  

 

i
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Figure 4.1.7 Operand 1H NMR results for NaBH4 (i) under the plateau 
pressure (ii) at the plateau region (iii) at the higher pressure than the plateau 

pressure 

 

ii

iii
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At the lower pressure than the plateau pressure, the signal related to gas NH3 is 

appeared at 2.6 ppm and the intensity is gradually increased with the increase 

in the pressure of gas NH3 compared with the peak intensity of NMR tube. In 

the result of 4.1.7-(e), the broad signal is observed around 0 to 4 ppm. It is 

considered that NH3 gas is adsorbed on NaBH4 or NMR tube. At the plateau 

pressure, it can be gradually and clearly observed the signal as the NH3 

absorption reaction proceeds and the liquid Na(NH3)2BH4 is generated. With 

respect to the chemical shift in 1H NMR, the signals of NH3 and NaBH4 are 

shifted to higher magnetic field with the increase in the absorbed NH3, although 

the only ratio of solid NaBH4 and liquid Na(NH3)2BH4 is changed under the 

plateau pressure. It indicates that the local environment of H atoms is slightly 

changed possibly because solid NaBH4 affects liquid Na(NH3)2BH4, however, 

the detail is not understood yet. These signals are explained in detail as 

following sentences related to the Figure 4.1.7.iii. In the Figure 4.1.7.iii, a series 

of 4 signals with high intensity and 7 signals with low intensity are observed in 

the range from -0.2 to 0.3 ppm, as shown in Figure 4.1.8.  

 

Figure 4.1.8 The enlarged profile of Figure 4.1.7.iii-(h)  

 

iii-(h)
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Actually, NaBH4 is composed of Na cation and BH4 anion, and all the 1H nuclei 

in the BH4 anion are equivalent in the liquid state. Here, the nuclear spins of 11B 

and 10B are 3/2, 1/2, -1/2, -3/2 and 3, 2, 1, 0, -1, -2, -3, respectively, and the 

natural abundance ratio of them is 80:20. Therefore, signals originated in the 1H 

nuclei in NaBH4 split into 4 and 7 peaks corresponding to the spins of 11B and 
10B, respectively. The difference in the intensities is caused by the abundance 

ratio. The 1H NMR signals corresponding to NaBH4 were observed under the 

NH3 atmosphere, although the signal is not observed for the solid NaBH4, 

suggesting that NaBH4 is liquefied. The large signal around 1 – 1.5 ppm is 

assigned to liquid state NH3. The shoulder peaks are thought to be originated 

from the different states of NH3, i.e. strongly and weakly coordinated NH3 to 

NaBH4, although the details of origin are not understood completely yet. The 

shoulder peak actually disappeared with the increase in the NH3 concentration. 

When it is considered in the same way as spin coupling in BH bonds, the 1H 

signal related to NH3 should be split into 3 peaks because the nuclear spins of 
14N is 1, 0, -1. Actually, the peak is split to 3 peaks for the pure liquid NH3 as 

shown in Figure 4.1.9.  

 

Figure 4.1.9 The enlarged profile of pure liquid NH3 
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However, the peak splitting is not found in the NaBH4-NH3 system. Ogg et al. 

reported the similar phenomena in the NaNH2-NH3 system12-14. They added 

NaNH2 into liquid NH3 and carried out 1H NMR measurements. In that case, 

the number of peaks of 1H NMR signal is 1 due to the influence of NaNH2. At 

the higher pressure than the plateau pressure, the signals of NH3 and NaBH4 are 

also shifted, and the similar phenomenon was confirmed in the case of ethanol-

chloroform system. Ethanol can be written by the chemical formula of 

CH3CH2OH, and it was known that the hydrogen bonds are formed between 

OH groups. When chloroform, which is written by CHCl3 and known as 

nonpolar solvent, was gradually added to ethanol, the signal of the OH groups 

shifted to the higher magnetic field because the hydrogen bonds between 

ethanol molecules are disturbed by chloroform15. From this perspective, the 

hydrogen bonds between NH3 molecules in the NaBH4-NH3 system are 

considered as the reason for environmental change of NH3 because it is reported 

that NH3 molecules also form hydrogen bonds16. The peak shift of NaBH4 to 

higher magnetic field with the increase in the NH3 concentration corresponds to 

the increase of the electron density of H in BH4 anion. Here, the electron density 

of B in BH4 anion is decreased as discussed above. Namely, the electron density 

of H in BH4 anion is increased to keep the electrical balance. This peak shift is 

possibly occurred by the polarization of the BH bonds and longer distance 

between the Na cation and BH4 anion due to the increase in the NH3 

concentration. 
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4.1.5 Operando 11B NMR measurements under NH3 pressure 

 The PCI curve is analyzed in terms of ideal and regular solutions. Here, 

the PCI measurement was performed at 0 °C to analyze up to the higher NH3 

pressure than the plateau pressure (see Figure 4.1.10).  

In the ideal solution, the heat generated by mixing the two materials in liquid 

state is negligible. On the other hand, in the regular solution, the heat generated 

due to the mixing should be considered. Here, in solution theory, the mixing 

between liquids is considered. In the NaBH4-NH3 system, since two phases of 

solid NaBH4 and liquid Na(NH3)2BH4 coexist at the plateau pressure, it was 

considered as a mixture of liquid Na(NH3)2BH4 and liquid NH3 in a pressure 

region higher than the plateau pressure. In Na(NH3)2BH4-NH3 solution, the 

 

Figure 4.1.10 PCI measurement for NH3 absorption of NaBH4 at 0 C 
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chemical potential of the liquid and gas phase is denoted as μl and μg, 

respectively, and defined as follows,  

 μl = μl
0 + ΔH + RTlnXNH3,       (4.1.1) 

 μg = μg
0 + RTln(P/P0).       (4.1.2) 

P is the NH3 vapor pressure. The chemical potential of the liquid and gas phase 

for pure NH3 is μl
0 and μg

0, respectively. P0 is the NH3 vapor pressure at standard 

state. T is the reaction temperature, ΔH is enthalpy change by mixing, R is the 

gas constant, and XNH3 is defined by the following equation,  

 XNH3=nNH3/(nNH3+nNa(NH3)2BH4+αnNa(NH3)2BH4).    (4.1.3)  

Here, nNH3 and nNa(NH3)2BH4 are the molar amount of NH3 and Na(NH3)2BH4, 

respectively. α is ionization of Na(NH3)2BH4. Therefore, XNH3, α=0 and XNH3, α=1 

are expressed by the following equation, 

 XNH3, α=0= nNH3/(nNH3+nNa(NH3)2BH4)=xNH3,    (4.1.4) 

 XNH3, α=1=nNH3/(nNH3+2nNa(NH3)2BH4)= xNH3/(2- xNH3).   (4.1.5) 

The relative pressure P/P0 at equilibrium condition (μg
0=μl

0， μg=μl) is shown 

as follow,    

  P/P0=exp(ΔH/RT+lnXNH3).      (4.1.6) 

Here, the relative pressure P normalized by the plateau pressure is replaced by 

the relative pressure P/P0, and the P, in the case of ideal and regular solution of 

degree of ionization α=0 or 1, is expressed as follows17, 

ideal:  P = xNH3      (α = 0), (4.1.7) 

   = xNH3/(2-xNH3)    (α = 1), (4.1.8) 

regular: P = exp(ΔH/RT+lnxNH3)   (α = 0), (4.1.9) 

   = exp(ΔH/RT+ln(xNH3/(2-xNH3))  (α = 1). (4.1.10) 

The xNH3-P curves for NaBH4-NH3 system of ideal and regular solution are 
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shown in Figure 4.1.11. The experimental data are matched with the curve of 

the regular solution (α=1) in the region from xNH3=0.0 to 0.7 in the case of 

ΔH=−6 kJ/mol. On the other hand, the curve at high NH3 concentration region 

from xNH3=0.9 to 1.0 are well consistent with that of the ideal solution (α=0). 

From the above, the regular solution (α=1) is changed to the ideal solution (α=0) 

with the increase in xNH3. 

 

 

  

 
Figure 4.1.11 NH3 absorption curve of NaBH4 and results of analyses by 

assuming ideal and regular solution at 0 C. The heat of mixing is -6 and -
15 kJ/mol for regular solution of α=0 and 1 system 
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4.2 Catalytic effects of NH3 absorbing materials on H2 generation of NH3-

LiH system 

 

4.2.1 The additive effects of Ti, TiH2, LiCl 

Figure 4.2.1 shows the XRD patterns of LiH with Ti, TiH2, and LiCl. The result 

of the as-milled LiH without additives is also shown as reference.18  

In addition, the XRD patterns of LiH (PDF#01-078-0837), Ti (PDF#00-044-

1294), TiH2 (PDF#03-065-4798), and LiCl (PDF#00-000-0199) are referred 

from databases in PDXL. Here, the broad peaks observed around 20 and 25° 

are caused by a grease as glue to fix the powder sample and the polyimide sheet 

 

Figure 4.2.1 XRD patterns of the LiH with no additive, Ti, TiH2, and LiCl 
after the ball-milling 
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to avoid oxidation of the samples. In general, the ball-milling decreases 

crystalline size and induces structural disorder, such as defects, resulting in 

characteristic diffraction peaks with low intensity and broad shapes19. Here, the 

crystallite size and the lattice strain can be estimated by the Williamson–Hall 

equation20, 

 βcosθ = 2ηsinθ +λ/ε       (4.2.1) 

where β is the half-value width, θ the Bragg angle, λ is the X-ray wavelength, η 

the crystallite size and ε the lattice strain. In this system, θ and λ is the common 

value for all the samples. Furthermore, after the ball-milling, the intensity and 

shape of the diffraction peaks were similar, where the intensity was relatively 

compared with a background due to the polyimide sheet and the grease. Thus, 

the crystalline size and the degree of crystal disorder of LiH was almost the 

same for all the samples. Therefore, it was expected that the contribution of the 

ball-milling for the reaction yield is not changed largely for all the LiH samples. 

For the LiH with additives, the broad peaks corresponding to Ti, TiH2, and LiCl 

were also observed without generating any other products, suggesting that the 

additives were stable in the ball-milling process. 

 The reaction between each LiH sample with the additive and 0.45 MPa 

of NH3 was carried out, and the XRD results after the reaction for 24 h at room 

temperature are shown in Figure 4.2.2. It was clearly found that LiNH2 was 

formed in all the samples after the reaction, indicating that the expected H2 

generation reaction proceeded, although a part of LiH as the reactant remained. 

The small peaks of Ti and TiH2 were confirmed, while it was difficult to identify 

LiCl because the diffraction peaks were overlapped to those of LiNH2 or 

possibly changed to other phases with low crystallinity.  
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 The reaction yield is estimated by the weight gain of the LiH samples 

after the reaction for 1, 12, and 24 h at room temperature, and the results are 

plotted as a function of time in Figure 4.2.3. The reaction rates of as-milled LiH 

and LiH with TiCl3 are also shown to be compared.18 Here, the standard 

deviation ±3% is representatively shown in the data of the LiH with TiCl3 

because some data points are overlapped. To calibrate the experimental data and 

to estimate essential reaction yields, the weight change by the NH3 absorption 

into LiCl itself under 0.45 MPa was also measured by the same procedure as 

the H2 generation reaction. As a result, it was confirmed that about 1.0 mol of 

NH3 remained into 1.0 mol of LiCl after the vacuum process.  

 

Figure 4.2.2 XRD patterns of the product after the reaction between LiH 
with additives and NH3 for 24 h 
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On the basis of the obtained data for the weight change of LiCl, the reaction 

yield for LiH with LiCl and TiCl3 was calibrated, where the LiCl formation 

during the ball-milling was clarified in the case of TiCl3 additive as described 

above18. The reaction yields of the LiH with Ti and TiH2 for all the measurement 

times were almost the same as those of the LiH without additives, suggesting 

that no additive effects were shown. On the other hand, the LiCl-dispersing LiH 

revealed about 50 and 70% of reaction yield after 1 and 24 h, respectively. These 

values are close to the results of the LiH with TiCl3. It is suggested that LiCl 

has the significant catalytic effect. In gas−solid reactions, conventional metal 

catalysts such as Ni, Pd, and Pt with d- and f-electrons generally affect 

dissociation of gaseous molecule by electronic interaction.21-23 In this manner, 

it is expected that Ti with d-electron would improve the kinetic properties.24, 25 

 

Figure 4.2.3 Reaction yield of the LiH with no additive, TiCl3, Ti, TiH2, 
and LiCl as a function of time under 0.45 MPa of NH3 pressure 
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However, it is noteworthy that LiCl, which is a simple ionic crystal with closed-

shell electron structure, revealed the significant catalytic effect, indicating that 

the catalytic mechanism of LiCl on the reaction between NH3 and LiH is quite 

different from the conventional ones.  
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4.2.2 The NH3 absorbing properties of LiCl, LiBH4, NaBH4
1
 

 In our laboratory, it has been investigated that various halides and 

borohydrides absorb molecular NH3 and form an ammine complex, which is a 

complex with NH3 as a ligand1, 2, 26-28. LiCl, which shows catalytic effect for the 

NH3-LiH system in the previous section, possess the NH3 absorbing properties, 

and the reaction is expressed by the following equation1, 29,  

 LiCl + xNH3 ↔ Li(NH3)xCl.      (4.2.2) 

Figure 4.2.4 shows a PCI curve of LiCl.1  

With introducing NH3 to sample cell with LiCl, the NH3 pressure only increase 

at the less than plateau pressure because the reaction between LiCl and NH3 did 

not proceed. And then, the plateau appeared at 0.178 MPa, indicating that the 

NH3 absorbing reaction occurred. 1.0 mol of LiCl absorb 4.0 mol of NH3 from 

the result of PCI measurement. When NH3 was further introduced, the pressure 

only increased as the case of less than plateau pressure, thus, the reaction does 

 

Figure 4.2.4 The NH3 absorption property of LiCl 
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not proceed in the higher pressure than the plateau pressure. The experimental 

pressure for NH3-LiH system is 0.45 MPa and Li(NH3)4Cl is formed in this 

pressure. From the above, we focused on the NH3 absorbing properties of LiCl 

to understand mechanism of the catalytic effect for the NH3-LiH system. LiBH4 

and NaBH4 were chosen as other additives to investigate the correlation 

between the NH3 absorbing properties and the catalytic effects. Figure 4.2.5 

shows the result of PCI measurements for LiBH4 and NaBH4.1 LiBH4 and 

NaBH4 absorb about 3.5 and 5.2 mol of NH3 under 0.45 MPa, respectively. In 

addition, these materials are chemically stable, in other words, the materials are 

expected not to be changed by mechanical energy applied during the ball-

milling to be dispersed into LiH.  

 

  

 

Figure 4.2.5 The NH3 absorption property of LiBH4 and NaBH4 
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4.2.3 The additive effect of NH3 absorbing materials 

 The XRD patterns of LiH with LiBH4 and NaBH4 after the ball-milling 

are shown in Figure 4.2.6.  

From the diffraction intensity and peak shape of LiH, it was found that the 

milling effects have no obvious difference between LiH without and with the 

additives as well as the above Ti series. Thus, the structural properties would 

not affect the reactivity with NH3. The diffraction peaks corresponding to 

NaBH4 were observed, suggesting that it is stable and not changed during the 

ball-milling. In the case of LiH with LiBH4, no other peaks except for LiH 

appeared. Since LiBH4 is thermodynamically stable and LiBH4 is not changed 

 

Figure 4.2.6 XRD patterns of the LiH with LiBH4 or NaBH4 after the ball-
milling 
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by the exchange of cation as the case of TiCl3 due to Li cation in both of the 

starting materials, it is considered that LiBH4 forms a nano or amorphous state.  

 The reaction between LiH with borohydride additives and 0.45 MPa of 

NH3 was carried out, and the XRD results after the reaction for 24 h at room 

temperature are shown in Figure 4.2.7.  

The LiNH2 formation was clearly observed for both samples. Among them, LiH 

completely disappeared in the case of NaBH4 additive even though the small 

peaks of LiH was found in the XRD patterns of LiH with LiCl (Figure 4.2.2) 

and LiBH4. Therefore, it was expected that LiH with NaBH4 shows higher 

 

Figure 4.2.7 XRD patterns of the product after the reaction between LiH 
with borohydride additives and NH3 for 24 h 
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reactivity than others. Here, in the XRD pattern of LiH with LiBH4, small extra 

peaks were also found around 28, 33, and 48°, which are possibly assigned to 

Li1.40NH1.60 (01−076−9244). As another possibility, it is thought that the 

diffraction peaks originated in the ammine complex of LiBH4 are observed. 

Because it was indicated that approximately 2.0 mol of NH3 remained in 1.0 

mol of LiBH4 after the NH3 absorption and desorption test performed to 

calibrate the weight gain like the case of LiCl.  

 Figure 4.2.8 shows the reaction yields of the LiH with the NH3 absorbing 

materials for 1, 12, and 24 h at room temperature.  

The reaction yields of the ball-milled LiH is also shown as reference. The 

calibrated values related to the residual NH3 in the NH3 absorbing materials 

after the reaction are plotted for LiH with LiCl and LiBH4. In the case of NaBH4, 

it was clarified that all NH3 was released during the experimental procedure1. In 

 

Figure 4.2.8 Reaction yield of the LiH with no additive, LiBH4, and NaBH4 
as a function of time under 0.45 MPa of NH3 pressure 
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addition, the reaction yield after 24 h, the amount of the absorbed NH3 based on 

PCI results, and the plateau pressure of each additive are listed and compared 

in Table 4.2.1. LiH without additives showed about 50% of reaction yield for 

24 h. The reaction behaviors of LiH with LiCl and LiBH4 are quite similar. The 

reaction rate for both samples was faster than that of LiH, resulting in about 

50% of reaction yield for only 1 h. As shown in Table 4.2.1, 4.0 and 3.5 mol of 

NH3 is absorbed under 0.45 MPa for LiCl and LiBH4, respectively. It is thus 

indicated that the catalysis is related to the NH3 absorption properties. In fact, 

NaBH4, which can absorb 5.2 mol of NH3, revealed the drastic catalytic effect. 

As a result, the reaction yield was about 80% for only 1 h and reached to more 

than 90% for 12 h.  

 To understand the correlation between the catalytic effect for the H2 

generation and the NH3 absorption into catalysts more clearly, the reaction for 

Table 4.2.1 List of the experimental pressure P, the equilibrium plateau 
pressure for the NH3 absorption Peq, the absorbed amount of NH3, and the 

yield of the reaction for 24 h 

 

P (MPa) sample Peq(MPa) Absorbed NH3
(mol/mol additive) Reaction yield (%)

0.45 LiH - - 53
LiCl 0.178 4.0 73

LiBH4 ＜0.001 3.5 68
NaBH4 0.093 5.2 92

0.10 LiH - - 30
LiCl 0.178 0.0 34

LiBH4 ＜0.001 3.0 70
NaBH4 0.093 2.0 -
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LiH with LiCl and LiBH4 was carried out under 0.10 MPa of NH3 for 1, 12, and 

24 h. It was noted that the catalysis of LiCl was clearly lost, and then the curve 

of reaction yield was the same as that of LiH without additives, as shown in 

Figure 4.2.9.  

On the other hand, the high reactivity of LiH with LiBH4 was preserved, and 

the reaction yield for 24 h is almost the same as that obtained under 0.45 MPa. 

The different behavior is caused by the NH3 absorption properties of them. As 

shown in Table 1, the equilibrium plateau pressure for the NH3 absorption of 

LiCl and LiBH4 is 0.178 and less than 0.001 MPa, respectively. Namely, NH3 

is not absorbed in LiCl at 0.10 MPa, while LiBH4 still absorb 3.0 mol of NH3 at 

the same pressure. Therefore, it is concluded that the catalysis is strongly related 

to the NH3 absorption properties of the catalysts.  

 

Figure 4.2.9 Reaction yield of the LiH with no additive, LiBH4, and NaBH4 
as a function of time under 0.10 MPa of NH3 pressure 
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4.2.4 The catalytic mechanism of the NH3 absorbing materials for the NH3-

LiH system 

 From the above results, the catalytic mechanism of the NH3 absorbing 

materials for the NH3-LiH system is discussed. Figure 4.2.10 shows models of 

the reaction for LiH with and without catalysts.  

For the LiH without catalysts, gaseous NH3 randomly collides a LiH surface in 

a manner of general gas−solid reaction, as shown in Figure 4.2.10-(a). In the 

case of LiH with catalysts such as LiCl and borohydrides, the highly condensed 

state of NH3 is generated into catalysts because NH3 is absorbed as a molecular 

 

Figure 4.2.10 Schematic image of reaction model for (a) random collision 
process for the LiH without additives and (b) catalytic processes for the 

LiH with LiCl 

 

LiH

NH3
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Li(NH3)xCl
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state, as shown in Figure 4.2.10-(b), indicating that the frequency of collision 

between NH3 and LiH is increased. The similar phenomena were reported by 

Matsumoto et al. for the NH3 mediated model of the Li-N-H system, as 

described above30. Authors claimed that the catalyst increases frequency factor 

of the H2 generation reaction, and then the catalyst plays a role of the NH3 

diffusion path. Thus, it is possible that the catalytic effects discussed in the 

literature and proposed in this work might be similar. In the reaction model 

shown in Figure 4.2.10-(b), the condensed NH3 into catalysts should be 

transferred to LiH. In this case, a diffusivity of the absorbed NH3 would be an 

important factor to realize immediate delivery of NH3 molecules to the LiH 

phase. The entropy would be one of the factors to discuss the motion of NH3 in 

the ammine complex. The thermodynamic properties of the reaction between 

NaBH4 and NH3 were evaluated by using PCI measurements at different 

temperatures and reported1. In this literature, the entropy change of ΔS0 of the 

following reaction was estimated to be about −98 J/(mol K),  

 NaBH4 + 2NH3 ↔ Na(NH3)2BH4     (4.2.3) 

Here, S0 of gaseous NH3 and NaBH4 are 192 and 101 J/(mol K), respectively.31 

Therefore, S0 of Na(NH3)2BH4 is estimated to be 289 J/(mol K) by (-

98*2+192*2+101). The entropy of Na(NH3)2BH4 is very high compared with 

NaBH4 itself, although it is expected that the absolute value of ΔS0 is almost 

equal to S0 of gaseous phase in a gas−solid reaction such as conventional metal 

and hydrogen systems. In addition to the above report, Sørby et al. reported that 

the ND3 molecules in the hexa-ammine complex of MgCl2, which is described 

as Mg(ND3)6Cl2, possesses the highly correlated rotational and translational 

motions26. Thus, it can be speculated that the active motion of absorbed NH3 
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molecules or both of the complex anion BH4
− and NH3 in the ammine complex 

realizes the high degree of freedom of Na(NH3)2BH4. This high entropy state 

would induce the high diffusivity of NH3, resulting in fast transfer of NH3 to 

neighboring LiH. Furthermore, under 0.45 MPa, the large amount of NH3 can 

be absorbed into NaBH4, and then a liquid state of ammine complex is formed1. 

The melting phenomenon should further enhance the diffusivity of NH3 and 

accelerate the reaction rate. In addition, the ammine complex phase should be 

relatively unstable compared with the LiNH2 formation. If the NH3 absorption 

state is stable, it is expected that the kinetic improvement based on the above 

mechanism will not be shown because the ammine complex phase is difficult to 

release NH3 molecules. In fact, it was reported that the reactivity between 

Mg(NH3)xCl2, which is typically stable ammine complex, and LiH was poor 

around room temperature, and a heat activation is necessary for the reaction to 

progress32.  
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5 Conclusion 

 In this thesis, we focused on sodium borohydride (NaBH4) as an NH3 

absorbing material and catalysts. The NH3 absorption properties have been 

analysed and discussed based on the results obtained by using operando 

spectroscopic analyses method. Furthermore, the catalysis for the hydrogen 

generation of the NH3−LiH system were investigated to clarify the catalytic 

mechanism in this system. 

 

 The NH3 absorption properties of NaBH4 were analysed and discussed 

based on the results obtained by operando spectroscopic analyses under NH3 

atmosphere. It is clarified from the operando 11B, 1H NMR, and FT-IR that 

Na(NH3)xBH4, which is formed by the NH3 absorption of NaBH4, is in the liquid 

state in all the region of the NH3 concentration. For NaBH4, it is suggested that 

the polarization between the BH bonds increases with the increase in the NH3 

concentration. In fact, 11B and 1H NMR signals originated in NaBH4 are shifted 

to the opposite direction. For NH3, the hydrogen bonds between the NH3 inter-

molecules in the NaBH4−NH3 system is found to be weaker than those in pure 

liquid NH3. Through the analysis based on solution theory for Na(NH3)xBH4, it 

is suggested that the liquid solution is changed from the regular solution (α=1) 

to the ideal solution (α=0) with the increase in the molar ratio of NH3. In 

conclusion, for the NH3 absorption of NaBH4 with liquefaction, the N-H and B-

H bonds interact each other and their chemical states change with the NH3 

concentration. 
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 For the H2 generation of the NH3−lithium hydride (LiH) system, the NH3 

absorbing materials, which are lithium chloride (LiCl), lithium borohydride 

(LiBH4), and NaBH4, show significant catalytic effects. Among them, NaBH4 

was the most effective catalyst, and the reaction yield reached to more than 90% 

for 12 h. It is clarified that the catalysis was strongly related to the NH3 

absorption properties. In the NH3 absorbed state, the condensation state of NH3 

is generated, and the NH3 molecules could possess the high diffusivity, 

suggesting that the absorbed and condensed NH3 is easily transferred into the 

neighboring LiH phase and reacts to generate H2. Furthermore, the melting 

phenomenon of NaBH4 by NH3 absorption, which is clarified in our 

spectroscopic analyses, should further enhance the diffusivity of NH3 and 

accelerate the reaction rate. It is concluded that the catalytic mechanism of NH3 

absorbing materials on the H2 generation of the NH3−LiH system is 

characteristic and different from the mechanism of conventional metallic 

catalysts such as Pt on general gas−solid reactions.   
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